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Abstract

Cox17, a copper chaperone for cytochrome-c oxidase, contains six conserved Cys residues and exists in three
oxidative states, linked with two thiol-based redox switches. The first switch leads to formation of two disulfides
and occurs upon transport of Cox17 into mitochondrial intermembrane space (IMS). Cox17,s s is retained in the
IMS and is also a functional form of the protein, which can be further oxidized to Cox1735s. According to the
midpoint redox potential values, Cox17 can be partially oxidized in the cytosol, which might hinder its transport
into IMS. We hypothesize that Zn(Il) ions might protect cytosolic Cox17 from oxidation. In order to get quan-
titative information about the modulatory effect of Zn(II) ions on redox switches in Cox17, we have used ESI MS
for determination of the midpoint potentials for redox couples of Cox17: Cox1735s« Cox17555 (Em1) and
Cox17,5.5 = Cox17¢s.s (Emz) in the presence of Zn(Il). 10 uM Zn(Il) ions shift the E,,» by 21 mV and E,,,; by 15mV
to more positive values. Apparent dissociation constants for Zn(I) complexes of Cox17;s.s and Cox17,ss, are
0.067 and 0.29nM, respectively. The high affinity shows that metallation of Cox17pss by Zn(Il) might be
significant in cellular conditions, which might protect Cox17 from oxidation and enable its transport into IMS.

Antioxid. Redox Signal. 11, 985-995.

Introduction

CELLULAR FUNCTIONING relies on strict regulation of the
redox environment in the cytosol as well as in different
subcellular compartments. Research over the last decades
has established that cellular redox potential is dynamic and
fluctuates substantially during various fundamental cellular
activities, such as cell proliferation, hormonal signaling, tran-
scriptional regulation, apotosis, and others (for review, see
ref. 16). It has also become evident that cellular redox environ-
ment is primarily affected by cellular oxidative metabolism,
redox signaling, and oxidative stress (for review, see ref. 35).

Cellular redox potential is created and maintained mainly
by a redox couple composed of a low molecular weight thiol
compound—glutathione (GSH) and its oxidized form—
GSSG, which total cellular concentration is in the range of
2-10mM (22). There is a complex enzymatic system, com-
posed of thioredoxins, glutaredoxins, thioredoxin reductases,
glutaperoxidases, and other enzymes that maintain the ratio
of GSH/GSSG in the physiological range. This enzymatic
system is also coupled with other redox couples primarily

NADPH/NADP (10). However, these couples are not in equi-
librium and moreover, their potentials differ among different
cellular compartments and are subjected to substantial chan-
ges during various cellular activities (22).

Currently it is known that intracellular proteins might often
undergo transient oxidation in cellular conditions. Large-scale
studies have identified an increasing number of intracellular
proteins that contain conserved subsets of cysteines, which
are sensitive to oxidation and function as redox switches (20).
Functioning of these thiol-based redox switches relies on re-
versible oxidation of thiols to disulfides, their nitrosylation,
glutathionylation, or oxidation to sulfenic acid, which affects a
broad range of biologically important properties of proteins
such as conformation, activity of enzymes, transporters, and
receptors, protein-protein and protein-DNA interactions, as
well as protein trafficking and degradation (20, 35).

The state of thiol switches depends primarily on the envi-
ronmental redox potential and the presence of labile reactive
oxygen (ROS) or nitrogen species (RNS). However, the real
biological situation is even more complex, and functioning of
thiol-based redox switches might also be affected by metal
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ions, primarily by Zn(Il), that can bind to spatially adjacent
thiolates, thus affecting redox properties and functioning of
these proteins (21). Based on current knowledge, Zn(II) ions
affect thiol-based redox switches in diverse proteins such as
Tim10 (23), Cox17(40), Kv channel (36), Erv2 (37), and others.
Taking into account the relatively high affinity of Zn(II) ions
for thiolate ligands, we can suggest that a metal-dependent
regulation of thiol-based redox switches might be a rather
general phenomenon.

Metal ions should be most directly involved in the regu-
lation of redox switches present in metal-binding proteins that
do contain multiple Cys residues in their metal-binding sites.
Such cellular proteins are first of all zinc finger proteins and
copper chaperones, which are sensitive to oxidation and are
known to contain biological redox switches (19, 24, 32, 40).
Oxidation on zinc- and copper-binding proteins in biological
system is a rather complex phenomenon as oxidation leads to
their inactivation, and released metal ions, especially Zn(II),
can initiate a variety of regulatory and signaling effects (24).

The effect of metal ions on redox switches should be re-
flected primarily in the intrinsic protein redox parameter
called midpoint redox potential (E,,) determining at which
environmental redox potential value redox switching occurs.
Determination of E,, values relies on the detection of the
equilibrium between oxidized and reduced forms of the
protein at different environmental redox potential values,
created by various redox buffer sytems (8). Usually redox
buffers such as GSH/GSSG or DTT/oxidized DTT couples are
used, and the redox potential values for different component
ratios can be calculated by using the Nernst equation (8). The
content of oxidized and reduced forms of the protein are
usually determined by a variety of spectroscopic or bioana-
lytical methods from the mixture of protein redox forms or
after trapping and separation of different redox states (4, 8, 25,
29). The presence of metal ions might exclude or complicate
the application of many available techniques as metal ions
affect the spectroscopic properties of proteins as well as in-
terfere with chemical modification of Cys residues. Therefore,
there is a need for direct and reliable methods for the deter-
mination of protein midpoint redox potentials in the presence
of metal ions. Moreover, by using the GSH/GSSG redox
buffers that mimic cellular redox conditions, there is also need
for determination of protein-GSH adducts, which occur in
mildly oxidizing conditions and have a biological role in
protein redox regulation (7, 9). Coexisting redox and molec-
ular forms of proteins can be unambiguously detected by
mass spectrometry (MS). Importantly, high resolution MS
instruments can determine mass with accuracy sufficient for
direct monitoring of disulfide bond formation and enables the
monitoring of redox equilibria without chemical modification
of Cys residues, which might be incomplete and result in
additional errors.

In the current work we elaborated high resolution ESI TOF
MS methodology for direct determination of protein midpoint
redox potential in the absence and the presence of metal ions
using copper chaperone Cox17 as a model protein. We used
the biological redox buffer GSH/GSSG, as well as DTT/oxi-
oxidized DTT couple, for the creation of environmental redox
potential. Cox17 (MW 7 kDa) functions as a copper chaperone
for cytochrome-c oxidase (CCO) in eukaryotic cells (11, 34).
The mammalian Cox17 contains six absolutely conserved Cys
residues and can exist in three redox states corresponding to
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the fully reduced Cox17pss, the partially oxidized Cox17,s.s,
and the fully oxidized Cox17;s s protein (28). Redox reactions
are important for targeting of Cox17 into IMS, where Cox17
0s-s is oxidized to Cox17,s g through a mechanism mediated
by Mia40 proteins (5, 26). Cox17,g.g is also a functional form of
Cox17; it is responsible for the metallation of another copper
chaperone Scol (3). Recent data indicate that Cu;Cox17,s
might also transfer metals to Scol protein, where two metal-
binding Cys residues are oxidized to disulfide, demonstrating
that metal transfer might be coupled to electron transfer and
highlighting the importance of redox reactions in functioning
of Cox17 (1).

The midpoint redox potentials between two redox pairs of
COX17—COX1705_s — COX1725_S and COX1725_5 s COX173S_S—
have been recently determined by using the alkylation of free
SH groups of Cox17 with iodoalkylamide (40). According to
these values Cox17 should get partially oxidized in the cel-
lular cytosol (14, 40). This is unfavorable as only the fully
reduced proteins can be transported into IMS through the
mitochondrial outer membrane pores (5, 26). In the cellular
cytosol, the fully reduced Cox17 might be metallated with
Zn(Il) ions, which might protect Cox17ps s from oxidation in
the cyosol (40), Cox17,5.s might also be further oxidized to
Cox1735 5 by oxidative stimuli in IMS, leading to its inacti-
vation and Zn(II) ions might protect also Cox17,5 s from ox-
idation. The effect of metal ions on midpoint redox potentials
of Cox17 are unknown; however, knowing the effect of metal
ions on the redox equilibria of Cox17 is crucial for better un-
derstanding the mechanisms of Cox17 transport into IMS, as
well as its functioning in metallation of Scol and CCO.

The effect of Zn(Il) ions on redox switches in Cox17 de-
termined by novel ESI MS-based method indicate that Zn(II)
ions shift both midpoint redox potentials of Cox17 to more
positive values in a concentration dependent manner, pro-
tecting Cox17 from oxidation. We also determined Zn(II)
binding affinity for the fully reduced and the partially re-
duced Cox17 forms. The observed affinity suggests that me-
tallation of Cox17 by Zn(II) might occur in cellular conditions.
Biological implications connected with regulation of Cox17
redox switches by Zn(Il) ions are discussed.

Materials and Methods
Materials

Recombinant human apo-Cox17;5s was expressed and
purified as described in (39). Oxidized DTT was synthesized
from reduced DTT according to the protocol described in (6).
Tris base and HEPES, both Ultrapure, MB Grade, were pur-
chased from USB Corporation (Cleveland, OH), other reagents
of analytical grade were from Sigma-Aldrich (St. Louis, MO).

Kinetics of Cox173s.5 reduction with GSH and DTT
followed by ESI MS

Lyophilized Cox1735.g was dissolved in 20 mM ammonium
acetate, pH 7.5, at 150 uM concentration, and this stock solu-
tion was used for the future experiments. 5 uM Cox1735 s was
incubated at 40°C in argon-saturated 20 mM ammonium ac-
etate buffer, pH 7.5, containing different concentrations of
GSH (1 or 2mM) or 5mM DTT as reducing agents. For the
measurement of kinetics of Cox1735.g reduction, 60 ul of ali-
quots from the reaction mixture were taken at various time
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points and infused directly by a syringe pump at 10 ul/min
into a QSTAR Elite ESI-Q-TOF mass spectrometer (Applied
Biosystems, Foster City, CA). Mass spectra were recorded in
the positive mode during 3—4 min in the region from 300 to
1,500 Da. Operating conditions were as follows: capillary exit
voltage 5.5kV; source gas 451/min; curtain gas 201/min; de-
clustering potential 60V; focusing potential 320 V; detector
voltage 2,300 V. The obtained spectra were deconvoluted by
program Bioanalyst 2.0 from Applied Biosystems. Kinetics of
Cox1735.¢ reduction was followed by increase of the average
molecular weight of Cox17, and the kinetic curve was fitted by
using the equation of first- order kinetics. For studies of the
effect of millimolar Zn(II) ions on reduction of Cox17355 by
2mM GSH, 5 uM Cox1735.¢ was incubated in argon-saturated
20mM ammonium acetate buffer, pH 7.5, containing differ-
ent concentrations of Zn(Il) ions (1, 5, 10, and 50 mM) at 40°C.
At various time points 100 ul aliquots from the reaction mix-
ture were desalted and acidified using a HiTrap™ Desalt-
ing (5ml) column (Amersham Biosciences, Uppsala,
Sweden) equilibrated with 0.1% formic acid, pH 2.85. Mass
spectra from the obtained sample were recorded as described
above.

Determination of the midpoint redox potential
for Cox17 pairs by ESI MS

For the determination of the midpoint redox potential for
Cox17 redox pairs, the fully oxidized Cox173s¢s (5 uM) was
incubated in various GSH- or DTT-based redox buffers at
40°C for 3 h, which was sufficient to reach the redox equilib-
rium between the protein forms. Two GSH bulffers with dif-
ferent total concentration of GSH were used: [GSH]+2
[GSSG]=5mM, and [GSH]+ [GSSG]=1mM, for method
evaluation as protein midpoint redox potential value in dif-
ferent buffers should be similar. For the measurement of
equilibrium state in GSH-based redox buffers, 100 ul of the
reaction mixture were desalted and acidified using a HiTrap™
Desalting (5 ml) column (Amersham Biosciences) equilibrated
with 0.1% formic acid, pH 2.85. Acidification was used to
avoid the reoxidation of reduced Cox17 forms. The obtained
samples were infused by a syringe pump at 10 ul/min into
QSTAR Elite ESI-Q-TOF mass spectrometer and ESI MS mass
spectra were recorded during 3-5 min as described above. The
obtained spectra were analyzed by program Bioanalyst 2.0
and average molecular weight of Cox17, reflecting the ratio of
Cox17,5.s and Cox1735 s forms in the sample was determined.
The fractional content of Cox17,s.5 (y) was determined by
dividing the mass increment (average molecular weight of
Cox17 minus molecular weight of Cox1735.5) by 2 (maximal
mass increment in case of reduction of S-S bond). The frac-
tional content of Cox17,55-GSH and Cox17,5.5-(GSH), ad-
ducts were estimated by dividing the sum of peak areas of
Cox17 adducts by summarized peak areas of all Cox17 forms.

The equilibrium ratios of Cox17 redox forms in DTT-based
redox buffers were determined after 3h incubation of
Cox173s5 (5uM) at 40°C in DTT/DTTox redox buffers
([DTT] + [DTTox] =5mM) by ESI-MS. The studies were
conducted as described above with the only exception that
before MS measurements the reaction mixtures were diluted
fivefold in 0.1% formic acid, pH 2.85. The fractional content of
Cox17ps.s was determined by dividing the mass increment
(average molecular weight of Cox17 minus molecular weight
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of Cox17,5.5) by 4 (maximal mass increment in case of re-
duction of two S-S bonds).

Redox potential of redox buffers has been adjusted in a
large range by varying the ratio of reduced and oxidized
forms of GSH and DTT and corresponding redox potentials
have been calculated from the following Nernst equations:

- [GSH?]
E'=Ey(GSH) ~ (RT/nF)In coc 1)
o [DTT]

where Ey'(GSH) = —0.24 V (pH 7.0 and 25°C) (31), E¢/(DTT) =
—0.323V (pH 7.0 and 30°C) (33), R is the gas constant
(8.315 JK 'mol™Y), n is the number of electrons transferred in
the reaction, and F is the Faraday constant (9.6485x 10*C
mol™Y). The Ey(GSH) and Ey(DTT) values have been re-
calculated for 40°C using the equations (1) and (2), and for pH
7.5 using the following equation:

Epri =Ey + (pPH — pHy) X (AE/ApH) &)

where AE/ApH is the change in E if the pH is increased by 1
unit equal to 60.1mV (14).

Determination of Zn(ll) effect on midpoint redox
potential of Cox173s.s /| Cox17.5.s couple

For the estimation of the effect of Zn(II) ions on Cox1735 s/
Cox17,5 ¢ equilibrium, the midpoint redox potentials were
determined in the presence of 10 and 50 uM Zn(1II) acetate in
GSH- based redox buffers. The midpoint redox potential of
Cox17355 > Cox17,5.5 were determined by fitting the frac-
tional content of Cox17,5 s to environmental redox potential
Ey, using the following equation (15):

y=Yot 14 ebo—/b 4)
where y = fractional content of Cox17,5.s; x =environmental
redox potential (Ey); yo, A, b = constants; xo = midpoint redox
potential (E,). Data fittings were performed by using the
following values for constants y, = 0 (initial fractional content
of Cox17555), A=1 (final fractional content of Cox17,ss),
b=10 (1mM GSH/GSSG buffer) or 12 (5mM GSH/GSSG
buffer) by program Origin 6.1 (Originlab Corp. Northampton,
MA). Changing the parameter b did not change the obtained
value for midpoint redox potential but improved the quality
of the fit.

Determination of Zn(ll) effect on midpoint redox
potential of Cox17,s.s /Cox17ps.s pair

For the estimation of the effect of Zn(Il) ions on the
Cox17,5_5/Cox17pg.g pair, the midpoint redox potentials were
determined in the presence of 10 uM Zn(II) acetate in the DTT-
based redox buffer. Midpoint redox potential of Cox17,g.g
— Cox17ps.g pair was determined by fitting the dependence of
fractional content of Cox17pss on environmental redox po-
tential E,, with equation (4) by using values y,=0, A=1,
b =10 as described above.
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Determination of Zn(ll)-binding affinity for Cox17 forms

For determination of Zn(Il) binding affinity of Cox17,s.g
and Cox17ys.g, we accommodated an ESI-MS based approach
previously elaborated for determination of Cu(I) binding af-
finities (28). For this purpose, increasing concentrations of
DTT (or GSH) were added to the metallated protein samples,
the mixture was incubated for 2 min and analyzed for coex-
isting metallated and apo- form of the proteins by ESIMS. The
added metal chelator (DTT or GSH) competes with the pro-
tein for Zn(II) ions and shifts the metallation equilibrium back
to the apo-forms. In a standard experiment, 5 uM samples of
Cox17,5 g or Cox17¢g.s Zn(II) complexes in 20 mM ammonium
acetate pH 7.5 containing various concentrations of DTT or
GSH were injected into the electrospray ion source of QSTAR
Elite ESI-Q-TOF MS instrument and the mass spectra were
recorded as described above.

Results
Kinetics of Cox173s.5 reduction with GSH and DTT

The acquired ESI mass spectra of Cox17 displayed three
main peaks with charges +5, +6, and +7, whereas in the
presence of GSH two additional peaks corresponding to
Cox17,5.s GSH and Cox17,5.5_(GSH), adducts were also de-
tected. Individual charge state peaks displayed almost base-
line-resolved isotopic resolution (Fig. 1), which allowed
correct determination of average molecular weight of protein
taking into account charge state distribution as well as iso-
topic resolution. By incubation of Cox17;5.s with GSH, an
increase of the average molecular weight of Cox17 by ap-
proximately 2 Da was observed (Fig. 2A),which reflects the
reduction of one disulfide bond. Reduction of Cox1735.g with
1 and 2mM GSH occurs with a half-life of ~43 min and con-
sequently to reach the equilibrium samples have to be incu-
bated for 3 h.

It is known from previous studies that the more powerful
reducing reagent DTT reduces Cox173g.g to Cox17,5.g almost
instantly, and moreover, it could be also used for further re-
duction of two remaining disulfides in Cox17,s5 (28, 39).
The results obtained in the current study indicate that 5mM
DTT leads to almost instant increase of Cox17 average mo-
lecular weight by 2 Da, which is followed by further slower
increase up to 6Da (Fig. 2), accompanied with the shift in
charge- state distribution from +6 and +7, forms to 6 charge
states with charges between +5 and +10, characteristic for the
fully reduced Cox17 (28). The reduction of two disulfides in
Cox17,5 s occurs according to the first-order rate law and half-
life of 42min (Fig. 2B), suggesting that these disulfides are
reduced cooperatively and ~ 3 h incubation is needed to reach
the equilibrium.

Midpoint redox potentials for Cox17,5.s/Cox173s.s
redox pair

In GSH/GSSG redox buffers, the average mass of Cox17 at
equilibrium increased at environmental redox potential val-
ues below —200mV, which reflects the shift of equilibrium
between Cox17;5.5 and Cox17,5g forms and allows calcula-
tion of fractional content of Cox17,55 form by taking into
account Cox1735 g and Cox17,5.g forms. In order to obtain the
midpoint redox potential value for Cox17,5.g/Cox1735.g cou-
ple, the dependence of fractional content of Cox175s g from Ey,

ZOVO AND PALUMAA

A coxi7(3s-s)
MW (av)=6777.77 Da
20r 1

B Cox17(3S-S) +2 mM GSH
t(inc) = 20 min

10 MW(av) = 6778.41 Da 1
0 AAAAA | |y gy | IR | I | IR
,,,,, PSS I D I i e
C cox17(3s-S) +2 mM GSH
.é‘ t(inc) = 270 min
@ 10[  MW(av) = 6779.60 Da 1
[}
g
£
0

D Cox17(3S-S) +5 mM DTT
t(inc) = 30 min

50  Mw(av)=6781.63 Da

E Cox17(3S-S) +5 mM DTT

40 t(inc) = 150 min 1
MW (av) = 6783.57 Da
0 N N N . .
1128 1129 1130 1131 1132
m/z

FIG. 1. High resolution ESI MS spectra of Cox17 in the
absence and presence of GSH and DTT. Conditions: 5 uM
Cox1735.g; 20mM ammonium acetate, pH 7.5; T=40°C, (A)
Cox1735.s, (B) Cox17;5¢ incubated for 20 min with 2mM
GSH; (C) Cox173s.5 incubated for 270 min with 2mM GSH;
(D) Cox173s5 incubated for 30min with 5mM DTT; (E)
Cox173g.g incubated for 150 min with 5mM DTT. +6 charge
states are presented and average molecular masses have
been calculated by using Bioanalyst program.

was fitted to equation (4) (Fig. 3A),which yielded a midpoint
redox potential equal to E,,; = —227+0.5mV (pH 7.5, 40°C).
In addition to the major Cox17;s.s and Cox17,s s forms, the
Cox17,5.5-GSH and Cox17,55-(GSH), adducts were also de-
tected by ESI-MS. The fractional content of these adducts was
dependent on the redox potential of the environment as pre-
sented in Fig. 3A.

Midpoint redox potential for Cox17,5.5/Cox1755 s couple as
well as fractional contents of Cox17,5.5-GSH and Cox17,5.5-
(GSH), adducts were also determined in 5mM GSH/GSSG
redox buffer (Fig. 3B). The calculated midpoint redox poten-
tial for Cox17355 /Cox17,s.5 pair was Epy =—229+0.8mV
(pH 7.5, 40°C) that is similar to the E,,; value, determined in
1mM GSH/GSSG redox buffer.

Effect of Zn(ll) ions on midpoint redox potential
of Cox17.s.s /| Cox173s.s pair

The results presented in Fig. 4 demonstrate that the
Cox17,5.5/Cox1735.¢ redox equilibrium is affected by Zn(II)
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FIG. 2. Kinetics of Cox1735.s reduction with GSH and DTT monitored by increase of average molecular weight of
Cox17. Conditions: 5 uM Cox1735.s; 20mM ammonium acetate, pH 7.5; T=40°C, (A) 2mM GSH: (B) 5mM DTT. Average
molecular masses have been calculated by using Bioanalyst program. Solid lines, fitted curves.

ions, which protect Cox17 from oxidation and shift the mid-
point redox potential to more positive values: 10 uM Zn(II)
shifts E,;; by 17mV, whereas 50 uM Zn(II) shifts E,,; by 22 mV
in 1mM GSH/GSSG redox buffer. Besides shifting of E..j,
Zn(II) ions also reduced the maximal level of Cox17,5 s-GSH
adducts.

The effect of Zn(II) ions on the E,,; in 5mM GSH/GSSG
redox buffer presented in Fig. 4B indicates that at higher
concentrations of GSH 10 uM Zn(Il) shifts E,; by 14mV,
while 50 uM Zn(II) shifts the value of E,; by 26 mV. The
Zn(Il)-induced shifts in E,,; are similar in the 5mM and in the
1 mM GSH/GSSG buffer.

Reduction Cox173s.s with GSH in the presence
of millimolar concentrations of Zn(ll) ions

The reduction of Cox1735.5 with GSH did not lead to the
formation of fully reduced Cox17;s.s even after prolonged
incubation. However, in the presence of millimolar concen-
trations of Zn(II) ions, reduction of Cox1735.s with 2mM GSH
leads to the formation of fully reduced Cox17ps s. The process
is slow and occurs at 40°C in the presence of 5 and 10 mM
Zn(Il) with a half-life ~150min (Fig. 5).

Midpoint redox potentials for Cox17ps.s /| Cox172s.5
redox pair

Average mass of Cox17 in DTT/DTT, redox buffers deter-
mined after 3h of incubation at 40°C are presented in Fig. 6.
Average mass of Cox17,s g at equilibrium increases up to 4 Da
at environmental redox potential values below —300mV,
which reflects the equilibrium position between Cox17,5 s and
Cox17pss forms. The midpoint redox potential value for
Cox17ps.s/Cox17,55 couple was calculated from the depen-
dence of fractional content of Cox17ysg from E;, presented in

Fig. 5. The fitting of data to equation (1) yielded a midpoint
redox potential equal to E,,o = —324mV (pH 7.5, 40°C).

Effect of Zn(ll) ions on midpoint redox potential
of Cox17ps.s/ Cox172s.s pair

We have also determined the effect of 10 uM Zn(II) ions on
Cox17ps.5/Cox17,5.5 redox equilibrium. Results presented in
Fig. 6 demonstrate that 10 uM Zn(Il) shifts E,,, by 21 mV to
more positive values and therefore the effect of 10 uM Zn(II)
ions on E,,; was more pronounced as its effect on E,;;.

Binding of Zn(ll) ions to Cox17

Cox17pss and Cox17,5.5, were reconstituted with slight
excess of Zn(Il) in the presence of DTT, and ZnCox17,5 5 or
mainly Zn,Cox17ps s forms were observed in ESI-MS spectra
(Fig. 7) similarly to our previous studies (28). In the case of
Zn;Cox17,5s, the increase in the concentration of DTT re-
sulted in a decrease of Zn;Cox17,s.s peak and an increase of
the apo-protein peaks (Fig. 7A), indicating that millimolar
DTT competes with protein for binding of Zn(Il)ions. In the
case of Zn,Cox17¢g.5, a two-step demetallation process was
observed with the intermediary formation of Zn;Cox174s.s
and the final formation of apo-Cox17ys s at 35 mM DTT (Figs.
7B and C). Apparent dissociation constants for the Zn;Protein
complexes were calculated according to the following sim-
plified reaction scheme introduced in our previous study for
Cu(I) complexes (28):

Kzn
Protein 4+ Zn(II) s ZnyProtein (5)
K
DTT + Zn(Il) +— Zn, DTT ®6)

where K, is the dissociation constant for the Zn;Protein
complex and Kp, is the conditional dissociation constant for
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FIG. 3. Determination of redox midpoint potential for
Cox1735.5 < Cox17,5.s couple by ESI MS in GSH/GSSG
redox buffers. Fractional content of Cox17,5.g form (-e-) and
Cox17,5.5-GSH (-O-), Cox17,5.5-(GSH), (-[1-) adducts at dif-
ferent environmental redox potential values generated by
1mM GSG/GSSG (A) and 5mM GSH/GSSG (B) redox buf-
fer. Conditions: 5 uM Cox17; 20 mM ammonium acetate, pH
7.5; T=40°C; incubation time: 3 h. Solid lines, fitted curves.

the Zn(II)-DTT complex, which at pH=7.4,1=0.1, T=25°,C
is equal to 1.26x10~7 M (17). Values for Ky, were calculated
in two steps: first, by using the K, value for Zn(I)DTT com-
plex, the concentrations of free Zn(Il) ions in the presence
of various concentrations of DTT were calculated. Second,
fractional content of Zn;Protein species (Y), calculated from
the intensities of apo-Cox17,ss and Zn;Cox17,5s peaks,
Zny,Cox17pss and Zn,Cox17ps g, as well as for Zn;Cox17pss
and apo-Cox17pss peaks in ESI-MS spectra, [Y =Izn1protein/
(Tprotein + Izn1protein)], was correlated with the concentration of
free Zn(Il) ions in the sample. Obtained binding curves for
various metallation steps are presented in Fig. 8. The bind-
ing isotherms obtained were nonlinearly fitted with a com-
mon hyperbolic equation, corresponding to a simple 1:1
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FIG. 4. Effect of Zn(II) ions midpoint redox potential for
Cox17;35.5/Cox17,5.5 couple in GSH/GSSG redox buffer.
Fractional content of Cox17,5.5 form in the absence (-o-) and
in the presence of 10 uM (-O-) and 50 uM Zn(Il) ions (A) at
different environmental redox potential values generated by
1mM GSG/GSSG (A) and 5mM GSH/GSSG (B) redox
buffers. Conditions: 5 uM Cox17; 20 mM ammonium acetate,
pH 7.5; T=40°C; incubation time: 3h. Solid lines. fitted
curves.

binding equilibrium by program Origin 6.1. The following
values for the apparent dissociation constants were obtained:
Zn1C0x1725_5: Kzn =0.29+0.04 nM; Zn2C0x17OS_5: KZn =
0.32 £0.12nM; Zn,;Cox17ps.s. Kzn = 0.067 £ 0.009 nM. In sep-
arate ESI-MS experiments we established that GSH competes
with Zn;Cox17,s.s and Zn,Cox17ps.g only at high millimolar
concentrations, however, GSH as ionic compound caused
substantial decrease of peak intensities in ESI-MS spectra due
to ionic suppression.

Discussion

In the current work, we have elaborated a new ESI-TOF MS
method for the determination of protein midpoint redox po-
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FIG. 5. Kinetics of Cox17;5.g reduction with GSH in the
presence of millimolar concentrations of Zn(II) ions. Con-
ditions: concentration of Zn(Il) ions: (-[J-) 0mM, (-O-), 5mM
(-=-), 10mM; 5 uM Cox17; 20 mM ammonium acetate, pH 7.5;
T =40°C. Solid line, fitted curve.

tentials in the presence of Zn(Il) ions. Results demonstrate
that equilibrium between reduced and oxidized (disulfide-
containing) forms of the protein could be reliably monitored
by the determination of the accurate average molecular
weight of the protein mixture at different environmental re-
dox potential values. Direct mass measurement was possible
in the case of DTT/DTT buffers as DTT does not reduce the

5 mM DTT/DTT(0X)
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FIG. 6. Effect of Zn(Il) ions on Cox17ys.s > Cox17ys.g re-
dox equilibrium. Fractional content of Cox17ps.s form in the
absence (-s-) and in the presence of 10 uM Zn(Il) ions at
different environmental redox potential values generated by
5mM DTT/DTTox redox buffer. Conditions: 5uM Cox17;
20mM ammonium acetate, pH 7.5; T=40°C; incubation
time: 3h. Solid lines, fitted curves.
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efficiency of the ionization of protein in the electrospray ion-
ization process. The biological redox compound GSH is an
ionic substance that reduces the efficiency of the ionization of
the protein at millimolar concentrations and therefore its re-
moval by desalting was necessary before MS measurements.
The mass accuracy of the QSTAR Elite ESI-TOF MS instru-
ment allowed the determination of molecular mass of Cox17
with accuracy of 0.02Da, which is sufficient for precise
monitoring the reduction of one disulfide bond (mass differ-
ence of 2Da). The elaborated approach is also applicable for
investigation of other biological redox switches and redox
sensors in the presence of metal ions.

The new ESI-TOF MS based method yielded slightly dif-
ferent E,, values (Ep,y =227mV and E,,, =324mV, pH 7.5,
40°C) as compared to those determined by another approach,
where trapping of free SH groups by alkylation and subse-
quent separation of different redox forms by HPLC or
MALDI-TOF MS analysis was used (E,; =198 mV and E,,, =
340mV, pH 7.6, 37°C) (40). Since the additional trapping and
separation steps might each introduce errors in the range of
10mV (16) we suggest that the new E,;, values are more cor-
rect. Besides the direct estimation of equilibrium ratios of the
fully reduced and the oxidized forms of the protein, the ESI
MS-based method also allows the quantitative determination
of protein-GSH adducts that might be generated at certain
redox potential values in GSH/GSSG redox buffers. The
present results confirm earlier findings that the contents of
Cox17,5.s-GSH and Cox17,5.s-2GSH adducts depend on the
redox potential of the environment. The content of Cox175s s-
GSH forms a bell-shaped curve with a maximum level of 25%
around the midpoint redox potential E,,,; in both 1 and 5mM
GSH/GSSG redox buffers, indicating that the content of the
glutathionylated forms of Cox17 depends on the environ-
mental redox potential value and does not depend on the
molar excess of GSH over Cox17. Similar conclusions could be
also drawn for the doubly glutathionylated Cox17 form,
Cox17,5.5-2GSH, which level reached maximum at E;, values
below —150 mV in the case of 1 and 5 mM GSH/GSSG redox
buffers. The occurrence of mixed disulfides of Cox17 with
GSH might play a regulatory role in the functioning of Cox17,
as suggested before (40).

The equilibrium between Cox17,s.s and Cox17pss was
studied in DTT/DTT, buffers. As only a single redox tran-
sition resulting in a mass increase by 4 Da was observed for
this equilibrium, we can conclude that the reduction of two
disulfides in Cox17,5g occurs cooperatively. Most probably
the S-S bridge between Cys® and Cys™ in the structure of
apoCox17,5 ¢ (Fig. 9) (2) is reduced first, which leads to the
opening of the protein structure, where the another S-S bond
between Cys® and Cys* is easily accessible from the solution
and can be quickly reduced by DTT.

Determination of the protein midpoint redox potentials
in the presence of Zn(ll) ions

The major advantage of the elaborated ESI MS-based
method is its direct applicability for accurate determination of
the effect of metal ions on the protein redox equilibria. The
obtained results demonstrate that 10 uM Zn(II) ions shifts E,,;
by 17 and 14mV in 1 and 5mM GSH/GSSG redox buffers
accordingly, whereas 50 uM Zn(Il) shifted E.; by 22 and
26mV in 1 and 5 mM GSH/GSSG redox buffers. This allows
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us to draw two conclusions: First: the effect of Zn(II) ions does
not depend on concentration of GSH. Consequently the effect
of Zn(Il) ions is dependent on protein—metal interaction and
GSH does not compete with Cox17,5 s for binding of Zn(II)
ions at concentrations used. Second, the effect of Zn(II) ions on
E,n1 is more pronounced at increased concentrations of Zn(II)
ions, which indicates that metal-induced modulation of redox
properties depends on metal concentration. We also tested the

effect of higher millimolar concentrations of Zn(II) on the re-
duction of Cox1735.s with 2mM GSH. Surprisingly, millimo-
lar Zn(Il) promoted the slow formation of a fully reduced
Cox17ps s in the presence of 2mM GSH (Fig. 6), which sug-
gests that the effect of Zn(II) ions on E,,; is not saturated at
high micromolar metal concentrations and at millimolar
concentrations Zn(II) ions have also pronounced effect on the
redox equilibrium between Cox17,s s and Cox17pss.
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FIG. 8. Determination of the
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Zn(Il) ions also had an effect on the midpoint redox po-
tential of Cox17¢s.s/Cox17,5.5 couple, determined by using
DTT/DTT,x redox buffers and this effect was more pro-
nounced than the effect of Zn(Il) ions on the E,;. 10 uM Zn(II)
increased the E,, value two times more than the E,,; value.
The stronger effect of Zn(II) ions on E,;,; suggests that binding
of Zn(Il) ions to the fully reduced Cox17pgsg is stronger as
compared with Cox17,s.s. Indeed, Zn(II)-binding affinities for
different Cox17 forms, determined in the current study indi-
cate that the apparent dissociation constant for Zn,Cox17s.s
complex, Kz,=0.067nM, is 5 times lower than that for
Zn1Cox1755.5 (Kz, =0.29 nM). Moreover, even 2 mM GSH did
not demetallate Zn,Cox17ys.s, which indicates that Cox17ys.g
can effectively compete for Zn(II) ions with millimolar GSH in
cellular conditions.

Biological context

Cox17 fulfils its primary biological role as a copper chap-
erone for CCO in IMS. Cox17 and other proteins contain-
ing twin Cys-Xo-Cys motifs (Mia 40, Cox19, Cox23) or twin
Cys-X3-Cys motifs (small Tim proteins) are transported into
IMS by a special oxidative mechanism (13). According to this

o

FIG. 9. Solution structure of human apo-Cox17,s.s. One
structure from 2RN9 (2) is presented, where the first 17
amino acids are unstructured, disulfide bridges C®_C% and
C®-_C* as well as C** and C* are displayed. (For interpreta-
tion of the references to color in this figure legend, the reader
is referred to the web version of this article at www.
liebertonline.com/ars).

free
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S
1
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mechanism, fully reduced proteins enter IMS through mito-
chondrial outer membrane pores. In IMS, the twin Cys-Xo-Cys
motif is oxidized with the involvement of Mia40 proteins
and functions as a thiol-based redox switch (26). The oxida-
tion leads to the formation of coiled coil helix—coiled coil helix
structural motif (CHCH), where two short helixes are con-
nected with two interhelical disulfide bonds (Fig. 9) and oxi-
dative folding is crucial for retention of these proteins in IMS.
In the case of Cox17, the partially oxidized Cox17,s s is also
biologically active and participates in the metallation of Scol
protein (2, 3). However, in cellular conditions it is crucial to
keep de novo synthesized cytoplasmic Cox17 in fully reduced
state until it is transported into IMS.

A major factor determining the position of biological redox
switches under normal cellular conditions is the redox po-
tential in the local cellular compartment. The determination of
the redox potential in cellular cytosol as well as in different
cellular compartments is an active field of research. This is a
complicated task since the total cellular redox potential is
composed of different redox systems that, however, might not
be always in equilibrium with cellular redox buffer (16). By
this reason, the application of different redox couples for the
determination of the cellular redox potential might yield dif-
ferent values. For instance, the redox potential values in eu-
karyotic cytosol determined from analytical concentrations of
GSH and GSSG vary in a broad range from —200 to —290 mV
(pH 7.0), whereas the latter value corresponds to normal
conditions (16, 22, 27). Similar cellular redox potential value
—280mV (pH 7.0) has been determined from the cellular
equilibrium between reduced and oxidized thioredoxin-1 (16,
38). However, redox potential values determined in situ by
using different fluorescent redox sensor proteins are more
negative (more reducing) and lay in the range from —280 to
—320mV (pH 7.0) (4, 12, 22).

Discrepancy between the listed cellular redox potential
values determined might arise from the methods used, how-
ever, it is also possible that redox sensor systems used might
not be in equilibrium with cellular redox buffers. Moreover,
our current results indicate that Zn(Il) ions shift redox equi-
libria of thiol-based redox switches and it is not excluded that
redox equilibria of thiol-based redox couples used for deter-
mination of cellular redox potential might also be influenced
by Zn(Il) ions, because the total cellular concentration is as
high as 250 uM (18) and a substantial part of it is bound into
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labile complexes (27). If the further studies confirm that cel-
lular Zn(Il) ions have significant influence on the redox
equilibria of redox sensors and thioredoxins, then the meth-
odology for determination of cellular redox potential has to be
critically revised and improved.

The midpoint redox potential of Cox17pss/Cox17,g5 couple
(Emz)isatpH 7.5 around —324mV (at pH 7.0 E;;p = —294mV),
which is close to the cellular redox potential E = —286 mV (pH
7.0) (14). In such conditions, Cox17 shall be 65% oxidized to
Cox175ss (as estimated from Fig. 6). However, Cox17,sg can-
not enter into IMS and additional factors should be involved
in the stabilization of Cox17ygg in the cytosol. In the case of
Tim10 protein that contains twin Cys-X5-Cys motif and uses
oxidative mechanism for transport into IMS; it has been
suggested that binding of Zn(II) ions inhibits protein oxida-
tion and facilitates kinetically its transport into IMS (23). We
demonstrated for the first time that Zn(II) ions present at low
micromolar levels can substantially shift the protein midpoint
redox potential of Cox17ps.s/Cox175s s couple to more posi-
tive values and therefore protect Cox17g.g by thermodynamic
reasons from oxidation in the cytoplasm. 10 uM Zn(I) in-
creased the E., value by 21mV and shifts E,, value to
271mV (pH 7.0). It can be estimated from Fig. 6 that 21 mV
shift in E.,, keeps 80 % of the total Cox17 in the fully reduced
state. At the higher concentrations of Zn(Il) ions, the protec-
tion of Cox17 from oxidation is almost complete. Cox17ps s
can bind two Zn(Il) ions (28) and the apparent dissociation
constants for Zn,Cox17ps.g and Zn;Cox17ps.s complexes, de-
termined in the current study, are 0.32 and 0.067 nM, re-
spectively. Cellular zinc exists in three pools: a stabile protein-
bound pool, a metallothionein-bound pool, and a labile zinc
pool, whereas the latter consists mainly from Zn(II)-GSH
complex (30). Our results demonstrate that Cox17yg s can ef-
fectively compete with high millimolar DTT and GSH for
Zn(II) binding, which indicates that Cox17ys.s might be me-
tallated by Zn(II) ions in cellular conditions.

After transport into IMS, fully reduced Cox17 is oxidized to
Cox17,5s. This reaction is catalyzed by Mia 40 proteins (5).
However, oxidation should also be thermodynamically fa-
vorable. The redox potential value in IMS, determined by
ratio of GSH/GSSG couple is equal to —255mV, (pH 7.0) (14),
which is more positive (oxidative) as that in the cytoplasm
(E=-286mV, pH 7.0) (14). Redox potential in IMS shifts
Cox17pss <> Cox175s5 equilibrium towards Cox17,ss state,
which is the functional state of protein in IMS (1).

The second oxidative switch converts Cox17,s.5 to the fully
oxidized protein Cox173g.g, which can not bind metals (28, 40).
Midpoint redox potential of this switch is equal to —226 mV
(pH 7.5, 40°C), which is much more positive than cellular re-
dox potential values under normal conditions. However, the
cellular redox potential is known to increase up to 80mV in
oxidative conditions (16, 38) where Cox17,5.5 could also be
partially oxidized to Cox173ss. Our results demonstrate that
Zn(Il) ions can protect Cox17,5s from undesirable oxidation,
which might occur in IMS as well as in the cytoplasm by in-
fluence of oxidative stimuli. Such a protection might avoid the
inactivation of Cox17,5.g and promote its functioning in IMS.
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