
Guanylyl cyclase sensitivity to nitric oxide is protected by a
thiol oxidation-driven interaction with thioredoxin-1
Received for publication, March 20, 2017, and in revised form, June 20, 2017 Published, Papers in Press, June 28, 2017, DOI 10.1074/jbc.M117.787390

Can Huang‡, Maryam Alapa‡, Ping Shu‡, Narayani Nagarajan§, Changgong Wu¶, Junichi Sadoshima§,
Vladyslav Kholodovych�**, Hong Li¶, and Annie Beuve‡1

From the ‡Department of Pharmacology, Physiology, and Neuroscience, the §Department of Cell Biology and Molecular Medicine,
Cardiovascular Research Institute, Rutgers New Jersey Medical School, Newark, New Jersey 07103, the ¶Center for Advanced Proteomics
Research, Department of Microbiology, Biochemistry, and Molecular Genetics, Rutgers New Jersey Medical School Cancer Center,
Newark, New Jersey 07103, the �Office of Advanced and Research Computing, Rutgers University, Piscataway, New Jersey 08854, and the
**Department of Pharmacology, Robert Wood Johnson Medical School, Rutgers University, Piscataway, New Jersey 08901

Edited by F. Peter Guengerich

Nitric oxide (NO) modulates many physiological events
through production of cGMP from its receptor, the NO-sensi-
tive guanylyl cyclase (GC1). NO also appears to function in a
cGMP-independent manner, via S-nitrosation (SNO), a redox-
based modification of cysteine thiols. Previously, we have shown
that S-nitrosated GC1 (SNO-GC1) is desensitized to NO stimu-
lation following prolonged NO exposure or under oxidative/ni-
trosative stress. In animal models of nitrate tolerance and ang-
iotensin II-induced hypertension, decreased vasodilation in
response to NO correlates with GC1 thiol oxidation, but the
physiological mechanism that resensitizes GC1 to NO and
restores basal activity is unknown. Because GC1 interacts with
the oxidoreductase protein-disulfide isomerase, we hypothe-
sized that thioredoxin-1 (Trx1), a cytosolic oxidoreductase,
could be involved in restoring GC1 basal activity and NO sensi-
tivity because the Trx/thioredoxin reductase (TrxR) system
maintains thiol redox homeostasis. Here, by manipulating activ-
ity and levels of the Trx1/TrxR system and by using a Trx1-Trap
assay, we demonstrate that Trx1 modulates cGMP synthesis
through an association between Trx1 and GC1 via a mixed disul-
fide. A proximity ligation assay confirmed the endogenous
Trx1–GC1 complex in cells. Mutational analysis suggested that
Cys609 in GC1 is involved in the Trx1–GC1 association and
modulation of GC1 activity. Functionally, we established that
Trx1 protects GC1 from S-nitrosocysteine–induced desensiti-
zation. A computational model of Trx1–GC1 interaction illus-
trates a possible mechanism for Trx1 to maintain basal GC1
activity and prevent/rescue GC1 desensitization to NO. The eti-
ology of some oxidative vascular diseases may very well be
explained by the dysfunction of the Trx1–GC1 association.

Nitric oxide (NO) is a gaseous signaling molecule that mod-
ulates a variety of physiological events, especially in the cardio-
vascular system. NO is known to function through two different
pathways, which are cGMP-dependent and cGMP-indepen-
dent (1, 2). In the cGMP-dependent pathway, NO stimulates
several-hundred-fold the catalytic activity of GC1 (previously
soluble guanylyl cyclase; IUPHAR/PBS Guide to Pharmacology
(3)) to produce cGMP. The NO–GC1– cGMP pathway plays a
critical role in vasorelaxation and inhibition of platelet aggre-
gation and negatively regulates myocardium contractility (1, 4).
Catalytically active GC1 is a heterodimer consisting of an �
and a � subunit. Each subunit contains three domains: an N-
terminal heme–NO/oxygen (HNOX) domain; a “dimerization
domain” with a PAS fold and coiled-coil region; and the C-ter-
minal catalytic domain, where cGMP is converted from GTP
(5). Following NO stimulation, GC1 undergoes a quick deacti-
vation by an unknown mechanism as well as protracted desen-
sitization that could be triggered by repeated or prolonged NO
exposure and/or oxidative stress. This desensitization, which is
characterized by GC1 decreased response to NO, affects vascular
reactivity. How GC1 recovers from this activity loss and regains
sensitivity to NO is key to understanding how vascular basal tone
and reactivity are maintained in cardiovascular homeostasis.

In addition to the cGMP-dependent pathway, NO can also
signal via S-nitrosation, a cGMP-independent pathway. S-Ni-
trosation is a reversible post-translational modification of cys-
teines, on which a NO moiety is added to the free thiol group.
S-Nitrosation is proposed to modify protein activity, localiza-
tion, and interaction (6). We have shown that S-nitrosation and
other thiol oxidation play a role in the desensitization of the
cGMP-dependent pathway (7). In an animal model of nitrate
tolerance, we showed that decreased NO-dependent vasorelax-
ation correlated with enhanced S-nitrosation of GC1 and
decreased NO-dependent cGMP production (8). Likewise, ang-
iotensin II-induced hypertensive rats contain high levels of vas-
cular SNO2-GC1, which was associated with decreased NO-de-
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pendent vasorelaxation (9). Conversely, another study showed
that elevated levels of aldosterone induce S-nitrosation and
other thiol oxidation of GC1, diminishing its activity (10). All
together, these studies indicate that nitrosative/oxidative stress
diminishes vascular reactivity through thiol oxidation, includ-
ing S-nitrosation of GC1 (11). Thus, one of the goals of this
study is to identify at the molecular and cellular level the mech-
anism that would restore NO sensitivity of GC1 and preserve
vascular reactivity against oxidative/nitrosative stress.

Thioredoxin (Trx), a ubiquitously expressed oxidoreductase,
is a major regulator of the cellular oxidative stress and protein
thiol redox state (12). Trx1 (the cytosolic form) reduces its cli-
ent proteins through disulfide exchange between their oxidized
Cys and its Cys active site (e.g. human Trx1 32CXXC35), result-
ing in an inactive and oxidized Trx1 (oTrx1 with a disulfide
bond between Cys32 and Cys35). Subsequently, oTrx1 can be
reduced to the active form by thioredoxin reductase (TrxR),
with NADPH as a co-factor. In addition to the disulfide reduc-
tion, Trx1 can function as a denitrosylase (i.e. removes NO
moieties from target proteins) (13–15). The mechanism of
Trx1-mediated denitrosation is not fully understood. How-
ever, a mechanism similar to disulfide bond reduction has
been proposed, in which Cys32 interacts with the nitrosated
cysteine (SNO-Cys) of a target protein and denitrosates the
SNO-Cys via a mixed disulfide and release of nitroxyl (HNO)
(14, 16).

Thus, we hypothesized that the reducing activity of cytosolic
Trx1 is a potential mechanism by which desensitized/S-
nitrosated GC1 regains its NO responsiveness (we previously
showed that another oxidoreductase protein-disulfide isomer-
ase interacts with GC1, but it is mostly an endoplasmic reticu-
lum resident (17)). As a corollary, nitrosative/oxidative stress
could overwhelm and inhibit the constitutive activity of Trx1,
affecting the balance between S-nitrosated and reduced pro-
teins (12, 14, 16, 18, 19), including GC1. Herein, we describe a
previously unknown association between Trx1 and GC1, dem-
onstrate that this interaction takes place via a mixed disulfide
and is enhanced by treatment with an S-nitrosating agent (S-ni-
trosocysteine (CSNO)), and establish that Trx1 increases GC1
activity and protects it from CSNO-induced desensitization.
Our mutational analysis suggests that �Cys609 of GC1, located
at the putative regulatory surface of the catalytic domain, is
involved in the interaction with Trx1 and hence in the mecha-
nism of protection. Together, these findings suggest that the
Trx1 system could very well maintain vascular reactivity in vivo
by limiting extensive thiol oxidation of GC1.

Results

We previously showed that GC1 is desensitized to NO stim-
ulation by S-nitrosation and other thiol oxidation (7, 9, 10). We
reasoned that a mechanism should exist to resensitize GC1 to
allow it to be stimulated by subsequent NO signal. Herein we
investigated how GC1 response to NO was restored following
desensitization. We hypothesized that Trx1, a cytosolic oxi-
doreductase with denitrosation and reductase activities, could
be involved in this process.

Manipulation of Trx1 levels and activity affects GC1 activity

To examine whether Trx1 is involved in modulating GC1
activity, we first transiently expressed in COS-7 cells rat GC1-�
and -� subunits with or without co-expression of Trx1 (Trx1 is
fused to FLAG; see “Experimental procedures”). Measurements
of GC1 activity indicated a significant increase in both basal and
NO-stimulated activity when Trx1 was overexpressed (Fig. 1).
Western blotting confirmed the expression of Trx1 and GC1 (Fig.
1, bottom). Conversely, we observed decreased production of
cGMP under basal and NO-stimulated conditions in rat neonatal
cardiomyocytes (NCM) depleted for Trx1 (supplemental Fig. S1).
These results suggest that Trx1 positively modulates GC1 activity.

To determine whether the redox status of Trx1 impacts GC1
activity and desensitization, we measured GC1 basal and NO-
stimulated activity in the absence or presence of 1-chloro-2,4-
dinitrobenzene (DNCB), an inhibitor of TrxR, and with or with-
out the addition of CSNO (a nitrosating agent), which induces
desensitization of GC1 (7). Inhibition of TrxR is expected to
increase the level of oTrx1 (characterized by a Cys32–Cys35

disulfide bond in its active site), hence diminishing its reductase
and denitrosation activity. A7r5 smooth muscle cells, which
lack detectable GC1, were infected with adenoviruses express-
ing GC � and � subunits (for 48 h, as described previously (9))
and then treated with vehicle or CSNO (100 �M, 30 min) and
with vehicle or DNCB (50 �M, 30 min). DNCB did not affect
basal activity of GC1 (Fig. 2A, inset), yet CSNO activates basal
GC activity, as described previously (7)). On the other hand,
NO-stimulated GC1 activity was significantly decreased by DNCB
and even more so by a combination of DNCB and CSNO (Fig. 2A).
A biotin switch assay indicated that under these conditions
(DNCB � CSNO), GC1 was heavily S-nitrosated (Fig. 2B).

All together, these results suggest that Trx1 expression and
activity positively impact GC1 activity in cells. We then exam-
ined whether the Trx1 effect was dependent on a direct inter-
action between Trx1 and GC1.

Trx1 and GC1 interact directly in cells

We first demonstrated in situ that endogenous Trx1 and
GC1 were associated by using a proximity ligation assay (PLA)

Figure 1. Trx1 enhances GC1 activity. COS-7 cells were transfected with
plasmids overexpressing GC1-� and -� subunits with or without FLAG-
Trx1WT. The cytosolic fractions of COS-7 cells were assayed for GC1 activity
under basal and NO-stimulated conditions. SNAP was used as an NO donor at
100 �M and added to the reaction mix. The NO-stimulated GC1 activity in the
presence of Trx1WT overexpression was compared with the GC1 activity with-
out Trx1WT expression. #, p � 0.05, by unpaired Student’s t test; *, p � 0.05,
two-way ANOVA with Tukey’s post hoc test; n � 5. Each data point corre-
sponds to two separate transfected wells, pulled together for lysis and with
their activity measured in duplicate. Right, cell lysates were analyzed by
immunoblots to assess the expression of FLAG-Trx1WT, GC1, and �-actin, a
loading control. Each sample contained 15 �g of total protein.

Thioredoxin-1 modulates GC1 activity
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(Fig. 3A). The assay indicates that Trx1 interacts with both the
� and � subunit of GC1, compared with the negative control.
This interaction is significantly stronger and more frequent
between GC1-� and Trx1 than between GC1-� and Trx1 (Fig.
3B), suggesting that Trx1 primarily interacts with the � subunit
of the heterodimer. To investigate whether the redox/nitrosa-
tive status of cells plays a role in this interaction, we treated
the NCM with CSNO (200 �M, 30 min) and repeated the
PLA. CSNO treatment significantly promotes the interaction
between Trx1 and GC1-�, compared with treatment with con-
trol buffer, whereas the Trx1–GC1-� interaction was not
significantly enhanced (Fig. 3, A and B). Because GC1 is S-ni-
trosated by CSNO treatment (7) (Fig. 2B), we speculate that
S-nitrosation of GC1 could facilitate the interaction between
Trx1 and GC1; however, we cannot exclude the possibility
that S-nitrosation of Trx1 could be a factor favoring the
interaction as well.

Trx1 and GC1 interact via a mixed disulfide exchange
mechanism

To further characterize the association, we employed a Trx1-
Trap mutant, in which the resolving Cys35 from the Trx1 active
site (32CXXC35) is mutated to a serine (Trx1C35S). If Trx1 and its

target protein are transiently associated through a disulfide
bond, then the target protein will be captured as a mixed
disulfide intermediate (20). Trx1, Trx1C35S, or double mutant
Trx1DM (Trx1C32S/C35S), which should not interact with target
proteins, was co-overexpressed with GC1 in COS-7 cells. Trx1
is fused to a FLAG, allowing purification with anti-FLAG anti-
bodies. FLAG-assisted immunoprecipitation of Fig. 4A showed
that in an exogenous expression system, Trx1 interacts with
GC1, confirming the PLA results. GC1 was significantly
retained when co-expressed with Trx1C35S (Trx1-Trap), com-
pared with Trx1WT or Trx1DM (Fig. 4B), indicating that this
association takes place via a disulfide exchange within the active
site of Trx1. Of note, using the same Trx1-Trap exogenous
expression system, we observed that CSNO treatment en-
hances GC1 association with Trx1 (supplemental Fig. S2).
Thus, both PLA and FLAG immunoprecipitation results indi-
cate a higher level of interaction in an S-nitrosating environ-
ment, which, we speculate, could be a signal to trigger Trx1-de-
pendent denitrosation of GC1.

Because Trx1 modulates GC1 activity (Fig. 1), we investi-
gated whether the reductase-deficient Trx1 (e.g. with a mutated
32CXXC35 active site) has an impact on GC1 activity. We con-
ducted the same co-expression as in Fig. 4A and measured GC1
activity in cells overexpressing GC1 with Trx1, Trx1C35S, or
Trx1DM. Fig. 4C showed that the reductase-deficient Trx1 fails
to improve significantly NO-stimulated GC1 activity, unlike
Trx1WT (no change in basal activity was observed with any
combination; not shown). Together, these results indicate that
Trx1 and GC1 transiently interact via the Trx1 32CXXC35 active
site, and this site is probably involved in the Trx1-dependent
modulation of NO-stimulated activity of GC1.

Figure 2. Trx1-mediated regulation of GC activity is redox-dependent. A,
NO-stimulated and basal (inset) GC1 activities were assayed in the lysate of
A7r5 cells infected with GC1-�- and GC1-�-expressing adenoviruses, pre-
treated with CSNO (100 �M, 30 min) or buffer, and then treated or not with
DNCB (50 �M, 30 min). Diethylamine (DEA)-NO was added to the reaction
mixture and used at 10 �M. #, p � 0.07; *, p � 0.05; ***, p � 0.001 versus
untreated GC1. n � 4. One-way ANOVA with Tukey’s post hoc test was used.
Each data point corresponds to activity measurements done in duplicate of two
infected dishes pulled together for lysis. B, SNO content of GC1-� and -� subunits
were resolved by Western blotting following the biotin switch assay. Lysates pre-
pared from cells were subjected to the same CSNO treatment with or without
DNCB as in A. Band intensity indicated the extent of protein S-nitrosation. �-Tu-
bulin was used for a loading control. The input blots indicate that a similar
amount of protein was used for analyses. Ethanol and phosphate buffer are the
solvent controls for DNCB and CSNO treatment, respectively. Error bars, S.D.

Figure 3. Interaction of GC1 with Trx1 in situ. A, Duolink in situ PLA using
anti-GC1-�, anti-GC1-�, and anti-Trx1 antibodies in rat NCM (which are ame-
nable to PLA and express detectable levels of endogenous GC1). Interaction
between molecules is indicated by a red positive reaction. No reaction was
detected in the negative control, in which no anti-GC1-� or anti-GC1-� anti-
bodies were added. Nuclei were stained with DAPI in blue. Differential inter-
ference contrast (DIC) was used to visualize cell shape. Magnification was
a �40 objective using a Zeiss 200 microscope. B, quantification of PLA reac-
tions from fluorescent microscopy of GC1-�/Trx1 and GC1-�/Trx1 indicates
that Trx1 strongly interacts with GC1-� subunit. CSNO treatment significantly
enhanced the interaction between GC1-� and Trx1. ***, p � 0.001; two-way
ANOVA with Tukey’s post hoc test was used; n � 8 –10. Error bars, S.D.

Thioredoxin-1 modulates GC1 activity
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�Cys609 is involved in Trx1 interaction with GC1 and
modulation of its activity

Recently, we identified, in NCM overexpressing GC1, Cys609

as constitutively S-nitrosated in the � subunit (21). GC1-
�Cys609 is a potential candidate for interaction with Trx1
because it is a reactive cysteine, which localizes in the � subunit
and at the surface of a predicted regulatory interacting region
in the catalytic domain (22). Thus, we investigated whether
�Cys609 of GC1 was a target of Trx1 and replaced it with a
serine (�C609S). We first measured basal and NO-stimulated
activity of the mutant. The NO-stimulated activity of GC1-
�C609S was similar to the WT, but the basal activity was signif-
icantly reduced by the mutation (basal activity was 108.2 � 8.8
versus 67.5 � 6.2 pmol�min�1�mg�1). Second, by co-expressing
GC1-�C609S with or without Trx1 in COS-7 cells, we showed
that the basal and NO-stimulated activity of GC1-�C609S was
not increased by Trx1 overexpression (Fig. 5A), unlike the
Trx1-induced increase of GC1 activity (Fig. 1). Conversely, the
Trx1-Trap experiment of Fig. 5B shows that GC1-�C609S is not
“trapped” by Trx1C35S. Under non-reducing conditions, a
GC1–Trx1 complex is detected, as expected, slightly above 150
kDa, but no complex is detected with GC1-�C609S (the same

result was obtained under reducing conditions; supplemental
Fig. S3), indicating that �Cys609 is involved in the interaction
between GC1 and Trx1. Together, these results suggest that the
inability of Trx1 to modulate GC1-�C609S activity is due to the
loss or decreased interaction between Trx1 and the GC1-�C609S

mutant.

Trx1 protects GC1 from CSNO-induced desensitization

To this point, we have shown that thiol oxidation of GC1 by
CSNO treatment decreases NO-stimulated activity, as is inhi-
bition of TrxR activity, and that Trx1 overexpression enhances
NO-stimulated GC1 activity. Thus, we investigated whether
one mechanism by which Trx1 regulates GC1 activity is by pre-
venting or reverting CSNO-induced desensitization to NO
stimulation.Wefirstco-expressedGC1orGC1-�C609Sandmea-
sured GC1 activity under NO-stimulated conditions, following
CSNO exposure (Fig. 6) (see “Experimental procedures”). As
expected, inhibition of NO-stimulated GC1 activity by CSNO is
significant in the WT; on the other hand, CSNO has no effect
on NO-stimulated GC1-�C609S activity (Fig. 6, inset), suggest-
ing that �Cys609 could be involved in the desensitization mech-
anism. We repeated this assay in the presence of Trx1. The
right-hand panel of Fig. 6 shows that NO-stimulated GC1 activ-
ity is not desensitized by CSNO when Trx1 is co-expressed.
These results suggest that Trx1 protects GC1 activity from
desensitization to NO stimulation. Not surprisingly, because
the GC1-�C609S mutant is not sensitive to Trx1 overexpression,
there was no alteration of GC1-�C609S activity in the absence or
presence of Trx1 regardless of CSNO addition (Fig. 6, inset). In
addition, we assayed whether the effect of CSNO (in particular
at Cys609) induces a more global decreased catalytic activity by
measuring GC1 activity in lysates of cells after treatment with
CSNO (or buffer), as in Fig. 6, but this time using the heme-de-
pendent stimulator Bay 41-2272 and the heme-independent
activator BAY 60-2770 (supplemental Fig. S4). Stimulation by
BAY 41 of WT or GC1-�C609S was further increased by pretreat-
ment of the cells with CSNO (suggesting a synergistic effect),
whereas BAY 60 activation was also increased but to a lesser extent
than BAY 41 stimulation. Thus, the CSNO-induced decrease of
GC1 activity appears to be specific to NO stimulation.

Predictive model of a complex between Trx1 and GC1 catalytic
domain involving �Cys609

The computational model was conducted using GC1 cata-
lytic domain and Trx1 molecular structures (see “Experimental
procedures”). Initial docking was achieved by using Trx1-Cys32

and GC1-�Cys609 as interaction sites. This choice was based on
the Trx1-Trap assays of GC1 and GC1-�C609S (Fig. 5), suggest-
ing that the two proteins interact via a mixed disulfide exchange
involving nucleophilic attack by Trx1-Cys32 of GC1-�Cys609.
This is speculative because we do not know whether the �C609S

replacement affects directly or indirectly the interaction and
because the model was built with the catalytic domain of GC1
(not the unavailable full-length structure). Complexes with the
two Cys residues within a 3.2-Å distance were selected for
refinement with molecular dynamics (MD). The model in Fig. 7
represents an average structure over a 20-ns MD simulation of
the best docked complex.

Figure 4. GC1 interacts with the active site of Trx1 (32CXXC35). A, COS-7
cells were transfected with GC1 and Trx1WT, Trx1C35S (Trap mutant), or Trx1DM

(Trx1C32S/C35S). The interaction between GC1 and Trx1 was resolved by elec-
trophoresis under reducing conditions and by Western blotting (IB) following
immunoprecipitation with anti-FLAG. Input, starting material; �-actin is a
loading control. This blot is representative of three independent experi-
ments. Fifteen micrograms of total protein was used for input of each sample.
M.W., molecular weight. B, quantification of immunoblot densitometry is
shown. **, p � 0.01; one-way ANOVA with Bonferroni’s post hoc test was
used. n � 3. The �1 signal is not detectable in the IP elute unless overexposed
and as such was not included in the statistical analysis. C, cytosolic fractions of
COS-7 cells, co-transfected with plasmids encoding GC1-�, GC1-�, FLAG-Trx1,
or active site mutants, were assayed for GC1 activity in the presence of SNAP
(10 �M). GC1 activity was measured as in Fig. 2A. *, p � 0.05; ***, p � 0.001;
one-way ANOVA with Bonferroni’s post hoc test was used; n � 5. Values are
mean � S.D. (error bars).
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Discussion

The NO–GC– cGMP pathway is a major player in vascular
homeostasis, and disruption of this pathway is involved in the
etiology of many vascular diseases, including hypertension (23).
Understanding the molecular mechanism underlying the regu-
lation of vascular basal tone and reactivity has profound phys-
iological implications. The current in vitro study investigated
the mechanism by which desensitized GC1 response to NO
stimulation is restored or maintained. Our findings revealed
that Trx1 could interact with GC1 and protects its activity from
desensitization to NO stimulation, potentially by a Trx1-depen-
dent thiol reduction mechanism.

To investigate whether Trx1 regulates GC1 activity, we mea-
sured cGMP production by manipulating Trx1 levels in cells.
Overexpression of Trx1 significantly enhances GC1 activity,
whereas depletion conversely decreases GC1 activity. To deter-
mine whether Trx1 activity is necessary to modulate positively
GC1 activity, we compromised the reductase activity of Trx1 by
mutating the Trx1 32CXXC35 active site and by using DNCB, a
TrxR inhibitor that should increase inactive oTrx1. Trx1
mutants, Trx1C35S and Trx1DM (Trx1C32S/C35S), could not sig-
nificantly enhance NO-stimulated GC1 activity, in contrast to
Trx1WT. Likewise, inhibition of TrxR activity with DNCB led to

a significant decrease in NO-stimulated GC1 activity. Thus,
Trx1 appears to regulate GC1 activity. Also, we previously
showed that S-nitrosating agents, such as CSNO and other
nitrosothiols, inhibit NO-stimulated GC1 activity (7); in the
current study, we found that the DNCB inhibitory effect was
greatly enhanced by the addition of CSNO. Together with a
sharp increase in S-nitrosation of GC1 by the DNCB � CSNO
combination, these data indicate that desensitization to NO
stimulation is probably mediated by a decreased ability of Trx1
to reduce GC1 S-nitrosation and other thiol oxidation. Inter-
estingly, it was shown that DNCB reduces vasorelaxation of
aortic rings and decreases cGMP levels in response to the NO
donor sodium nitroprusside, underlying the patho-physiologi-
cal relevance of our mechanistic study (25). As shown by others
(26), the treatment with CSNO in the 100 �M range probably
induces additional thiol oxidations, including sulfenation and
disulfide bond, which is also a target of Trx1. These additional
thiol oxidations that could affect GC1 activity have yet to be
assayed.

Next, we sought to determine whether the observed protec-
tion of GC1 from desensitization was due to Trx1 function as a
global modulator of cellular nitroso/redox state (e.g. to main-
tain low levels of oxidized proteins) or as a specific reductase of

Figure 5. �Cys609 of GC1 is involved in Trx1-mediated modulation and interaction. A, GC1 activity under basal and NO-stimulated conditions was
measured in COS-7 cells co-transfected with GC1-�C609S� with or without Trx1, as described under “Experimental procedures” (10 �M SNAP was added to the
reaction mixture for NO-stimulated conditions). Two-way ANOVA with Tukey’s post hoc test was used; n � 4. Values are expressed as mean � S.D. (error bars).
N.S., not significant. B, COS-7 cells were transfected with GC1 or GC1-�C609S and Trx1WT, Trx1C35S, or Trx1DM. The cytosol was prepared and immunoprecipitated
with anti-FLAG antibodies as described under “Experimental Procedures.” A Western blot probed with anti-FLAG antibodies under non-reducing conditions
shows that GC1–Trx1C35S was pulled down with anti-FLAG as a slightly more than 150-kDa complex (as expected), whereas a GC1-�C609S–Trx1C35S complex
could not be detected. No or little complex could be detected with Trx1WT or Trx1C32S/C35S. Input of each sample contained 15 �g of total protein. M.W.,
molecular weight. A Western blot under reducing conditions is shown in supplemental Fig. S3.

Figure 6. Trx1 protects GC1 from CSNO-induced desensitization. COS-7 cells were co-transfected with plasmids encoding GC1 or GC1-�C609S and with or
without FLAG-Trx1. Cells were incubated with 200 �M CSNO for 1 h in the dark prior to lysis. NO-stimulated activity (10 �M SNAP) of lysates containing GC1 or
GC1-�C609S (inset) was measured as above. **, p � 0.01; two-way ANOVA with Bonferroni’s post hoc test was used. Values are mean � S.D. (error bars); n � 3– 4.
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GC1 via a direct interaction between Trx1 and GC1. Using both
PLA in NCM and a Trx1-Trap assay in an exogenous expres-
sion system, we demonstrated that Trx1 and GC1 physically
associate and that this interaction takes place via a mixed disul-
fide bond. Intriguingly, via the same assays, we observed that
CSNO treatment promotes the interaction between GC1 and
Trx1. Moreover, our biochemical study showed that NO-stim-
ulated GC1 activity was not reduced by CSNO treatment, if
Trx1 was overexpressed, suggesting that Trx-1 protects GC1
from desensitization to NO. Together, these results support
our hypothesis that one of the functions of Trx1 is to restore (or
maintain) the sensitivity of GC1 to NO, and hence vascular
reactivity, by reducing key thiols of GC1. In addition, we spec-
ulate that an increased thiol oxidation of GC1 triggers such
interaction, because we also observed an increase in GC1–Trx1
complex in rat NCM treated with angiotensin II (PLA; supple-
mental Fig. S5), a physiologically relevant inducer of oxidative
stress implicated in the pathogenesis of hypertension (27, 28).
These data would suggest that the initial response to oxidative
stress (or following NO exposure) is an increased interaction
between GC1 and Trx1, hence allowing GC1 to remain respon-
sive to NO and protecting vascular reactivity.

To further explore a possible mechanism of the interaction
via mixed disulfide exchange, we conducted a cysteine muta-
tional analysis of GC1 and concentrated on the � subunit
because it is the primary subunit interacting with Trx1, accord-
ing to our findings. Because there are more than 20 Cys residues
in GC1-� (23 Cys for human GC1-� (11)), we eliminated Cys
residues that were not predicted to be surface-exposed or thiol-
modified. Specifically, we focused on �Cys609, because we
showed that it is readily S-nitrosated (21). Also, from a
hydrogen– deuterium exchange mass spectrometry study
(22), �Cys609 is found to reside in the proposed regulatory sur-
face of the catalytic domain (Fig. 7), which could modulate the
interaction between the HNOX domain and the catalytic
domain. Because the dissociation of these two domains has
been proposed as an initial step in the mechanism of activation
of GC1 (29), the thiol-redox modulation of �Cys609 may be key

to this process. Indeed, the mutant GC1-�C609S was resistant to
CSNO-induced desensitization to NO, and its activity (basal or
NO-stimulated) was not significantly modified by overexpres-
sion of Trx1, unlike WT GC1. We also showed that this region
in the � catalytic domain can be lysine cross-linked with the �
catalytic domain (�Lys606–�Lys539), a key functional region of
the catalytic site (30, 31). To explain the increased GC1 activity
with Trx1 overexpression, we speculate that Trx1 potentially
competes with the HNOX domain to suppress the inhibitory
interdomain interaction in control of GC1 activity. In this view,
the mutation GC1-�C609S, which altered Trx1–GC1 interac-
tion could (a) decrease the ability of Trx1 to compete with an
inhibitory domain and/or (b) reduce other S-nitrosated Cys res-
idues of GC1 that are responsible for desensitization to NO
stimulation. We and others previously showed that Cys122 in
the � subunit (�Cys122) and Cys243 in the � subunit (�Cys243)
are targets of S-nitrosation leading to GC1 desensitization to
NO stimulation. Conversely, mutating these two Cys residues
conferred resistance to desensitization (7), yet the mutation
C609S by itself confers resistance to CSNO-induced desensiti-
zation. Two possible explanations are (a) �C609S mutation pre-
cludes S-nitrosation of �Cys243 and �Cys122 by an unknown
mechanism (potentially via Trx1 reductase activity, which is
overexpressed in our system); (b) �Cys243 and �Cys122 are still
S-nitrosated, but the �C609S mutation prevents the conforma-
tional changes induced by SNO-�Cys243 and/or SNO-�Cys122

that lead to NO desensitization (32). Which GC1 SNO-Cys res-
idues are reduced by Trx1 or are differently S-nitrosated in the
�C609S mutant is currently under investigation.

It has been shown that short exposure to NO donor increases
GC1 activity via an hsp90-triggered heme insertion in GC1 (33),
whereas longer exposure to NO donors decreases active GC1,
which, in addition to thiol oxidation, is proposed to be the result
of increased apo-GC1 and decreased GC1 heterodimers (34).
To determine whether S-nitrosation of Cys609 causes more
general inactivation, COS-7 cells expressing GC1 and GC1-
�C609S mutant were treated or not with CSNO, and their lysates
activity was assayed in response to BAY 41-2272, which stimu-

Figure 7. Proposed docking models between Trx1 and the catalytic domain of GC1. The GC1-� subunit is shown in red, and the GC1-� subunit is in cyan.
Predicted interaction regions (as proposed in Ref. 22), residues 573– 601 and 610 – 654, are depicted in magenta, and 602– 609 is in pink. Trx1 is shown in dark
gray. A, Cys32 and Cys35 of Trx1 active site are indicated, as are Cys609 and Cys653 in the � subunit. B, surface rendering of the model. Of note, the docking model
predicts a distance of 9.8 Å between �Cys653 and �Cys609 of GC1, offering an opportunity of disulfide bonding upon conformational changes.
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lates GC1 with an intact, reduced heme, and BAY 60-2770,
which activates GC1 when its heme is oxidized or depleted.
Interestingly, BAY 41 synergistically increased WT and mutant
activity from cells exposed to CSNO, indicating that BAY 41
stimulation is not blunted by CSNO treatment and that the
latter leads to intracellular NO storage in an unknown form.
Following CSNO pretreatment, BAY 60 increased GC1 activity
of WT and mutant less than 2-fold, which was unexpected
because a high concentration of CSNO (200 �M) was shown
to induce glutathione depletion and hence a generalized oxi-
dative stress (26), which in turn should impair GC1 activity.
This suggests that CSNO treatment does not induce mech-
anisms of catalytic inactivation other than specific desensi-
tization to NO stimulation in our system. It will be exciting
in the future to decipher the mechanisms of CSNO impact
on GC1 activity.

As mentioned above, we showed that specific oxidation of
Cys thiols in GC1 leads to its desensitization to NO stimulation.
In animal models of increased oxidative stress (angiotensin II or
aldosterone treatment and during nitrate tolerance (7, 9, 10)),
GC1 desensitization and thiol oxidation correlated with de-
creased vascular reactivity. As such, we propose that dysfunc-
tion in the Trx1 system induced by oxidative stress will disturb
the dynamic balance between thiol-oxidized and thiol-unmod-
ified GC1, leading to an accumulation of NO-unresponsive
GC1, which would contribute, in turn, to the development of
oxidative vasculopathies. Therapeutic approaches that
would increase Trx1 level may be beneficial for managing dis-
eases associated with GC1 desensitization and resistant to NO
donors.

Experimental procedures

Reagents

Unless specifically stated, all biochemical and cell culture re-
agents were purchased from Sigma-Aldrich and Gibco, respec-
tively. Adenoviruses expressing GC1 and mutants were origi-
nally provided by Dr. Papapetropoulos (University of Athens).
pCMV5-GC1-� and pCMV5-GC1-� plasmids were used for
transient expression of GC1 (35). A cGMP enzyme immunoas-
say kit (BT-740) was purchased from Alfa Aesar. SDS and all
immunoblotting supplies were purchased from Bio-Rad. Sam-
ple reducing buffer containing DTT (NP0009) was purchased
from Thermo Fisher Scientific. [�-32P]GTP was purchased
from PerkinElmer Life Sciences. S-Nitroso-N-acetyl-DL-peni-
cillamine (SNAP; N7927) was purchased from Thermo Fisher
Scientific. The Duolink in situ red kit mouse/rabbit was pur-
chased from Sigma (DUO92101). Antibodies were obtained
from the following companies and used as stated: thioredoxin-1
(Cell Signaling; immunoblotting; 1:1,000), thioredoxin-1 (BD
Biosciences; immunofluorescence, 1:200), FLAG (Cell Signal-
ing; immunoblotting, 1:1,000), GC1-� (Sigma; immunoblot-
ting, 1:5,000; immunofluorescence, 1:200), GC1-� (Abcam;
immunoblotting, 1:1,000), GC1-� (Cayman; immunoblotting,
1:2,000; immunofluorescence, 1:100), �-actin (Sigma; immu-
noblotting, 1:8,000), �-tubulin (Millipore; immunoblotting,
1:1,000).

Primary cells

Rat NCM were isolated from 1–2-day-old Wistar rats (Har-
lan Laboratories, Somerville, NJ) by Percoll gradient centrifu-
gation and plated overnight in cardiomyocyte culture medium,
containing 5% horse serum and 100 �M BrdU. The medium
from DMEM/F-12 was supplemented with sodium pyruvate,
glucose, L-ascorbic acid, BSA, sodium selenite, sodium bicar-
bonate, and penicillin/streptomycin. Twelve hours after seed-
ing, cells were switched to medium without BrdU or horse
serum. All animal experimentation followed the protocol
approved by the institutional animal care and use committee of
New Jersey Medical School.

Immunoprecipitation and Western blotting

Protein lysates were prepared from COS-7 cells transfected
with GC1 or GC1-�C609S� and Trx1WT, Trx1C35S,orTrx1C32S/C35S

(Trx1DM), respectively. Trx1 was fused with a FLAG tag. For the
immunoprecipitation (IP) with Trx1–FLAG, 400 �g of total
proteins were precleared with mouse IgG-agarose beads
(A0919, Sigma) for 2 h at room temperature and incubated with
anti-FLAG beads (M8832, Sigma) overnight at 4 °C. The pro-
teins were eluted from beads with a 2� Laemmli sample buffer
and incubated on a heat block at 100 °C for 5 min. The proteins
were resolved on 10% SDS-polyacrylamide gels (4568034, Bio-
Rad) in the presence or absence of 50 mM DTT for non-reduc-
ing or reducing conditions, respectively. Blots were visualized
using SuperSignal West ECL system from Pierce followed by
LI-COR C-DiGit blot scanner for quantitative analyses.

Biotin switch assay

A7r5 cells were infected with adenovirus expressing GC1-�
and -� subunits for 48 h (A7r5 are smooth muscle cells with no
detectable GC1). To inhibit TrxR activity, cells were treated
with 50 �M DNCB (prepared in ethanol) for 30 min at 37 °C.
Then cells were incubated with 100 �M CSNO for 30 min
or with control buffer (potassium phosphate buffer: 0.8 M

K2HPO4, 0.2 M KH2PO4, pH 7.6) at 37 °C. Protein S-nitrosation
was measured by a biotin switch assay as described (9, 36) with
minor modifications.

GC1 activity assay

GC1 and Trx1 or mutants were co-expressed in COS-7 cells
by transfection for 72 and 48 h, respectively. Cells were incu-
bated with 200 �M CSNO or with control buffer for 1 h at 37 °C
in the dark prior to harvest, as described previously (7), and
carefully washed three times prior to lysis. Homogenates were
obtained by sonication in homogenization buffer (50 mM Tris,
150 mM NaCl, 0.5 mM 3-isobutyl-1-methylxanthine/protease
inhibitors), and the cytosolic fraction was used to measure GC1
activity under both basal and NO-stimulated conditions (37).
SNAP was used as an NO donor and added to the reaction
mixture. The enzymatic reaction was allowed to proceed for 5
min at 30 °C in reaction mixture, containing 100 mM HEPES,
pH 8.0, 10 mM MgCl2, and 1 mM GTP (16).

In situ PLA

Isolated rat NCM were incubated with 200 �M CSNO or with
potassium phosphate buffer as control at 37 °C for 30 min. Cells
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were fixed and permeabilized with 3% paraformaldehyde and
0.2% Triton X-100 for 10 min at room temperature prior to the
assay. PLA was performed according to the manufacturer’s
instructions and as we described previously (16).

Docking model of Trx1 with GC1 catalytic domain

Molecular structures of Trx1 (Protein Data Bank code 1ERT)
and catalytic domain of soluble GC (Protein Data Bank code
4NI2) were checked for missing atoms and repaired as needed
in MOE2016.08 (Chemical Computing Group, Montreal, Can-
ada) with the structure preparation subroutine. Initial orienta-
tion of Trx1 and GC1 complex was achieved by protein–
protein docking of Trx1 molecule into GC1 catalytic domain in
MOE. Trx1-Cys32 and GC1-�Cys609 were selected as a poten-
tial interaction site.

After docking completion, all Trx1–GC1 complexes were
evaluated by measuring the distance between Cys32 (Trx1) and
�Cys609 (GC1), and those with a distance within 3.2 Å were
selected for further refinement with MD. Preparation of the
files for MD simulation and the production run were performed
with the Amber 2017 molecular dynamics suite (24). Trx1–
GC1 protein complexes were solvated in a water box and neu-
tralized with sodium atoms. After initial minimization, heating,
and equilibration of the system for 2 ns, the production run for
20 ns was performed for each complex. The distances between
Cys32 (Trx1) and �Cys609 (GC1) as well as �Cys653 (GC1) were
closely monitored. The best docking model is presented in Fig.
7 as an average structure over all 20 ns of MD simulation time.

Statistical analysis

p values were calculated by Student’s t test or one-/two-way
analysis of variance (ANOVA). A value of p � 0.05 was accepted
as significant.
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Note added in proof—There were several errors in the version of this
article that was published as a Paper in Press on June 28, 2017. Fig. 1
did not indicate the borders between different sections of the same
immunoblot. Additionally, the wrong GC1 and actin immunoblots
were used. In Fig. 4A, the wrong lanes were selected in the input GC1
and IP FLAG immunoblots. Fig. 4A contained the wrong input actin
and FLAG immunoblots, and supplemental Fig. S3 contained an
incorrect actin immunoblot. These errors have now been corrected
and do not affect the results or conclusions of this work.
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