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Thioredoxin-related protein of 14 kDa (TRP14, also called TXNDC17
for thioredoxin domain containing 17, or TXNL5 for thioredoxin-
like 5) is an evolutionarily well-conserved member of the thiore-
doxin (Trx)-fold protein family that lacks activity with classical Trx1
substrates. However, we discovered here that human TRP14 has
a high enzymatic activity in reduction of L-cystine, where the cata-
lytic efficiency (2,217 min−1·μM−1) coupled to Trx reductase 1
(TrxR1) using NADPH was fivefold higher compared with Trx1
(418 min−1·μM−1). Moreover, the L-cystine reduction with TRP14
was in contrast to that of Trx1 fully maintained in the presence
of a protein disulfide substrate of Trx1 such as insulin, suggesting
that TRP14 is a more dedicated L-cystine reductase compared with
Trx1. We also found that TRP14 is an efficient S-denitrosylase with
similar efficiency as Trx1 in catalyzing TrxR1-dependent denitrosyla-
tion of S-nitrosylated glutathione or of HEK293 cell-derived S-nitro-
soproteins. Consequently, nitrosylated and thereby inactivated
caspase 3 or cathepsin B could be reactivated through either Trx1-
or TRP14-catalyzed denitrosylation reactions. TRP14 was also, in
contrast to Trx1, completely resistant to inactivation by high con-
centrations of hydrogen peroxide. The oxidoreductase activities of
TRP14 thereby complement those of Trx1 and must therefore be
considered for the full understanding of enzymatic control of
cellular thiols and nitrosothiols.
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The redox or nitrosylation state of reactive cysteine (Cys)
residues in proteins can affect a multitude of intracellular

events, either beneficial or harmful, depending upon biological
context (1, 2). Two major cellular systems that control the redox
states of Cys residues are the thioredoxin (Trx) and the gluta-
thione (GSH) systems. The Trx system includes isoforms of Trx,
Trx reductase (TrxR), and NADPH together with several Trx-
dependent enzymes and proteins (3). The GSH/GSH disulfide
redox couple is kept reduced by the NADPH-dependent activity
of GSH reductase (GR) and donates electrons to isoforms of
glutaredoxin (Grx) and other GSH-dependent enzymes (4).
In addition to Trx, many proteins have a Trx fold and a Trx-

like active-site sequence. One such protein is thioredoxin-related
protein of 14 kDa (TRP14, also known as TXNDC17 or TXNL5),
which is an evolutionarily well-conserved cytosolic and widely
expressed Trx-fold protein that can be reduced by TrxR1 (5).
Its crystal structure, compared with Trx1, shows additional
structural features in the active site, thereby explaining its lack of
activity with most classical Trx1 protein disulfide substrates
including ribonucleotide reductase, insulin, peroxiredoxins, or
methionine sulfoxide reductase (5–7). TRP14 was suggested to
have evolved to exert specific signaling roles in cells and was
identified as a modulator of TNFα/NFκB signaling pathways
through interactions with the dynein light chain LC8 protein
(6, 8). We previously found that treatment of cells with cisplatin
triggered the formation of covalent cross-links between TrxR1
and either Trx1 or TRP14, which suggests that TRP14 is tightly
linked to TrxR1 within the cellular context (9). Recently, we also
found that TRP14 is able to reactivate oxidized phosphotyrosine

phosphatase 1B, thereby indeed implicating specific functions in
modulation of cellular signaling pathways (10).
In addition to having general protein disulfide reductase activities,

Trx1 is also a denitrosylase for a broad spectrum of nitrosoproteins
and nitrosothiols (11, 12). Substrates include S-nitrosocaspase 3
(13, 14), S-nitrosocaspase 8 (15), S-nitrosoglutathione (GSNO)
(16, 17), and S-nitrosocysteine (L-CysSNO) (12). Nitrosylation
and denitrosylation reactions provide a regulatory mechanism
for protein function and are thereby also involved in a variety of
cellular signal transduction pathways. For example, S-nitrosylation
of caspases can inhibit their activity and thus regulate apoptosis in
resting cells (18, 19). A full understanding of NO homeostasis and
its pathways is of medical importance because an aberrant for-
mation of nitrosylated proteins has been implicated in a variety of
diseases. However, protein denitrosylation is a hitherto less stud-
ied part in NO-mediated signaling (20, 21). In addition to Trx1,
another enzyme mediating cellular denitrosylation reactions is
GSNO reductase (GSNOR). GSNOR is the same enzyme as class
III alcohol dehydrogenase, mainly catalyzing denitrosylation of
GSNO using NADH as an electron donor (22, 23). In addition,
S-denitrosylation activities are supported by protein disulfide isom-
erase (PDI) (24), carbonyl reductase 1 (25), and lipoic acid (17).
The high intracellular concentrations of GSH are also im-

portant in NO metabolism because of facilitated formation of
GSNO by reaction of GSH with NO or by denitrosylation of
cellular nitrosothiols (20, 26). Because the synthesis of GSH
depends upon availability, cellular uptake and reduction of sul-
fur-containing precursors such as L-cystine, L-cystine homeostasis
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is also important for GSH functions (27). L-Cystine is taken up
into cells using different transport systems, e.g., the oxidative
stress-inducible cystine/glutamate antiporter (system x−c ) (28).
The mechanism behind the reduction of L-cystine still has not
been fully elucidated, but has been implicated to include GSH
itself or also TrxR1-dependent systems (29).
In the present study, we wanted to further characterize the

enzymatic properties of TRP14, which revealed that the protein is
at least as efficient as Trx1 in supporting reduction of specific
redox substrates, such as L-cystine. In that assay, TRP14 is a five-
fold better substrate for TrxR1 than Trx1 itself and, furthermore,
more dedicated as its activity is not diminished in the presence of
other Trx1 substrates that are not reduced by TRP14. Further-
more, we discovered that TRP14 is yet another cytosolic oxido-
reductase that can catalyze S-denitrosylation reactions.

Results
TRP14 Is an Efficient L-Cystine Reductase. Like Trx1, TRP14 was
earlier shown to be a ubiquitously expressed cytosolic protein
(5). Using estimates from immunoblots with recombinant pro-
tein standards, we first compared the expression of TRP14 and
Trx1 in different cell lines. This showed that Trx1 levels were
about two- to threefold higher than those of TRP14, but the two
proteins showed different profiles of expression with the highest
levels of TRP14 found in A431 cells whereas Trx1 was highest in
A549 cells (Fig. 1A).
TRP14 and Trx1 were previously shown to have different

substrate specificities, with TRP14 not being able to reduce any
classical protein disulfide substrates of Trx1 (5). As TRP14 is
expressed at significant levels in cells (Fig. 1A) and may complement

the Trx system, we wanted to study the possible reduction of other
substrates by TRP14 and compare these to Trx1. We first an-
alyzed hydrogen peroxide (H2O2), hydroxyethyldisulfide (HED),
and L-cystine as electron acceptors, which revealed that TRP14
was comparable to Trx1 in reduction of H2O2, about half as
efficient as Trx1 with HED, and about twice as active with
L-cystine when using 2 μM TRP14 compared with 6 μM Trx1
(Table 1). L-cystine was previously found to be a substrate of
Trx1, but not as potent as insulin disulfides (30). Upon closer
analysis we found that TRP14 was clearly more potent in L-cys-
tine reduction than Trx1, which was seen varying either protein
(Fig. 1B) or substrate (Fig. 1C) concentrations. The kinetic
parameters of TrxR1 for either TRP14 or Trx1 in this L-cystine–
coupled assay displayed a Km of 0.8 μM for TRP14, compared
with 4.3 μM for Trx1, with similar kcat (Table 2). Thus, the cat-
alytic efficiency (kcat/Km) of TrxR1 for TRP14 in this assay was
about fivefold higher than that using Trx1, i.e., 2,217 min−1·μM−1

for TRP14 compared with 418 min−1·μM−1 for Trx1.
It was previously shown that the disulfide/dithiol motif formed

by Cys43 and Cys46 is the active site of TRP14 (5). Thus, we next
analyzed the corresponding Cys-to-Ser mutants of TRP14 using
L-cystine as substrate. As expected, the mutant protein with both
active-site Cys residues replaced by Ser [double mutant (dm)]
was unable to support TrxR1-dependent NADPH oxidation
coupled to L-cystine. Surprisingly, however, the C46S monothiol
mutant of TRP14 still had substantial activity, whereas the cor-
responding mutant of Trx1 lacked activity (Fig. 1D). To clarify
the reaction mechanism of the C46S variant of TRP14, we
developed a fluorescence-based activity assay using Bodipy-la-
beled L-cystine. The labeled L-cystine is nonfluorescent due to
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quenching of the two fluorophores, but reduction and thereby
separation of the Bodipy fluorophores results in green fluores-
cence. Importantly, although Bodipy–L-cystine was not as good
a substrate for TRP14 as native L-cystine, no background activity
was detected with only TrxR1 and NADPH. Bodipy–L-cystine
could thereby be used as a probe for analysis of the observed
TRP14 C46S activity. Indeed, we found that upon incubation
with Bodipy–L-cystine, TRP14 C46S became fluorescent (and
was thus cysteinylated). This fluorescence was lowered by in-
cubation with 5 nM TrxR1 and 250 μM NADPH, with or without
inclusion of wild-type TRP14 (2.5 μM) or 1 mM DTT, but not
using wild-type TRP14 alone (Fig. 1E). These results collectively
suggest that TRP14 C46S can be cysteinylated at the remaining
Cys43 residue and that reduction of L-cystine by TRP14 and Trx1
occurs through different mechanisms. The disulfide of cysteiny-
lated TRP14 C46S could evidently be a direct substrate for
TrxR1, which should explain the activity of TRP14 C46S in L-
cystine reduction (see proposed mechanism in Fig. 1F). We next
compared the activities of TRP14 and Trx1 in the Bodipy–L-
cystine assay and found Trx1 to be about 40% as active as TRP14
(Fig. 1G), in agreement with the results using natural L-cystine as
substrate (Fig. 1 B and C). Importantly, upon addition of insulin
to this assay as an alternative Trx1 substrate, L-cystine reduction
by Trx1 was effectively blocked whereas turnover with TRP14 was
not affected (Fig. 1G). This finding suggests that Trx1-mediated
L-cystine reduction is inefficient in the presence of other preferred
Trx1 substrates whereas, conversely, TRP14 seems to be a more
dedicated L-cystine reductase.

Reduction of HED Is Supported by TRP14 and Trx1, but Not if Coupled
to GSH. The disulfide compound HED is commonly used to
measure activities of Grx isoforms (31), but shows activity also
with either Trx1 or TRP14 in TrxR1-coupled assays (Table 1).
Further analyses gave an apparent Km of 3.7 mM for TRP14 with
HED compared with 0.5 mM for Trx1 with similar turnover
under saturating conditions using 6 μM Trx1 or 2 μM TRP14
(Fig. 2A). It should be noted, however, that, when the HED
reduction assay was coupled to GSH, GR, and NADPH, i.e., the
classical conditions for Grx activity measurements (31), no ac-
tivity could be detected with either Trx1 or TRP14 (Fig. 2B).
This finding showed that neither Trx1 nor TRP14 can use GSH
as electron donor, which could be expected because Grx1 has a
GSH-binding pocket lacking in either Trx1 or TRP14 (6, 31, 32).

Reduction of H2O2 by TRP14 Is, in Contrast to Trx1, Maintained at H2O2

Concentrations Above 5 mM. A peroxidase activity of TRP14 using
H2O2 as substrate up to 10 mM was discovered earlier by others
(5). Here, we found that this activity was maintained and increased
using very high H2O2 concentrations (up to 40 mM), which could
not be seen with Trx1 (Fig. 3A). Inactivation of Trx1 at higher
H2O2 concentrations is explained by oxidation of Trx1 into in-
active multimers formed through disulfides between structural Cys
residues (32, 33). Consequently, Trx1 easily formed DTT-reducible
multimers, irrespective of the active-site status, when treated
with H2O2 (Fig. 3B, Left). In contrast, both wild-type TRP14 and
the active-site double mutant formed a DTT-reducible dimer,
but not multimers. Interestingly, the C43S mutant completely
lacked aggregation upon oxidation, whereas the C46S mutant
displayed strong tendencies to multimerization (Fig. 3B, Right).
Again, these reactions with H2O2 revealed different catalytic
mechanisms and behavior between Trx1 and TRP14.

TRP14 Has S-Denitrosylase Activity. Similarly to Trx1 (16), we found
that TRP14 has GSNO reductase activity (Fig. 4A). For Trx1, the
velocity in GSNO reduction decreased at GSNO concentrations
of 50 μM or higher, in agreement with earlier findings (16),
whereas no such decrease in activity was seen with TRP14 (Fig.
4A). Determining the release of NO from GSNO using a sen-
sitive NO analyzer demonstrated a time-dependent decrease
of GSNO-derived NO upon prior incubation with TrxR1 and
NADPH together with either Trx1 or TRP14, but not with the
active-site double mutant of TRP14 (Fig. 4B). These results
thereby revealed that TRP14 can catalyze S-denitrosylation of
GSNO to a similar extent as Trx1. We also found that, coupled
to TrxR1 and NADPH, both TRP14 and Trx1 could reduce the
complex mixture of nitrosylated proteins in L-CysSNO–treated
whole HEK293 cell lysate (molecular mass >30 kDa), whereas
incubation with only TrxR1 and NADPH was less efficient (Fig.
4C). Also, the denitrosylation reactions with Trx1 or TRP14
were fully dependent upon TrxR1 and NADPH, illustrating that
the activities required enzymatic turnover (Fig. 4C).
We next studied time-dependent release of NO from

S-nitrosylated caspase 3 upon incubation with TrxR1, NADPH,
and either TRP14 or Trx1, which displayed comparable activities
(Fig. 5A). We also analyzed whether the protease activity of
caspase 3 could be modulated by TRP14, as previously shown for
Trx1 (13). Indeed, treatment with L-CysSNO strongly inhibited
caspase 3, as expected, whereas subsequent incubation with
TRP14 reactivated caspase 3 to about 40%, compared with
∼60% for Trx1 (Fig. 5B). We also assessed reactivation of
S-nitrosylated cathepsin B, a lysosomal protease known to be

Table 1. Activities of TRP14 and Trx1 with selected substrates

Turnover (μM NADPH min−1)

Substrate TRP14 Trx1

H2O2, 5 mM 2.0 ± 0.1 2.5 ± 0.4
HED, 2.5 mM 5.6 ± 0.7 9.8 ± 0.5
L-cystine, 250 μM 14.7 ± 0.7 7.4 ± 0.2

Substrate concentrations are given in the table, and turnover was
determined using either TRP14 (2 μM) or Trx1 (6 μM) with 10 nM TrxR1
and 250 μM NADPH (n = 3, ± SEM). The reactions were carried out in a total
volume of 200 μL of TE buffer.

Table 2. Kinetic parameters of mammalian TrxR1 for TRP14 and
Trx1 using L-cystine as ultimate electron acceptor

Substrate Km (μM) kcat (min−1) kcat/Km (min−1 μM−1)

TRP14 0.8 ± 0.1 1,818 ± 54 2,217 ± 233
Trx1 4.3 ± 0.6 1,749 ± 67 418 ± 36

The reaction mixture contained 10 nM TrxR1, 250 μMNADPH, and 250 μM
L-cystine (n = 3, ± SEM). The reactions were carried out in a total volume of
200 μL of TE buffer.
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inhibited by S-nitrosylation (34, 35), and we found that both Trx1
and TRP14 could reactivate S-nitrosylated cathepsin B, with
Trx1 again being more efficient than TRP14 under the con-
ditions of this assay (Fig. 5B).
Asking whether knockdown or overexpression of TRP14 or

Trx1 would affect the total NADPH-dependent, TrxR1-linked
L-cystine reduction or S-denitrosylation activities in cellular
extracts, we found that this was indeed the case (Fig. 6).

Discussion
Previous work by others showed that TRP14 is a ubiquitously
expressed Trx-fold protein that can be reduced by TrxR1 (5), but
efficient substrates for TRP14 have not yet been identified. Our
present study suggests that TRP14 may have redox active roles
with importance for L-cystine metabolism and NO signaling. We
show here, for the first time to our knowledge, that TRP14 can
be at least as active as Trx1 as a substrate for TrxR1, provided
that it is coupled to a suitable electron acceptor. Also, TRP14
was found to be a more dedicated L-cystine reductase than Trx1
because its activity was not affected by the presence of another
efficient Trx1 substrate such as insulin. We thus suggest that
TRP14 should henceforth be considered as an efficient cytosolic
TrxR1-dependent oxidoreductase acting in parallel with Trx1.
The fact that TRP14 efficiently reduces L-cystine should be

considered for the intracellular L-cystine metabolism and thus

also for GSH synthesis. After cellular uptake via the L-cystine/
glutamate antiporter (system x−c ), L-cystine needs to be reduced
for use in GSH synthesis (36). It has been suggested that GSH
itself is the main reducing entity in the cytosol, but it was shown
that, under conditions of low GSH, TrxR1 clearly contributes to
intracellular L-cystine reduction (29, 37). Furthermore, the re-
duction of L-cystine by GSH is reported to be too slow to be
adequate for the required amounts of cysteine in the cell (38).
The same study determined the intracellular L-cystine concen-
tration to be 30 μM in HT29 cells (38), a concentration where
TRP14 showed twice the activity compared with Trx1 in the
absence of other Trx1 substrates (Fig. 1C). Considering that 18%
of the total cytosolic L-cystine reduction in rat liver was suggested
to have been due to Trx1 (39), we hypothesize that instead
TRP14 may contribute to a major part of this cytosolic L-cystine
reduction, which should be an evident focus for future studies.
Considering that Trx1 is susceptible to inhibitory oxidation by

high concentrations of oxidants, as found here and also shown
earlier (33, 40), it is notable that TRP14 was resistant to such
inhibition. The intracellular removal of H2O2 in cells is mediated
mainly by the cytosolic peroxiredoxins using reducing equivalents
provided by Trx, so a direct peroxidase activity of Trx is not likely
(41). Because TRP14 does not reduce peroxiredoxins, the results
rather suggest a regulating mechanism. The concentrations of
H2O2 within the millimolar range used here are unlikely to represent
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reduction of disulfides (±DTT).
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physiologic values (42), but indicate that TRP14 could function
under conditions where Trx1 is inactivated by oxidation.
The S-denitrosylation activities of TRP14 are noteworthy, as

they may mediate TrxR1-dependent modulation of NO metab-
olism and NO-related signaling. As mentioned, denitrosylation
reactions can be catalyzed by Trx1, GSNOR (23), and PDI (24),
with GSNOR being the major enzyme for NADH-dependent
metabolism of GSNO (22, 43). The denitrosylation of GSNO
by Trx1 has been reported earlier (17), and here we hypoth-
esize from our data that cellular TrxR1-dependent, and thereby
NADPH-dependent, denitrosylation mechanisms, can be medi-
ated by either Trx1 or TRP14.
Beyond the low-molecular-weight nitrosothiol GSNO, more

than 1,000 S-nitrosylated cellular proteins have been implicated
in cellular processes or diseases (44). Our findings with HEK293
cell-derived S-nitrosoproteins revealed that both Trx1 and
TRP14 can denitrosylate a large part of such nitrosothiol (SNO)
functions. Similar results were earlier obtained with Trx1 using
S-nitrosoproteins from either HepG2 cells (12) or Jurkat cells
(11) as substrates. Specifically, Trx1 was shown earlier to reduce
S-nitrosylated caspase 3 with regeneration of protease activity
(13, 14), which was also found in the present study and replicated
also with TRP14, when coupled to TrxR1 and NADPH. An earlier
study could not attribute any caspase 3-SNO denitrosylation ac-
tivity to TRP14 (13), but because TrxR1 was shown to play sig-
nificant roles in regenerating nitrosylated caspase 3 in cells (13),
our data suggest that TrxR1-dependent denitrosylation reactions
may indeed occur through the actions of either Trx1 or TRP14.
Because we found that different cells have different proportions of
TRP14 vs. Trx1 expression and because Trx1 activities may be
diverted to many different Trx1 substrates, we propose that the
extent of denitrosylase activity that is provided by TRP14 will
depend upon the overall cellular content and activities of the
complete Trx system. This notion is also supported by results of
the knockdown and overexpression experiments performed here.
To understand the overall cellular impact of TRP14 vs. Trx1 ac-
tivities in different reductive pathways of diverse living cells will,
however, require further studies.
To conclude, we here provide evidence that TRP14 is a

TrxR1-dependent reductase that can efficiently reduce both
L-cystine and S-nitrosothiols. Thus, TRP14 should be considered
as a unique cytosolic member of the Trx system with specialized
redox activities complementing those of Trx1.

Materials and Methods
Details about cloning, protein purification, immunoblot analyses, cell culture,
and cell transfection are provided in SI Material and Methods.

Cloning, Mutagenesis, and Expression of Human TRP14 and Trx1. The ORF of
human TRP14 (cDNA clone from imaGenes) was amplified and inserted into
a pET20b vector using standard molecular cloning techniques, thereby in-
troducing an N-terminal His-tag. This and a plasmid for wild-type human Trx1
(33) was used to insert the active-site mutations using PCR-mediated site-
directed mutagenesis. All final plasmids were transformed into Escherichia
coli BL21 (DE3) competent cells (Invitrogen), which were used to express the
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Fig. 5. Both Trx1 and TRP14 denitrosylate and thereby reactivate nitro-
sylated caspase 3 and cathepsin B. (A) TRP14-mediated denitrosylation of
Casp3-SNO compared with Trx1 measured with the NO analyzer. Casp3-SNO
was incubated with 5 nM TrxR1 and 100 μM NADPH (control) and, in addi-
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mixture were assessed for NO content in the NO analyzer at the given time
points. Effects of L-CysSNO and the Trx/TRP14 system on the activity of cas-
pase 3 and cathepsin B are shown in B. The assays were performed with 20
nM caspase 3/caspase 3-SNO and 150 nM cathepsin B/cathepsin B-SNO with
the activity of the nonnitrosylated protein set to 100%. The nitrosylated
forms of caspase 3 and cathepsin B were further incubated with 5 nM TrxR1 and
100 μM NADPH and, in addition, either 5 μM Trx1 or TRP14. Controls lacking
TrxR1 and NADPH were included only for caspase 3-SNO (n = 2, mean ± SEM).
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Fig. 6. Knockdown and overexpression of either TRP14 or Trx1 affect total
L-cystine reduction capacity and S-nitrosoprotein levels in crude HEK293 cell
lysates. In A, the relative protein levels of Trx1, TRP14, and TrxR1 upon shRNA-
mediated knockdown or overexpression are shown with respective trans-
fection controls as indicated. Protein levels as shown were determined with
immunoblotting, using GAPDH in the same samples as loading controls. The
blots are representative for two independent experiments. The corresponding
cell lysates were subsequently used for a L-cystine reduction activity assay, as
shown in B. Only TrxR1-dependent L-cystine reduction is shown, with back-
ground controls lacking TrxR1 and NADPH subtracted (n = 2, mean ± SEM). In
C, the corresponding cells were treated in culture with L-CysSNO, and there-
after lysates were prepared and assessed for nitrosoprotein content using the
DAN assay by spectrophotometrically monitoring DAN conversion to fluores-
cent 2,3-naphthyltriazole. The fluorescence of nitrosoproteins from each cor-
responding transfection control was set to 100% (n = 2, mean ± SEM).
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respective proteins. Purification of all his-tagged proteins was performed
using nickel affinity chromatography. Details about the purification pro-
cedure are given in SI Material and Methods.

Enzyme Kinetic Assays. Previous protocols for Trx (45) and Grx (31) kinetic assays
were applied to 96-well microtiter plates, and enzymatic activities were de-
termined bymeasuringNADPH consumption in 200 μL TE buffer (50mMTris·HCl,
2mMEDTA, pH 7.5) with protein concentrations as indicated in each experiment
using a VersaMax microplate reader (Molecular Devices). For fluorescent activity
assays, Bodipy-labeled L-cystine (Invitrogen) was used as a substrate, and fluo-
rescence changes over time were determined using a Victor3 plate reader
(Perkin-Elmer) with 405 nm of excitation and 520-nm emission filters. Specific
details about all kinetic measurements are given in SI Material and Methods.

Incubation of Trx1 or TRP14 with H2O2 and SDS/PAGE Analyses. Trx1 and TRP14
preparations were reduced using incubation for 30min at ∼20 °Cwith 20-fold
molar excess of DTT, whereupon DTT was removed using Spin Desalting
columns (Thermo Scientific). The reduced proteins (10 μg) were then in-
cubated with 1 mM H2O2 for 20 min at ∼20 °C and thereafter directly ana-
lyzed on SDS/PAGE (Invitrogen, ±25 mM DTT, as indicated).

S-Nitrosylation of Proteins. For denitrosylation experiments, HEK-cell–derived
proteins were first filtered using ultrafiltration columns [30 kDa molecular weight
cutoff (MWCO), Millipore] to remove low-molecular-weight cell components and
were subsequently incubated with 1 mM L-CysSNO for 20 min at ∼20 °C, followed
by removal of the nitrosylation agent using ultrafiltration columns (30 kDa
MWCO, Millipore). Pure caspase 3 or cathepsin B were nitrosylated with 50 μM
L-CysSNO for 20 min at ∼20 °C in 0.1 M phosphate buffer containing 0.2 mM
EDTA followed by removal of the nitrosylation agent using ultrafiltration
columns (Millipore).

Assessment of Denitrosylation Activities. Nitrosoproteins were assessed using
either a nitric oxide analyzer (12) or the 2,3-diaminonaphthalene (DAN) assay
(46). To assess denitrosylation of caspase 3 and cathepsin B, fluorescence ac-
tivity assays using specific substrates coupled to 7-amino-4-methylcoumarin
were used (47). Details about all assays are given in SI Material and Methods.
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