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Activation of the lifespan regulator p66°" through
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Cell fate and organismal lifespan are controlled by a complex
signaling network whose dysfunction can cause a variety of
aging-related diseases. An important protection against these
failures is cellular apoptosis, which can be induced by p66°hc in
response to cellular stress. The precise mechanisms of p665hc action
and regulation and the function of the p66sh<-specific N terminus
remain to be identified. Here, we show that the p665"< N terminus
forms a redox module responsible for apoptosis initiation, and that
this module can be activated through reversible tetramerization by
forming two disulfide bonds. Glutathione and thioredoxins can
reduce and inactivate p66°h, resulting in a thiol-based redox
sensor system that initiates apoptosis once cellular protection
systems cannot cope anymore with cellular stress.

apoptosis | mitochondria | redox regulation

poptosis is an essential mechanism in cellular homeostasis
and molecular stress management (1, 2). It is regulated by
a network of signaling proteins that also contribute to lifespan
regulation and cellular aging processes (1, 3, 4). p665P¢ (She: Src
homologous and collagen) belongs to this network and acts as a
molecular sentinel that controls cellular stress responses and
mammalian lifespan (5-7). p665"°~/~ mice exhibit a 30% ex-
tended lifespan, reduced H,O; levels, and an enhanced resis-
tance against oxidative stress (5). p66Shc activity has been
implicated in the development of aging-related diseases such as
early artherogenesis (8). Upon induction by stress factors, such
as oxidants or UV irradiation, expression of the p665' protein
increases (9) and it translocates to the mitochondrial intermem-
brane space where it induces apoptosis (10, 11). It was proposed
that p665he oxidizes cytochrome ¢ (Cyt c), thereby generating
H,O,, which is assumed to activate the permeability transition
pore (PTP), ultimately causing rupture of mitochondria and
release of apoptotic factors (11). Because of its central role in
lifespan regulation and aging-related diseases (6, 12, 13), p665he
is an attractive drug target (14), and a deeper understanding of
the mechanisms regulating its apoptosis-inducing activity would
enable the development of novel p66She-targeted therapies.
p665Pe is the largest of three protein variants expressed from
the shcA gene. It has the characteristic Shc domain structure
consisting of an N-terminal phosphor-tyrosine-binding domain
(PTB), a central collagen homology (CH) region (CH1), and a
C-terminal Src homology 2 (SH2) domain. Compared with the
shorter isoforms, p465h¢ and p525h¢, known inductors of the Ras
signaling pathway (15, 16), p665" exhibits an N-terminal exten-
tion comprising a second CH domain (CH2). A short sequence
between the p665"-specific CH2 domain and the PTB was
reported to act as Cyt ¢ binding region (CB) (11) and constitutes
the N terminus of p528h¢. In p525h¢ the CB domain is unstruc-
tured (17). Furthermore, the new Shc family member, RalP, has
the characteristic Shc domain structure (18) with pronounced
homology to p665h except for the CH2 and the CB domains
(amino acids 1-150). The CB domain may thus be a structural
and functional part of the CH2 domain. Therefore, we used here
a p66Shc fragment covering both domains (p66CH2-CB) to
analyze the function of the p665" N terminus in the mitochon-
drial apoptosis initiation process.

www.pnas.org/cgi/doi/10.1073/pnas.0800691105

Results and Discussion

p66CH2-CB cloned from mouse colon cDNA was overexpressed
in Escherichia coli and purified by affinity chromatography
followed by size exclusion chromatography (SEC). Depending
on the presence of a reducing agent (2.5 mM DTT), one or two
major elution peaks (forms 1 and 2) appeared (Fig. 1 a and b).
SDS/PAGE and MS identified both peaks to be po6CH2-CB; the
third peak (14.6 ml) is a contaminating protein from the bacterial
expression system (catabolite gene activator protein). No higher-
order oligomers or aggregates of p66CH2-CB were observed,
indicating a redox-dependent, specific oligomerization of the
protein. The elution volumes of the two forms indicate that they
are p66CH2-CB dimers and tetramers, respectively. Form 1 runs
between the 67- and 97-kDa marker proteins in blue-native
PAGE (BN-PAGE) (Fig. 1¢), consistent with a tetramer of the
19.5-kDa p66CH2-CB monomer, and form 2 behaves as a dimer
of ~40 kDa. Thus, p66CH2-CB forms dimers that tetramerize in
a redox-dependent manner.

CH2 is exclusive to p665"®, and we therefore assumed it is
responsible for the apoptosis-inducing activity of p66Sh. We
tested the ability of p66CH2-CB to induce swelling and rupture
of mitochondria, an initial step in mitochondria-mediated apo-
ptosis (11, 19). Purified rat liver mitochondria were sensitized
with 7 uM CaCl,, followed by addition of 20 uM p66CH2-CB
and observation of their ODgyp as described for full-length p66She
(11) (Fig. 1d). Tetrameric p66CH2-CB caused a significant
decrease of the ODgy) because of the rupture of the mitochon-
dria; adding instead the same amount of dimer (20 wM) had only
a small effect on ODgyo (Fig. 1e). Even comparing a 3-fold higher
concentration of dimer (30 uM) with 10 uM tetramer (data not
shown) resulted in significantly higher activity for the tetramer.
Hence, the isolated p66S"-specific N terminus is able to induce
mitochondrial rupture, which inevitably leads to apoptosis
(19), and it is activated through an oxidative dimer-tetramer
transition.

p66CH2-CB contains a single cysteine at position 59, which is
conserved in p665P proteins from mammals and other organisms
(Fig. 2a) and in the Shc family protein RalP. We hypothesized
that the oxidative tetramerization of p66CH2-CB is mediated by
disulfide bridging through this conserved cysteine. Testing for
sulfhydryl groups with Ellman’s reagent indeed identified one
free cysteine per monomer exclusively in the dimer form (Fig.
2b). Consistently, the po6CH2-CB tetramer generated the dimer
at =45 kDa in nonreducing SDS/PAGE and not the monomer
observed under reducing conditions (Fig. 2c). Furthermore,
through MALDI-TOF-MS of a chymotryptic digest of the
tetramer we detected the disulfide-linked peptide Leu-68—Cys-
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Fig. 1.

59-S-S-Cys-59'-Leu-68’ (Fig. 2d) (expected: 2,400.08 Da; mea-
sured: 2,400.11 Da); this peptide signal was not detected in a
digest of the dimer. The peptide’s sequence was further validated
by using electrospray ionization (ESI)-ion-trap-MS/MS with a
high coverage of y- and b-ion series [supporting information (SI)
Fig. S1]. In addition, fragments of the disulfide-linked peptide,
including one complete peptide disulfide-bridged to one frag-
mented peptide, were identified in the ESI-ion-trap-MS/MS
spectrum (e.g., Leu-68-Cys-59-S-S-Cys-59'-Phe-62'; expected:
1,683.7 Da; measured: 1,683.6 Da). Our results thus show that
the noncovalent dimer has two accessible cysteines, one per
monomer, which are used for two disulfide bridges in the
tetramer. Tetramerization of p66CH2-CB is stable but revers-
ible, as treatment with DTT and subsequent SEC generated the
reduced dimer (Fig. 2¢). Finally, we mutated Cys-59 to serine
(p66CH2-CB C59S), yielding exclusively the dimer in SEC (Fig.
1b) and nonreducing SDS/PAGE (data not shown), which proofs
the disulfide-mediated tetramerization and provides evidence
that p665"° can adopt two different oligomeric states, a dimer and
a tetramer. The mitochondria swelling activity of p66CH2-CB
C59S was comparable to the WT dimer (Fig. 1e), but only the
activity of the WT increased over time (Fig. 2f). This increase in
activity correlated with the sulfhydryl oxidation status (Fig. 2g),
again linking the dimer—tetramer transition to the apoptosis-
inducing activity of p66She,

Secondary structure predictions with Jpred2 (20) (Fig. S2a)
indicated that p66CH2-CB does not have a coiled coil structure
although the CH2 domain is collagen-like, but sequence analyses
with Prot-Scale (21) (Fig. S2 b and c) predict Cys-59 to be
localized in a rather hydrophobic environment with low flexi-
bility. However, limited proteolysis of the dimer but not of the
tetramer (Fig. 2h) generated an N-terminally truncated frag-
ment starting at Met-65, indicating flexibility around Cys-59 in
the dimer and structural rearrangements in this tetramerization
region during oxidative dimerization of the noncovalent dimers.
Further, the dimer showed a biphasic thermal denaturation
transition, whereas the tetramer lacks the first transition step at
lower temperature (Fig. 2i), indicating that during tetrameriza-
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Dimer-tetramer transition of p66CH2-CB regulating its apoptosis-inducing activity. (a) SEC elution profile of p66CH2-CB in the absence of reducing
agent. (b) SEC elution profile of p66CH2-CB in the presence of 2.5 mM DTT, overlaid with the elution profile obtained with the mutant p66CH2-CB C59S in the
absence of DTT (dashed line). (c) Stoichiometry of the two p66CH2-CB forms determined by BN-PAGE. (d) Standard experiment of the mitochondria swelling assay
in the presence of 5 mM succinate. Rupture of mitochondria was observed after sequential addition of 7 uM CaCl, and 20 uM p66CH2-CB instead of buffer
(control). (e) Comparison of the apoptosis-inducing activity of dimeric and tetrameric p66CH2-CB and p66CH2-CB C59S. The initial sensitization with CaCl, has
been omitted for clarity. The decrease in ODg; observed for the dimeric p66CH2-CB and the p66CH2-CB C59S mutant beyond ~400 s was also observed in buffer
controls and is likely caused by sedimentation of the mitochondria during extended incubation.

tion a more flexible subdomain gets rearranged and/or stabi-
lized. We speculate that the activating tetramerization of p665h
and the associated stabilizing rearrangements may be the mech-
anism behind how the GTPase Racl and the apoptosis-inducing
protein p53 increase p665"® activity, because both were reported
to act by increasing the stability of p665h¢ (22, 23). This mech-
anism resembles the activation of other proteins in response to
oxidative stress (24, 25), e.g., the peroxiredoxine PrxI, which acts
as dimeric peroxidase but transforms into a decameric chaper-
one upon its oxidation at specific cysteine residues (26).

It has been reported that p66S'® generates reactive oxygen
species (ROS) and it was supposed that these ROS then mediate
p665he-induced apoptosis (11). For testing our protein for ROS
generation we used the dye H,DDFDA, which becomes fluo-
rescent after oxidation by ROS, as described (11). Fluorescence
increased significantly after addition of p66CH2-CB in the
presence of CuSO4 and Na-dithionite (Fig. 3a). Adding only
Na-dithionite and CuSO, without protein did not show any
effect on the fluorescence (Fig. 3a, control). Hence, the p66Shc-
specific N terminus is the ROS-generating part of p66She,
Consistent with findings for the full-length protein (11), only the
addition of copper ions lead to p66CH2-CB-dependent gener-
ation of ROS, contrary to other metal ions tested (CuCl,, FeCls,
NiSOs, ZnCl,, CoCl,, MnCl,) (Fig. 3b), possibly hinting at a
copper-specific metal center in p66CH2-CB. No difference
between Cu'*t and Cu?* was observed for the p66CH2-CB
ROS-generating activity, possibly indicating that both copper
redox states might be involved in catalysis. However, we cannot
exclude the possibility that Na-dithionite reduces dissolved Cu?*
to Cu'*, which then acts as active ion.

To identify a physiological electron donor for ROS formation
we added reduced Cyt ¢ instead of Na-dithionite to the assay, but
no ROS generation was observed (Fig. 3c) in contrast to results
published for full-length p66St¢ (11). However, consistent with
the results on full-length protein (11) p66CH2-CB-dependent
mitochondrial rupture required the presence of succinate as
substrate for the respiratory chain, and addition of the cyto-
chrome reductase inhibitor antimycin A prevented rupture of
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Fig.2. Disulfide bridging through the conserved residue Cys-59 and accompanied structural rearrangements in p66CH2-CB. (a) Alignment of p66CH2-CB from
various organisms around the conserved Cys-59 residue (V). (b) Detection of free sulfhydryl groups in the dimer but not in the tetramer form by using Eliman’s
reagent. (c) Tetrameric p66CH2-CB subjected to reducing and nonreducing SDS/PAGE. (d) MALDI-TOF-MS spectrum of the chymotryptic digest of the p66CH2-CB
tetramer including the disulfide-linked peptide Leu-68-Cys-59-S-S—Cys-59'-Leu-68’ (framed). (e) SEC elution profile of the tetramer after treatment with 2.5
mM DTT. (fand g) Time-dependent increase in p66CH2-CB-induced rupture of mitochondria () and its correlation with the protein’s oxidation level determined
by nonreducing SDS/PAGE (g). Dimeric p66CH2-CB was analyzed (t = 0), subsequently incubated on ice for 4 h, and then tested again (t = 4 h). (h) Limited
proteolysis of p66CH2-CH dimer and tetramer with elastase. Even before the addition of elastase, fragmentation of the dimer but not the tetramer was observed,
caused by proteases of the expression host. (i) Thermal denaturation of p66CH2-CH dimer and tetramer.

be weakened because of missing domains of p665" or other
factors necessary for interaction but not present in the in vitro
assay.

mitochondria in the swelling assay (Fig. 3d). Thus, the respira-
tory chain contributes to the apoptosis-inducing process, but the
potential interaction between Cyt ¢ and p66CH2-CB might, e.g.,
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Fig.3. Copper-dependent ROS formation by p66CH2-CB and contribution of Cyt ¢ to the apoptosis-inducing process. (a—c) Changes in fluorescence of H,DDFDA after
sequential addition of the p66CH2-CB forms (20 uM) or buffer (control), 85 M Na-dithionite (a—c) or 20 uM Cyt ¢ (c), and 50 uM CuSO4 (a and c) or 50 uM of other metal
ions (b). (d) Rupture of mitochondria after addition of 7 M CaCl, followed by buffer (control) or 0.3 ug/ml antimycin A, respectively, followed by addition of tetrameric
p66CH2-CB. The experiment was done in the presence (control and + antimycin A) or absence (— succinate) of 5 mM succinate. (e) BN-PAGE of tetrameric p66CH2-CB
treated with 85 uM Na-dithionite. (f) Rupture of mitochondria after addition of 7 uM CaCl, followed by buffer (control), 280 units of catalase or 20 mM DMTU, and
20 pM tetrameric p66CH2-CB in the presence of 5 mM succinate. (g) Changes in fluorescence of H,DDFDA after sequential addition of mitochondria (100 ug total
mitochondrial protein), succinate (5 mM), and dimeric or tetrameric p66CH2-CB (40 uM); as a control, buffer was added instead of protein.
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Fig. 4. Reduction of tetrameric p66CH2-CB by Trxs and GSH and model for the redox-mediated regulation of p66°h<. (a) Nonreducing SDS/PAGE of tetrameric

p66CH2-CB incubated with a 2-fold molar excess of Trx1 and Trx2, 5 mM GSH, 5 mM cysteine, or 5 mM DTT. (b) Pretreatment of the p66CH2-CB tetramer with
Trx2 reduces its apoptosis inducing activity. (c) Model of the redox-mediated regulation of p66Shc. After cellular stress dimeric p66°h< translocates to mitochondria.
Under conditions of lower stress the Trx and GSH systems reduce tetrameric p66°"< and prevent apoptosis, whereas excessive oxidative stress leads to an overload
of the redox systems and accumulation of active, tetrameric p66°hc. p665hc-generated ROS then activate the PTP, which results in rupture of the mitochondria
and release of apoptotic factors. MC, metal chaperone; TOM, translocase of the outer membrane.

We next compared the ROS-generating activity of the differ-
ent p66CH2-CB forms. Surprisingly, the tetramer generated less
ROS than the dimer (Fig. 3a), in contrast to the activating effect
of tetramerization on the apoptosis-inducing activity of p66CH2-
CB. p66CH2-CB C59S (Fig. 3a) and p66CH2-CB with N-
ethylmaleimide-modified cysteine (data not shown) also gener-
ated more ROS than the tetramer, which further shows that the
dimer—tetramer transition is not part of the catalytic cycle for
ROS formation but instead has a regulatory role. Consistently,
Na-dithionite is a potent electron donor for p66CH2-CB-
dependent ROS formation but it is not able to reduce the
disulfide bridges of the tetramer (Fig. 3e). We next tested
whether ROS indeed act downstream from p665¢ or if ROS
generation is a side product of a different p665h-dependent
apoptosis-initiating mechanism. Quenching ROS through addi-
tion of catalase or dimethyl-thiourea (DMTU), respectively,
inhibited rupture of mitochondria in our swelling assay (Fig. 3f),
which shows that ROS indeed mediate p665"-initiated mito-
chondrial rupture. To exclude that the lower ROS-generating
activity of the tetramer compared with the dimer might be
caused by the artificial electron donor Na-dithionite we added
instead isolated mitochondria into the ROS assay to provide
physiological interaction partners. Again, dimeric p66CH2-CB
generated more ROS than the tetrameric form (Fig. 3g), vali-
dating the lower ROS-generating activity of the tetramer. We
therefore assume that the activation of p66CH2-CB might not
result in a general increase of ROS generation but maybe results
in an elevated affinity for an interaction partner such as the PTP
and thereby in a locally increased ROS level.

To identify potential physiological reducing agents, and thus
inactivators, of tetrameric p665"® we monitored the oxidation
state of p66CH2-CB by BN-PAGE (data not shown) and non-
reducing SDS/PAGE (Fig. 4a) after incubation with cytosolic
thioredoxin 1 (Trx1), mitochondrial thioredoxin 2 (Trx2), glu-
tathione (GSH), cysteine, and as control with DTT. p66CH2-CB
gets completely reduced by these reducing agents (Fig. 4a), and
reduction with Trx2 leads to the expected loss of activity in the
mitochondrial swelling assay (Fig. 4b). Thus, the cellular redox
systems are able to inhibit and to reverse the activating dimer—
tetramer transition of p66CH2-CB and thereby to prevent
apoptosis initiation.

Based on our results we propose the following model for the
redox-mediated activation of p665h (Fig. 4c). Under normal
physiological conditions p665" mainly localizes to the cytosol
(11, 27) where Trx1 and GSH keep it in its inactive reduced state.
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Cellular stress induces translocation of p665"¢ into the mitochon-
drial intermembrane space (IMS) (10). We speculate that the
import of p665" might be assisted by a disulfide relay system such
as Mia40 (28). Mia40 exchanges its intramolecular disulfide
bridges with sulfhydryls of proteins being imported, resulting in
a coupling of import and oxidative folding. Interestingly, Mia40
binds copper and zinc ions, and it was proposed to supply the
imported protein with these metals (28). In mitochondria, thiols
are sensitive to oxidation because of the alkaline pH (25), thus
favoring tetramerization of p665h. However, under conditions of
lower stress the mitochondrial redox systems GSH and Trx
reduce tetrameric p665"® and thereby prevent apoptosis. GSH is
present in mitochondria in high concentrations (29), and com-
ponents of the Trx system appear also to be present in the IMS
(30). Excessive oxidative stress, however, leads to an overload of
the GSH and Trx systems, which results in an accumulation of
active, tetrameric p665". The thereby increased local ROS levels
then activate the PTP, which results in rupture of the mitochon-
drial membranes (11).

We have presented here the function of the N-terminal
domain of p66S. The domain has two redox centers: (i) a
copper-dependent catalytic site for ROS formation, which sub-
sequently induce mitochondrial rupture, a key step of mitochon-
dria-mediated apoptosis, and (if) a regulatory disulfide/thiol site
mediating a reversible dimer—tetramer transition, which in-
creases the protein’s mitochondria disintegrating activity. Our
results yield insights into regulation of p66Sh° activity and
provide approaches for targeting this important stress and
lifespan regulator protein with drugs.

Materials and Methods

Cloning and Protein Purification. The p665"c gene was PCR-amplified from
mouse colon cDNA, and residues 1-150 were subcloned into pET101/D-Topo
(Invitrogen) with a C-terminal His tag. An influence of the His tag on the
apoptosis-inducing activity was excluded by doing control experiments with
untagged protein prepared by specific proteolytic tag removal. Site-directed
mutagenesis was done with the QuikChange protocol (Stratagene). Expres-
sion in E. coli BL21(DE3)Rosetta2 was induced at ODggp = 0.6 with 0.5 mM
isopropyl B-D-thiogalactoside, and cell culturing continued for 18 h at 20°C.
The dimer was prepared by reduction of p66CH2-CB with 5 mM tris(2-
carboxyethyl)phosphine before SEC in absence of reducing agent; reducing
agent for stabilization of the dimer was only added if explicitly stated. The
tetramer was obtained by overexpressing p66CH2-CB in E. coli
BL21(DE3)Rosetta2gami. The protein was purified by affinity chromatogra-
phy on Talon resin in buffer A [20 mM Tris (pH 7.8), 150 mM NaCl] followed by
SEC in buffer A with or without 2.5 mM DTT, respectively. Stoichiometry was
determined by BN-PAGE according to Schaegger and von Jagow (31) and
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protein identity by mass spectrometry as described (32). Limited proteolysis
was done as described (33).

MALDI-TOF-MS and ESI-lon-Trap-MS/MS. Ten micrograms of pure tetrameric
p66CH2-CB in 25 mM NH4HCO3 was digested by using 125 ng of chymotrypsin
at 37°C for 18 h. The reaction was stopped through addition of 0.25%
trifluoroacetic acid. MALDI-TOF-MS was performed with an Applied Biosys-
tems Voyager-DE Pro system in reflector mode as described (32) with ferulic
acid as matrix. For ESl-ion-trap-MS/MS, the digested sample (5 pmol/ul in 2%
acetonitrile, 0.1% formic acid) was injected by the syringe pump of the LTQ XL
system (Thermo Fisher Scientific) with a flow rate of 1 ul/min. Spray needles
were pulled in-house as described (34). The LTQ was operated in the positive
mode to acquire a full MS scan in the enhanced mode between m/z = 400 and
2,000, followed by a full MS/MS scan of m/z = 1,200.5 ion from the preceding
MS scan. The heated desolvation capillary was set to 180°C. The relative
collision energy for collision-induced dissociation was set to 35%.

Thermal Denaturation and In Vitro Activity Assay. Melting transitions were
determined as described (35) with a FluoDiaT70 fluorescence plate reader
(Photal Otsuka Electronics) with 12.5 ug of protein in buffer A supplemented
with SYPRO (Sigma). The ROS-generating activity was measured by using
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H,DDFDA (Invitrogen) as described (11). Changes in fluorescence [A(ex) = 498
nm, A(lem) =525 nm] of 10 uM H,DDFDA in 100 ul buffer A were recorded with
a PerkinElmer LS50B spectrofluorimeter. Fresh reduced rat Cyt ¢ (Sigma) was
prepared before use in the in vitro assay through treatment with a 4-fold
molar excess of Na-dithionite and subsequent removal of the reducing agent
by using a NAP column (GE Healthcare). The stability of the reduced form of
the Cyt cstock was verified through UV spectra, and no significant reoxidation
was observed over several hours.

Preparation of Mitochondria and Mitochondria Swelling Assay. Rat liver cells in
isolation buffer (2 mM Hepes, 220 mM mannite, and 70 mM sucrose) were
disrupted mechanically, and mitochondria were isolated by centrifugation at
4°C at 500 x g for 3 min. The supernatant was centrifuged two more times,
followed by centrifugation at 26,000 X g for 10 min. The pellet was washed
andrecentrifuged twice. Mitochondria were resuspended in 5mM Tris, pH 7.4,
and their outer membrane was permeabilized with 25 uM digitonin for 10
min. Rupture of mitochondria pretreated with 7 uM CaCl, was monitored
photometrically as a decrease of the ODg as described (11).
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