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Cellular accumulation of reactive oxygen species (ROS) is associated
with a wide range of developmental and stress responses. Although
cells have evolved to use ROS as signaling molecules, their chemically
reactive nature also poses a threat. Antioxidant systems are required
to detoxify ROS and prevent cellular damage, but little is known
about how these systems manage to function in hostile, ROS-rich
environments. Here we show that during oxidative stress in plant
cells, the pathogen-inducible oxidoreductase Nucleoredoxin 1 (NRX1)
targets enzymes of major hydrogen peroxide (H,0,)-scavenging
pathways, including catalases. Mutant nrx1 plants displayed reduced
catalase activity and were hypersensitive to oxidative stress. Remark-
ably, catalase was maintained in a reduced state by substrate-
interaction with NRX1, a process necessary for its H,0,-scavenging
activity. These data suggest that unexpectedly H,0,-scavenging en-
zymes experience oxidative distress in ROS-rich environments and
require reductive protection from NRX1 for optimal activity.
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In eukaryotic cells, production of reactive oxygen and nitrogen
species (ROS/RNS) is associated with many different de-
velopmental processes and stress responses. ROS/RNS such as
superoxide (O,7), hydrogen peroxide (H,0O,), and nitric oxide
(NO) are continuously produced throughout cellular compart-
ments as a by-product of metabolic pathways and in case of H,O,
during periods of stress by a class of cell membrane-associated
NADPH-dependent oxidases known as respiratory burst oxidase
homologs (RBOHS) (1, 2). The inherent reactivity of these mol-
ecules and their ability to traverse membranes pose a significant
danger to all cellular compartments (3), with common events in-
cluding membrane lipid peroxidation, DNA damage, and irre-
versible hyperoxidation of proteins leading to loss of function (4).
Consequently, ROS/RNS play key roles in cellular senescence and
aging and have been linked to diseases such as cancer and the
onset of neurodegenerative conditions (2, 5). Despite the dangers
posed by ROS/RNS, they also function as indispensable short- and
long-range signaling molecules in numerous cellular responses.
Thus, ROS/RNS homeostasis needs to be carefully controlled to
support signaling while preventing cellular damage.

To protect themselves against damage caused by oxidative
stress and to redirect the actions of ROS/RNS into signaling
pathways, plants and animals have evolved a plethora of antioxi-
dant enzymes. The redoxin superfamily of oxidoreductases re-
verses the oxidative state of proteins modified by ROS/RNS.
Allocation of Thioredoxin (TRX) activity is particularly important
to protect and repair cell signaling proteins from undesired cys-
teine oxidation (6, 7). In addition, peroxidase family enzymes are
up-regulated during periods of oxidative stress and directly me-
tabolize ROS (1, 8). Although some peroxidases such as catalases
use a haem center for dismutation of H,O,, other non-haem-
containing peroxidases, including Ascorbate Peroxidases (APX)
and Peroxiredoxins (PRX), often use thiol-based mechanisms to
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decompose H,O, (9, 10). Notably, dysregulation of peroxidase
enzymes is associated with cellular accumulation of H,O, and
redox imbalance, resulting in accelerated aging and various
pathological disorders (11-14). Although these findings indicate
that this class of antioxidant enzymes is indispensable for main-
tenance of cellular redox, how they do so without sustaining sig-
nificant structural damage in the hostile oxidative environments in
which they function remains unknown.

Although cooperation between peroxidase and redoxin antioxidant
systems during oxidative stress is apparent, the extent of this co-
operation beyond the requirement for reducing power is currently
unclear. In this study, we present evidence that activity of the plant
immune-inducible TRX superfamily member, Nucleoredoxin 1
(NRX1), is necessary for the integrity of antioxidant systems. Our data
unexpectedly suggest that HO,-scavenging enzymes such as catalase
suffer oxidative suppression in hostile ROS-rich environments and
require oxidoreductase activity of NRX1 for optimal function.

Results

A Pathogen-Inducible NRX Regulates Plant Immune Responses.
Pathogen infection and subsequent activation of plant immune
responses is associated with an oxidative burst and expression of
selected TRX gene family members. Infection of wild-type (WT)
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plants with the bacterial leaf pathogen Pseudomonas syringae pv.
maculicola (Psm) ES4326 resulted in strong gene expression of a
member of the NRX subfamily of TRX enzymes (Fig. 14). Psm
ES4326 infection also increased abundance of mixed disulfides
between NRX1 and its substrates (Fig. 1B), indicating its oxidore-
ductase activity was pathogen-inducible. To investigate if NRX1
plays a functional role in plant immunity, we examined knockout
lines (Fig. 1 A and C). Mutant nrx! plants showed constitutive ex-
pression of pathogenesis-related (PR) genes but could be rescued
by expression of Flag-tagged NRX1 from a constitutive 35S pro-
moter (Fig. 1 C and D). Elevated PR gene expression in nrx] was
associated with enhanced disease resistance against Psm ES4326,
which was comparable to WT plants immunized by the immune
hormone salicylic acid (SA) or immunized by prior exposure to an
avirulent pathogen (Fig. 1 E and F). This autoimmune phenotype
of nrxl mutants was dependent on SA, as mutation of the SA
biosynthesis enzyme isochorismate synthase (ICSI) diminished im-
munity against Psm ES4326 (Fig. 1G).

Two Active Sites Make Differential Contributions to NRX1 Disulfide
Reductase Activity. The NRX1 protein harbors three TRX-like
domains, two of which contain an active site sequence consisting of
WC(G/P)PC (Fig. 24). Accordingly, NRX1 exhibits disulfide re-
ductase activity (15), but the respective contributions of each active
site have not yet been analyzed. In contrast to WT NRX1, muta-
tion of either the first or third TRX-like domain in NRX1
(C55,58S) and NRX1(C375,378S) proteins, respectively, resulted
in reduced disulfide reduction activity (Fig. 2B and Fig. S1).
However, NRX1(C375,378S) was much more efficient than NRX1
(C55,58S), indicating that the majority of disulfide reduction ac-
tivity occurred at the first TRX-like domain of NRX1. Simulta-
neous mutation of both the first and third TRX-like domains in the
NRX1(C55,58,375,378S) protein completely abolished its ability to
reduce insulin, demonstrating that these two domains contain all
necessary active sites for disulfide reduction (Fig. 2B and Fig. S1).
Because NRX1 proteins can dimerize (15), we investigated if ac-
tive sites from different NRX1 proteins cooperate during disulfide
reduction. Interestingly, when equal amounts of NRX1(C55,58S)
and NRX1(C375,378S) were combined in an attempt to reconsti-
tute the full enzymatic capacity of native NRX1 protein, we ob-
served only a low level of activity that was comparable to NRX1
(C55,58S) protein alone (Fig. 2B). This suggests that the two active
sites do not function independent from one another. Moreover, a
single cysteine in one active site was not sufficient to support the
second active site, as the two single cysteine mutants, NRX1(C58S)
and NRX1(C378S), both exhibited reduced activity (Fig. 2C and
Fig. S1), indicating a requirement for both active-site resolving
cysteines for full oxidoreductase activity. Accordingly, disulfide
reduction activity of the mutant proteins NRX1(C55,58,378) and
NRX1(C58,375,378S) (Fig. S1), in which only a single cysteine of
one active site was left intact, was completely abolished (Fig. 2C).
Taken together, these findings imply that NRX1 reduces disulfide
bonds of insulin by a dicysteinic mechanism and that disulfide re-
duction may require cooperative or sequential interaction of a
substrate with two different active sites of NRX1.

Identification of Stress-Induced Substrates of NRX1. Next we sought
to identify NRX1 substrates using a previously designed capture
strategy that exploits the mechanism by which disulfides are re-
duced by TRX family members (16, 17). Mutation of the second
active-site cysteine of TRX enzymes prevents complete resolution
of the disulfide reduction reaction, resulting in trapping of the
substrate via an intermediate mixed disulfide bond. Therefore, we
replaced the second cysteine with serine in each active site of
NRX1. The resulting NRX1(C58,378S) mutant protein was un-
able to reduce insulin, confirming its inability to complete disul-
fide reduction reactions (Fig. 2D and Fig. S1). The NRX1
(C58,378S) protein was then immobilized on a column containing
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NHS-activated resin and incubated with total protein extracted
from Psm ES4326-inoculated plants. After trapping substrates via
the formation of mixed disulfide bonds, the column was rigorously
washed, substrates eluted with DTT, and finally identified by mass
spectrometry (Fig. 2E). Two control columns were also included
and treated identically. Nonspecific binding to the column was
monitored by inclusion of a control column containing only
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Fig. 1. NRX1 negatively regulates plant immune responses. (4) Plants were
infected with Psm ES4326 (5 x 10° cells) for the indicated times. Expression of
the NRX1 gene was analyzed and normalized against UBQ5. Error bars rep-
resent SD (n = 3). (B) WT plants were infiltrated with or without Psm ES4326
(5 x 10° cells). Total protein was denatured and alkylated to capture true
mixed disulphide intermediates between NRX1 and its substrates, separated
by SDS/PAGE in the presence or absence of DTT, and analyzed by Western blot
against NRX1. Indicated are free NRX1 monomer, mixed disulfide intermedi-
ates (NRX1-substrate), and total NRX1. (C) Expression of NRX7 was analyzed
in WT, nrx1-1, nrx1-2, and 35S::Flag-NRX1 (in nrx1-1) plants. Gene expression
was normalized against UBQ5 (error bars represent SD; n = 3) and immuno-
blotting performed with anti-NRX1 and anti-HSP90 antibodies. (D) SA-de-
pendent PR-1 and PR-2 gene expression. Error bars represent SD (n = 3). (E)
Plants were mock-treated or sprayed with 0.5 mM SA 24 h before infection
with Psm ES4326 (5 x 10° cells). Growth of Psm ES4326 was assessed after 3 d.
Cfu, colony-forming units. Error bars represent statistical 95% confidence
limits (n = 8). Asterisks indicate statistically significant differences compared
with the WT (Tukey—-Kramer ANOVA test; a = 0.05, n = 8). (F) Lower leaves
were infiltrated with avirulent P. syringae pv. tomato DC3000/avrRpt2 (5 x 107)
or 10 mM MgSO,. After 2 d, upper leaves were infected with Psm ES4326
(5 x 10° cells) and pathogen growth assessed after 3 d. Cfu, colony-forming
units. Error bars represent statistical 95% confidence limits (n = 8). Asterisks
indicate statistically significant differences compared with the WT (Tukey-
Kramer ANOVA test; a = 0.05, n = 8). (G) Plants were infected with Psm ES4326
(5 x 106 cells) and pathogen growth assessed after 5 d. Cfu, colony-forming
units. Error bars represent statistical 95% confidence limits (n = 8). *P < 0.05
for statistical differences with WT and nrx1; **P < 0.05 for statistical differ-
ences with WT, ics1, and nrx1 ics1 (Tukey-Kramer ANOVA test; o = 0.05, n = 8).
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Fig. 2.
immune-inducible TRX. (B-D) Oxidized insulin (130 uM) was incubated with 0.3

Normalised frequency

Identification of substrates of NRX1 oxidoreductase activity. (A) Unique domain structures of AtNRX1 compared with AtTRXh5, a conventional

mM DTT either alone (control) or together with 6 1M native NRX1 or indicated

NRX1 active-site mutants. Formation of reduced insulin was measured at 650 nm. Error bars indicate SD (n = 3). (E) Schematic of NRX1 substrate capture
experiment, using immobilized mutant NRX1(C58,378S). (F) Venn diagram illustrating proteins identified in the substrate capture experiment. Each circle
represents proteins found to be enriched (P < 0.05, ratio > 1.5) in one of the following comparisons between columns: NRX1(C58,378S) column compared with

WT NRX1 control column (pink); NRX1(C58,378S) column compared with resin

-only control column (yellow); WT NRX1 control column compared with resin-

only control column (blue). (G and H) GO term analysis was performed on the 74 targets enriched in the immobilized NRX1(C58,378S) mutant column for
biological process (G) and molecular function (H) using Classification Superviewer on bar.utoronto.ca/. Normalized frequencies, SD, and P values were de-
termined from absolute values as described in ref. 36. Error bars represent SD. P < 0.05 are printed bold.

quenched resin without any NRX1 protein. A second control column
contained immobilized WT NRXI1, allowing us to distinguish be-
tween targets that interacted as substrate or nonsubstrate. Compared
with the WT NRXI1 control column, 69 proteins were found to be
enriched in the NRX1(C58,378S) column (P < 0.05, ratio > 1.5)
(Fig. 2F, pink circle). Additionally, 23 proteins were enriched in
comparison with the resin-only control column (P < 0.05, ratio > 1.5)
(Fig. 2F, yellow circle). To further eliminate nonspecific background
binding, a comparison was run between the WT NRX1 control
column and the resin-only control column (P < 0.05, ratio >1.5).
This identified 19 proteins, 7 of which overlapped with those
previously identified as potential NRX1(C58,378S) substrates
(Fig. 2F, blue circle) and were therefore excluded from further
analysis. Thus, a total of 74 proteins were uniquely identified as
potential substrates on the NRX1(C58,378S) column (Fig. 2F,
pink and yellow circles excluding overlap with blue circle;

8416 | www.pnas.org/cgi/doi/10.1073/pnas.1703344114

Dataset S1). A more stringent analysis still retained 45 potential
NRXI1 substrates with high confidence (Fig. S24).

Gene ontology (GO) analysis of the identified targets revealed
the most prominent biological processes were electron transport and
energy pathways (Fig. 2G and Fig. S2B), consistent with the fact that
these pathways often involve highly oxidative conditions. In agree-
ment with our experimental approach, responses to stress as well as
responses to abiotic or biotic stimuli were also found to be prom-
inent biological processes (Fig. 2G and Fig. S2B). GO analyses for
molecular function revealed that many potential NRX1 substrates
exhibit structural molecule or enzymatic activity (Fig. 2H and Fig.
S2C). As enzymes often contain active-site cysteines, these findings
could suggest that NRX1 regulates their activity.

NRX1 Interacts with Enzymes of the Antioxidant H,0,-Scavenging
Pathway. Upon further inspection of the entire list of identified
potential NRX1 substrates, remarkably we identified many enzymes
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Fig. 3. NRX1 protects plant cells from oxidative stress. (A) Diagram of the
major H,0-scavenging pathways. Enzymes enriched in the immobilized
NRX1(C58, 378S) column are indicated in blue ovals and P values indicated
above. (B) WT, 35S::Flag-NRX1 (Col-0), and 35S::Flag-NRX1 (cat2-2 cat3-1)
plants were infected with Psm ES4326 (5 x 10° cells). Total protein was
extracted under denaturing conditions and with the alkylating agent NEM
to prevent nonspecific disulfide formation. Flag-NRX1 was immunoprecipi-
tated and analyzed by Western blotting using an anti-CAT antibody. Anti-
FLAG and anti-HSP90 were used as input controls. (C) Leaves were infiltrated
with 5 pM MV or ddH,O (control). Electrolyte leakage was measured as a
percentage of total electrolytes. Error bars represent SD (n = 3). Photographs
were taken at 6 h. (D) Rosette leaf area (Left) and fresh weight (Right) were
measured in 3-wk-old plants. Error bars represent SD (n = 20). (E) Total leaf
glutathione of leaves. Asterisks indicate a significant difference (P < 0.05)
between total glutathione levels of WT and nrx7 plants. Reduced and oxi-
dized glutathione levels are indicated by white and gray bars, respectively.
The percentage reduction state of glutathione is indicated above bars. Error
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of the main cellular H,O,-scavenging pathway (Dataset S1). H,O,
is directly detoxified by both catalases and APX enzymes. Our
quantitative mass spectrometry strategy identified as statistically
significant several Arabidopsis catalases as well as the main cellular
ascorbate peroxidase, APX1 (Fig. 34, Fig. S3, and Dataset S1).
Albeit outside the statistically significant range (P < 0.05), we also
consistently found the ascorbate regenerating enzymes, mono-
dehydroascorbate reductase (MDAR1) and dihydroascorbate re-
ductase (DHAR3), that underpin APX1 activity (Fig. 34 and
Dataset S1). The pattern emerging from these data implicates
NRXI1 in the regulation of antioxidant enzymes.

Because of their prominent role in H,O, detoxification, we set
out to validate the interaction of catalase enzymes with NRX1
in vivo. We performed a denaturing coimmunoprecipitation
designed specifically to capture transient mixed disulfide inter-
actions in vivo (see SI Materials and Methods) and found that
catalase readily coimmunoprecipitated with Flag-tagged NRX1
in the WT but not in the car2 cat3 genetic background in which
the two predominant catalase genes were knocked out (Fig. 3B)
(18). These results confirm the mass spectrometry data and show
that catalases are indeed substrates of NRX1 in vivo.

NRX1 Protects Cells Against Oxidative Stress. The identification of
ROS-scavenging enzymes as targets of NRX1 prompted us to in-
vestigate if NRX1 plays a role in oxidative stress. We first assessed
the cell death response of mutant nrx! plants treated with the
ROS-generating chemical methyl viologen (MV). Compared with
WT, mutant nrx! plants displayed faster and more pronounced
MV-induced cell death than the WT (Fig. 3C). This is reminiscent
of the ROS intolerant phenotype of mutant car2 plants (19), which,
like nmxl plants also display autoimmune phenotypes (20). We
considered the possibility that NRX1 and catalases may act within
the same ROS detoxification pathway. To investigate this further,
we studied the phenotypes of an nrxl cat2 double mutant. Muta-
tion of NRX1 did not further aggravate the developmental phe-
notype of car2 mutants (Fig. 3D). We then assessed the cellular
redox status of these mutants. Compared with WT, mutant nrx/
plants accumulated significantly higher levels of total glutathione,
but the ratio of oxidized versus reduced glutathione was normal
(Fig. 3E). These data suggest that in absence of a stimulus, nrxl
mutants experience low levels of oxidative stress that are managed
by increased glutathione levels. Mutation of NRX1, however, was
not able to aggravate further the redox status of cat2 mutants,
which as reported previously (19) contained very high levels of
total and oxidized glutathione (Fig. 3E). These data suggest that
NRX1 and CAT2 do not act additively to control the redox status
of resting cells (Fig. 3E).

To assess if NRX1 and CAT2 function together or additively in
stressed cells, we measured cell death in single and double mutants
that had been treated with MV. As expected, both nrx! and car2
single mutants displayed increased levels of cell death in comparison
with WT (Fig. 3F). However, the nx cat2 double mutant was as
susceptible to oxidative stress as cat2 single mutants, indicating that
mutation of these genes also did not act additively during oxidative
stress. Taken together, these data demonstrate that NRX1 is es-
sential for protection against oxidative stress and suggest that it may
act by modulating the activity of catalases.

Catalase Activity Is Controlled by NRX1-Mediated Reduction. Our
findings suggest that catalases may be recipients of oxidative
posttranslational modifications and may require NRX1 to remain
in the reduced state. To examine this possibility, we performed a
reductive switch assay in which specifically oxidized cysteines

bars represent SD (n = 3). (F) Leaves were infiltrated with 5 pM MV or ddH,0
(control). Electrolyte leakage was measured as a percentage of total elec-
trolytes. Error bars represent SD of the mean (n = 3).
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undergo DTT-dependent labeling with biotin followed by pull-
down with streptavidin. Indeed, catalase was subject to oxidative
modification, and regardless of the treatment, the level of oxidized
catalase was greatly enhanced in nrx] mutants compared with WT,
supporting the notion that NRX1 controls the oxidation state of
catalase (Fig. 44). To determine if NRX1 plays a role in modu-
lating catalase activity, we examined catalase activity in protein
extracts from untreated, MV-treated, and Psm ES4326-infected
plants. Decomposition of H,O, could be largely attributed to
catalase activity, as cat2 cat3 double mutants displayed only re-
sidual activity (Fig. 4B and Fig. S44). In striking contrast to WT, in
all treatments nrx/ mutants displayed significantly decreased cat-
alase activity (Fig. 4B and Fig. S44), despite comparable catalase
protein levels between genotypes (Fig. S4B). A direct link between
NRX1 activity and the ability of catalase to decompose H,O, was
found by incubating plant extracts with recombinant WT NRX1
or mutant NRX1(C55,58,375,378S) protein. Addition of either
recombinant protein to cat2 cat3 extracts did not increase H,O,
consumption, indicating NRX1 cannot detoxify H,O, by itself (Fig. 4C
and Fig. S4C). By contrast, addition of recombinant NRX1 but not
mutant NRX1(C55,58,375,378S) to nrxl extracts remarkably restored
catalase activity to levels comparable to those found in WT extracts
(Fig. 4C and Fig. S4C). Moreover, recombinant NRX1 significantly
increased catalase activity in WT plant extracts, whereas mutant
NRX1(C55,58,375,378S) protein was ineffective in this respect. In
summary, these data demonstrate that NRX1 controls the oxidation
status of catalase and thereby modulates its H,O, dismutation activity.

Discussion

During periods of oxidative stress, ROS-scavenging by peroxidase
enzymes is essential to maintaining cell integrity. However, how
these enzymes withstand the toxic oxidizing conditions in which
they function remains elusive. In this study, we demonstrate that
in plants, NRX1, a member of the TRX superfamily of enzymes,
maintains catalase enzymes in a reduced state, thereby protecting
their H,O,-detoxifying activity and, importantly, ensuring efficient
functioning of the antioxidant system during oxidative stress.
Using extracts from immune-induced plants, we identified
74 potential endogenous substrates of NRX1 (Fig. 2F). Although
some of these are unlikely to be real substrates, strikingly we
found that NRX1 engaged with enzymes of a major H,O,-scav-
enging pathway, including Arabidopsis catalases (Fig. 34 and Fig.
S2). Indeed, we confirmed that catalase was a substrate of
NRXT1 in vivo, and epistasis experiments strongly suggested that
NRX1 and the major leaf catalase CAT2 act together in the same
H,0,-detoxification pathway (Fig. 3). The full extent to which
catalase activity contributes to plant immune responses has only
recently come to light. Catalases have previously been reported to
bind SA, and a recent study showed that SA-induced suppression
of CAT?2 activity increased H,O, levels upon pathogen infection
(21). Here we show that additionally, during oxidative stress and
pathogen infection, CAT2 activity is regulated by NRX1. Whether
this is a conserved role of NRX1 in other eukaryotes remains to be
seen, but in addition to this study, NRX1 has been implicated in
immune responses in both a crop plant and mammals (22, 23).
Catalases are widely reported to localize to the peroxisomes
where they remove toxic H,O, generated in cellular metabolism.
However, NRX1 lacks known peroxisomal targeting sequences
(PTSs) and is localized to the cytoplasm and nucleus (15). Thus,
it is unlikely that peroxisomal catalases are a substrate of NRX1.
Nonetheless, using a coimmunoprecipitation trap, we found that
NRX1 formed a mixed disulfide intermediate with catalase
in vivo (Fig. 3D). In this respect, it should be noted that perox-
isomal import of catalases is dependent on cytosolic interaction
with the PTS import receptor, PEXS (24, 25). PEXS5 docks with
the peroxisomal membrane where it releases its cargo into the
peroxisome matrix. Under oxidizing conditions, however, PEXS has
been shown to undergo redox-dependent monoubiquitination at a
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Fig. 4. NRX1 regulates redox modification and activity of catalase.
(A) Protein extracts from untreated, MV- (5 uM), or Psm ES4326- (5 x 10°
cells) treated plants were alkylated and incubated with or without DTT
(2 mM). Free thiols were labeled with biotin and pulled down with Strep-
tavidin. Oxidized catalase (OX-CAT) was visualized by immunoblotting with
an anticatalase antibody and shown relative to total catalase. (B) The ability
of protein extracts from untreated, MV- (5 pM), or Psm ES4326- (5 x 10° cells)
treated plants to decompose H,0, (5 mM) was measured at A, and leaf
catalase activity (mmol H,0,-mg-protein~"min~") calculated using the ex-
tinction coefficient of 0.036 cm?/umol. Error bars represent SE (n = 3). *P <
0.05 for statistical differences with WT and cat2 cat3; **P < 0.05 for statis-
tical differences with WT and nrx7 (Student’s t test). (C) As in B, but extracts
were supplemented with 4 pM recombinant NRX1 or NRX1(C55,58,375,378S)
and 0.33 mM DTT. pNRX1, recombinant NRX1 protein added to reaction
mixture; mut., mutant recombinant NRX1 protein. Error bars represent SE
(n = 3). *P < 0.05 for statistical differences compared to mutant recombinant
NRX1 protein (Student’s t test).

cysteine residue in the N terminus, preventing it from being recy-
cled back to the cytosol (26). Consequently, during periods of ox-
idative stress, PEX recycling is blocked, resulting in decreased
peroxisomal import of PEXS targets, including catalase (25). Ac-
cordingly, a recent report demonstrated that pathogen-mediated
transient expression of CAT3 in tobacco leaves resulted in its lo-
calization to the peroxisome, cytoplasm, and plasma membrane
(27). Our findings suggest that oxidation-induced retention of cat-
alases in the cytoplasm may enable these critical detoxifying en-
zymes to become substrates of NRXI.
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Catalases contain several surface-exposed cysteine residues that
may be sensitive to oxidation (28-30). Therefore, it is surprising
that these enzymes function efficiently in ROS-rich environ-
ments without incurring significant damage. Here we found that
catalases are indeed subject to inhibitory oxidative modification
and demonstrate that NRX1 may be dedicated to maintaining
these enzymes in a reduced state to promote their H,O,-scav-
enging activity (Fig. 4). Studies on the green alga Chlamydomonas
reinhardtii have demonstrated reversible, partial inactivation of
catalase, which was attributed to redox regulation of a single cys-
teine residue that is conserved among Arabidopsis catalases (30).
Oxidation of a single cysteine implies that rather than a disulfide,
catalase may contain an S-nitrosothiol or sulfenic acid. Although
the ability of NRX1 to reduce these modifications has not yet been
demonstrated, they are targeted by conventional TRX family
members (31-33). Regardless of these particulars, this study clearly
demonstrates that NRX1-mediated reduction of catalase is an
important mechanism for sustaining maximal catalase activity.

So does the advantageous effect of NRX1 on H,O, scavenging
extend beyond regulation of catalases? Extraordinarily our pro-
teomic capture experiments recovered nearly all major enzymes
of the cytosolic glutathione/ascorbate-dependent H,O,-scav-
enging pathway, including APX, MDAR, and DHAR (Fig. 3 and
Dataset S1), some of which have been identified individually in
other proteomic screens for substrates of conventional TRX
enzymes (see ref. 34 and references herein). The importance of
the cytosolic glutathione/ascorbate cycle in H,O, scavenging is
exemplified by reports that showed reduced levels of APX
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protein or ascorbate deficiency resulted in high levels of oxida-
tive stress, spontaneous cell death, and hyperresponsiveness to
plant pathogens (11, 35). Given that cysteine oxidation appears
prevalent in controlling activities of enzymes in this H,O,-scav-
enging pathway, it is highly likely that the interactions found here
between NRX1 and these enzymes are of functional significance
to cellular redox homeostasis. Thus, NRX1 may play an important
novel role in directly regulating the cellular capacity for H,O,
detoxification, thereby protecting plant cells from oxidative stress
triggered by environmental challenges.

Materials and Methods

Detailed procedures for plant materials and treatments, protein assays, and
identification of NRX1 substrates by mass spectrometry are described in S/
Materials and Methods.
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S| Materials and Methods

Plant Material and Growth Conditions. WT plants were of the Col-0
accession. Mutant lines used in this study include nrxI-I
(SALK _113401), nrxI-2 (SALK_100357), cat2-1 (SALK_076998),
nmxl cat2-1, cat2-2 cat3-1 (SALK 057998, SALK 092911), icsl
(37), and ics1 nrxI-1. Soil-grown plants were maintained at 21 °C
and 100 pmoL-m~2s™! light on a “long day” 16 h light/8 h dark
photoperiod at 65% day humidity and 55% night humidity. Rosette
leaf area was measured using the ImagelJ software.

Plant Transformation, Chemical Induction, and Pathogen Infection.
According to the manufacturer’s instructions, NRX1 (At1g60420)
was cloned into pENTR/D-TOPO and recombined with Flag tag-
containing pEarleyGate 202 (38) using LR clonase (Life Technol-
ogies) to generate the 355::Flag-NRX1 transgene. The 35S::Flag-NRX1
construct was transformed into WT, nrxI-1, and cat2-2 cat3-1 lines
by floral dipping in Agrobacterium tumefaciens (39). Transgenic
plants were selected on soil by spraying glufosinate ammonium
and confirmed by Western blotting against FLAG.

For pathogen infection, Psm ES4326 was grown overnight in
liquid LB medium supplemented with streptomycin (100 pg/mL)
and 10 mM MgSO,. Bacterial cells were diluted to 5 x 10° cells and
pressure infiltrated via the abaxial side of leaves. In planta bacterial
growth was determined 3 or 5 d after infection by spreading serial
dilutions of leaf extracts on LB plates supplemented with strepto-
mycin (100 pg/mL), 10 mM MgSO,, and 100 pM cycloheximide. To
perform SAR tests, plants were first infiltrated with 2 x 107 cells of
avirulent Pst DC3000 carrying the avrRpt2 gene [cultivated overnight
in liquid LB medium supplemented with kanamycin (50 pg/mL) and
10 mM MgSO,]. After 2 d plants were infiltrated with virulent Psm
ES4326 at 5 x 10° cells and subsequently processed as described
above. For induction of the NRX1 gene, induction of NRX1 redox
activity, and identification of NRX1 substrates, 5 x 10° cells of
virulent Psm ES4326 were infiltrated.

For analysis of cell death, 4-wk-old soil-grown Arabidopsis
plants were pressure infiltrated with 5 pM MV (Sigma) or a H,O
control. Plants were photographed after 6 h under constant light.
For electrolyte leakage assays, plants were first infiltrated with
MYV as above and then left for 1 h to ensure complete intake.
Ten leaf discs (7 mm diameter) per genotype were then cut,
washed extensively in H,O, and floated on 10 mL sterile H,O in
fresh tubes. Samples were then put under constant light and
electrolyte leakage measured at indicated time points using a
conductivity meter. After the final time point, samples were
boiled for 5 min and total electrolyte readings taken.

Site-Directed Mutagenesis and Protein Production. NRX1 was
cloned into the Ndel and EcoRI sites of vector pET28a (EMD
Biosciences). Site-directed mutagenesis for NRX1 cysteines was
performed using the QuikChange Lightning mutagenesis kit (Agi-
lent Technologies) according to the manufacturer’s instructions.
Cys55/58/375/378 were replaced with Ser and sequences confirmed
by DNA sequencing. NRX1 in pET28a and TRXAS in pET24c¢ (40)
were used to produce recombinant proteins in Escherichia coli
BL21 (DE3) cells by adding 1 mM IPTG after 2 h of culturing at
37 °C, followed by overnight growth at 16 °C or 5 h growth at 37 °C,
respectively. Proteins were extracted in 1x Bugbuster (Novagen)
and purified on HisPur Cobalt Resin (Pierce). Purified proteins
were dialyzed against appropriate buffers.

Enzymatic Assays. Disulfide reduction activities of NRX1 and
TRXAS proteins were measured using an insulin turbidity assay

Kneeshaw et al. www.pnas.org/cgi/content/short/1703344114

as described (41) with some minor alterations. Each 200 pL re-
action volume consisted of 130 pM insulin, 100 mM potassium
phosphate (pH 7.0), 2 mM EDTA, and indicated concentrations
of purified redoxin. To initiate the assay, 0.33 mM DTT was
added. Measurements at 650 nm were taken at 2-min intervals
using an Infinite 200 NanoQuant (TECAN). Reactions for each
experiment were performed simultaneously in triplicate.

Measurement of catalase activity was performed on plant
protein extracted in 100 mM potassium phosphate buffer (pH 6.5)
containing protease inhibitor mixture [50 pg/mL N-p-Tosyl-L-phe-
nylalanine chloromethyl ketone (TPCK), 50 ug/mL N,-Tosyl-L-
lysine chloromethyl ketone hydrochloride (TLCK), 0.6 mM
phenylmethylsulfonyl fluoride (PMSF)]. Following centrifuga-
tion, samples were desalted on NAP-5 columns (GE Healthcare)
and protein concentration measured using the Bradford assay. Sam-
ples were diluted to 1.25 mg/mL protein, and 5 mM H,O, was added
either immediately or following a 1-h incubation with either 4 pM
NRX1 or NRX1(C55,58,375,378S) recombinant protein and 0.33 mM
DTT. Decomposition of H,O, was measured at 240 nm and catalase
activity calculated using the extinction coefficient of 0.036 cm*umol.

For measurement of the total glutathione, 3-wk-old rosette
plants were collected individually and frozen in liquid nitrogen.
Glutathione contents were determined using the recycling en-
zymatic assay described in ref. 42. Each measurement included
three biological and three technical repetitions.

Protein Analysis and Identification of NRX1 Substrates. Mixed
disulfides between NRX1 and targets were assessed by extracting
protein in HEN buffer [100 mM Hepes (pH 7.7), 1 mM EDTA,
and 0.1 mM neocuproine] containing 2.5% SDS and 25 mM
N-ethylmalemeide (NEM) and prepared directly for nonreducing
or reducing SDS/PAGE gel electrophoresis and immunoblot-
ting. Western blots were probed with an anti-NRX1 antibody
generated against the full-length, recombinant NRX1 protein
(ProteinTech).

For validation of in vivo interaction between NRX1 and Cat-
alase, plant protein was extracted in fixation buffer [25 mM Hepes
(pH 7.7), 1 mM EDTA, 0.1 mM neocuproine, 2.5% SDS, 25 mM
NEM, and protease inhibitor mixture], incubated at 50 °C for
20 min, centrifuged, and acetone precipitated. Pellets were resus-
pended in diluted HEN buffer [25 mM Hepes (pH 7.7), 1 mM
EDTA, 0.1 mM neocuproine] containing 0.5% SDS. Input aliquots
were taken and the remaining samples mixed with 4 mL neutrali-
zation buffer (diluted HEN buffer containing 0.5% Triton X-100,
150 mM NaCl, and protease inhibitor mixture) containing 40 pL
anti-FLAG M2 affinity resin (Sigma) prewashed with elution
buffer [0.1 M glycine-HCI (pH 3.5)]. Samples were then incubated
overnight at 4 °C with rotation. Next, samples were washed three
times with neutralization buffer and incubated for 5 min in elution
buffer with frequent mixing. Following centrifugation, supernatants
were incubated for 5 min with 1/10 volume of StrataClean resin
(Agilent Technologies). Protein was eluted from the resin by boil-
ing for 5 min in neutralization buffer containing 2x SDS sample
buffer and 200 mM DTT and analyzed by SDS/PAGE gel and
Western blotting against anti-FLAG (Sigma), anti-Catalase (Agri-
sera), and anti-HSP90 (Santa Cruz Biotechnology).

The reductive switch assay was performed on untreated,
MV-treated, or Psm ES4326-treated plants. The assay was per-
formed as in ref. 43, with the following exceptions: 20 mM NEM
was used to alkylate free thiols, and thiols were reduced with
2 mM DTT instead of ascorbate. Oxidized and total CAT pro-
tein was detected using an anti-Catalase (Agrisera) antibody.
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For the identification of NRXI1 substrates, Psm ES4326-
treated Col-0 plant tissue was extracted in 50 mM potassium
phosphate buffer (pH 7.0) containing protease inhibitors. Fol-
lowing centrifugation, the supernatant was desalted on PD-10
columns (GE Healthcare) and then added to columns containing
8 mg/mL recombinant NRX1 or NRX1(C58/C378) that were
immobilized on NHS-activated agarose (Pierce) according to the
manufacturer’s instructions. Columns were then prereduced with
2 mM DTT and washed extensively in 50 mM potassium phos-
phate buffer (pH 7.0) before addition of samples. A column
containing quenched NHS agarose only was included as a control.
Following 1-h incubation with rotation at room temperature,
columns were centrifuged for 2 min at 1,000 x g and then washed
10 times with 50 mM potassium phosphate buffer (pH 7.0) con-
taining 0.5% Triton X-100, with the fifth wash containing 1 M
NaCl. Samples were eluted from agarose by incubation with 2 mL
of 50 mM DTT for 30 min at room temperature followed by 2 min
of centrifugation at 1,000 X g.

Samples were concentrated by Speedvac, run on SDS/PAGE
for 5 min, and then extracted and digested using the Shevchenko
method (44). Peptide extracts were then cleaned on SPE reverse
phase BondElut Omix tip C18 100 pL, (Agilent) and dried under
low pressure (Speedvac). The dried peptide samples were
resuspended in resuspension buffer (0.5% vol/vol trifluoroacetic
acid in water). These samples were filtered using Millex filter
and then analyzed by HPLC-MS. Nano-HPLC-MS/MS analysis
was performed using an online system consisting of a nano-pump
(Dionex Ultimate 3000, Thermo-Fisher) coupled to a QExactive
instrument (Thermo-Fisher) with a precolumn of 300 pm X
5 mm (Acclaim Pepmap, 5 pm particle size) connected to a
column of 75 pm X 50 cm (Acclaim Pepmap, 3 pm particle size).
Samples were analyzed on a 90-min gradient in data-dependent

analysis (1 survey scan at 70k resolution followed by the
top 10 MS/MS). Data from MS/MS spectra were searched using
MASCOT Versions 2.4 (Matrix Science Ltd.) against the Arabi-
dopsis thaliana proteome downloaded from TAIR (https:/www.
arabidopsis.org/) with maximum missed-cut value set to 2. The
following features were used in all searches: (i) variable methio-
nine oxidation, (i) fixed cysteine carbamidomethylation, (iii)
precursor mass tolerance of 10 ppm, (iv) MS/MS tolerance of
0.05 amu, (v) significance threshold (p) below 0.05 (MudPIT
scoring), and (vi) final peptide score of 20. Progenesis (version 4
Nonlinear Dynamics) was used for LC-MS label-free quantita-
tion. Only MS/MS peaks with a charge of 2+, 3+, or 4+ were
taken into account for the total number of “Feature” (signal at
one particular retention time and m/z), and only the five most
intense spectra per “Feature” were included. The associated
unique peptide ion intensities for a specific protein were then sum-
med to generate an abundance value. Based on the abundance
values, within-group means were calculated, and from there, the
fold changes between the different groups were evaluated. One-
way ANOVA was used to calculate the P values based on the
transformed values. Differentially expressed proteins were only
considered significant in the current study if the following condi-
tions were fulfilled: (i) P values (pair-wise) less than 0.05 and (i)
absolute fold change of at least 1.5 (i.e., >1.5-fold for up-regulated
proteins, whereas <0.667-fold for down-regulated proteins), and
(iii) higher abundance compared with control columns. Addi-
tionally, the more stringent analyses also included the condition
that the number of peptides detected and used in quantification
per protein was equal to or more than 2. Raw and processed data
were uploaded to ProteoSAFe (massive.ucsd.edu/ProteoSAFe/)
and have the massIVE accession no. MSV000080429 and pro-
teomeXchange accession no. PXD005591.
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Fig. S1.

Purity of His-tagged recombinant NRX1 proteins. E. coli expressing WT and cysteine mutants of Hise-NRX1 were treated with IPTG and total protein

extracted. Hise-NRX1 proteins were purified by incubation with His-binding cobalt resin, washed, and eluted with imidazole. Proteins were separated by SDS/

PAGE and stained with Coomassie blue.
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Fig. S2. Identification and analysis of potential NRX1 substrates under stringent conditions. (A) Venn diagram illustrating proteins identified in the substrate
capture experiment with an additional requirement that the number of peptides detected and used in quantification was equal to or more than two for each
protein. Each circle represents proteins found to be enriched (P < 0.05, ratio > 1.5) in one of the following comparisons between columns: NRX1(C58,378S)
column compared with WT NRX1 control column (pink); NRX1(C58,378S) column compared with resin-only control column (yellow); WT NRX1 control column
compared with resin-only control column (blue). (B and C) GO term analysis was performed on the 45 targets (peptide count > 2, see A) enriched in the
immobilized NRX1(C58,378S) mutant column for biological process (B) and molecular function (C) using Classification Superviewer on bar.utoronto.ca/.
Normalized frequencies, SD, and P values were determined from absolute values as described in ref. 36. Error bars represent SD. P values < 0.05 are
printed bold.
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Fig. $S3. NRX1 targets enzymes of the major H,O,-scavenging pathways. Raw peptide abundance from mass spectrometry analysis of interaction between
CAT1, CAT2, and CAT3 as well as APX1 with immobilized NRX1, NRX1(C58,378S), or resin-only (control) columns. Error bars represent SEM (n = 3). Asterisks
indicate statistically significant differences compared with the NRX1 control column (*P < 0.05).
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Fig. S4. NRX1 regulates catalase activity. (A) Protein extracts from untreated WT and nrx1-1 plants were desalted on NAP-5 columns and protein concen-
trations equalized. Decomposition of added H,O, (5 mM) was measured at A4 and leaf catalase activity (mmol H,O,-mg-protein~"-min~") calculated using the
extinction coefficient of 0.036 cm®umol. Error bars represent SE (n = 3). Asterisks indicate statistically significant differences between samples (Student’s t test,
P < 0.05). (B) Catalase protein abundance does not differ between WT and nrx1 mutant lines. Protein was extracted from untreated, MV-treated (5 uM), or Psm
ES4326- (5 x 10° cells) treated WT, nrx1-1, and cat2 cat3 plants. Analysis was performed by Western blotting using an anti-CAT antibody and an anti-
HSP90 antibody as loading control. (C) Protein extract from untreated WT and nrx1-1 plants was desalted on NAP-5 columns and protein concentrations
equalized. Extracts were incubated with either 4 uM recombinant NRX1 or NRX1(C55,58,375,378S) and 0.33 mM DTT. Decomposition of added H,0, (5 mM)
was measured at Ay and leaf catalase activity (mmol H,O,-mg-protein~"-min~") calculated using the extinction coefficient of 0.036 cm?pumol. Error bars
represent SE (n = 3). Asterisks indicate significant differences between WT and mutant recombinant NRX1 proteins (Student’s t test, P < 0.05).
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