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Regulation of Neuronal Oxygen Responses in C. elegans Is
Mediated through Interactions between Globin 5 and the
H-NOX Domains of Soluble Guanylate Cyclases

X Zohar Abergel, X Arijit Kumar Chatterjee, Binyamin Zuckerman, and X Einav Gross
Hebrew University of Jerusalem, Faculty of Medicine, Institute for Medical Research Israel-Canada, Jerusalem, Israel

Soluble guanylate cyclases (sGCs) are gas-binding proteins that control diverse physiological processes such as vasodilation, platelet
aggregation, and synaptic plasticity. In the nematode Caenorhabditis elegans, a complex of sGCs, GCY-35 and GCY-36, functions in oxygen
(O2 ) sensing. Previous studies suggested that the neuroglobin GLB-5 genetically interacts with GCY-35, and that the inhibitory effect of
GLB-5 on GCY-35 function is necessary for fast recovery from prolonged hypoxia. In this study, we identified mutations in gcy-35 and
gcy-36 that impact fast recovery and other phenotypes associated with GLB-5, without undermining sGC activity. These mutations, heb1
and heb3, change conserved amino acid residues in the regulatory H-NOX domains of GCY-35 and GCY-36, respectively, and appear to
suppress GLB-5 activity by different mechanisms. Moreover, we observed that short exposure to 35% O2 desensitized the neurons
responsible for ambient O2 sensing and that this phenomenon does not occur in heb1 animals. These observations may implicate sGCs in
neuronal desensitization mechanisms far beyond the specific case of O2 sensing in nematodes. The conservation of functionally impor-
tant regions of sGCs is supported by examining site-directed mutants of GCY-35, which suggested that similar regions in the H-NOX
domains of O2 and NO-sensing sGCs are important for heme/gas interactions. Overall, our studies provide novel insights into sGC activity
and regulation, and implicate similar structural determinants in the control of both O2 and NO sensors.
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Introduction
Soluble guanylate cyclases (sGCs) catalyze formation of the sec-
ond messenger cGMP from GTP. They thereby regulate impor-
tant processes, such as blood circulation, platelet aggregation,
and memory processing (Kleppisch and Feil, 2009; Derbyshire

and Marletta, 2012; Shen et al., 2012). The activation of sGCs by
nitric oxide (NO) has been extensively investigated (Derbyshire
and Marletta, 2012; Follmann et al., 2013), but sGC regulation by
proteins is still poorly understood. In this study, we explored how
the atypical sGCs GCY-35 and GCY-36 are regulated by the neu-
roglobin GLB-5 in the Caenorhabditis elegans nematode.

The C. elegans genome encodes seven atypical sGCs (GCY-
31 through GCY-37) (Morton et al., 1999). Unlike mammalian
sGCs, C. elegans sGCs are thought to bind oxygen (O2) rather
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Significance Statement

Soluble guanylate cyclases (sGCs) control essential and diverse physiological processes, including memory processing. We used
Caenorhabditis elegans to explore how a neuroglobin inhibits a complex of oxygen-sensing sGCs, identifying sGC mutants that
resist inhibition. Resistance appears to arise by two different mechanisms: increased basal sGC activity or disruption of an
interaction with neuroglobin. Our findings demonstrate that the inhibition of sGCs by neuroglobin is essential for rapid adapta-
tion to either low or high oxygen levels, and that similar structural regions are key for regulating both oxygen and nitric oxide
sensors. Based on our structural and functional analyses, we present the hypothesis that neuroglobin-sGC interactions may be
generally important for adaptation processes, including those in organisms with more complex neurological functions.
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than NO (Gray et al., 2004; Derbyshire and Marletta, 2012). Gen-
erally, a functional sGC complex includes an � and a � subunit,
each of which contains an N-terminal heme NO/O2 binding (H-
NOX) domain, a Per/Arnt/Sim-like domain, a coiled-coil do-
main, and a catalytic cyclase domain (see Fig. 1) (Underbakke et
al., 2013). Heterodimerization of � and � creates a functional
sGC, as amino acid residues from both catalytic domains form
the active site (Derbyshire and Marletta, 2012; Underbakke et al.,
2013). GCY-35 and GCY-36 constitute one such functional het-
erodimer (Cheung et al., 2004).

The GCY-35/36 heterodimer acts as a regulated O2 sensor in
the neurons AQR, PQR, and URX (Cheung et al., 2004; Gray et
al., 2004). Activation of GCY-35/36 increases cGMP levels, which
opens cyclic nucleotide-gated channels, increasing calcium
(Ca 2�) levels in the cells and triggering neuronal activity
(Persson et al., 2009). How neuronal activity upon GCY-35/36
activation translates into behavior is sensitive to genetic back-
ground, suggesting that it can be modulated by various factors.
One factor that modulates GCY-35/36 is the neuropeptide recep-
tor npr-1 (Gray et al., 2004).

npr-1 is a polymorphic gene. The C. elegans laboratory strain
N2 bears the dominant allele of npr-1, npr-1(215 V), and conse-
quently moves slowly on bacteria at 21% O2 and does not form
groups on the bacterial lawn border. However, animals bearing
the weaker ancestral allele npr-1(215F) or the loss-of-function
allele npr-1(ad609) (hereafter referred to as npr-1 worms) move
quickly on bacteria at 21% O2 and aggregate on the lawn border
(de Bono and Bargmann, 1998). Another phenotype of npr-1
worms is a sharp decrease in speed in response to a shift in O2

concentration from 21% to 7%, but not from 21% to 17%. How-
ever, npr-1 animals bearing the dominant Hawaii polymorph of
globin 5, glb-5(Haw), show robust deceleration even at 17% O2

(Persson et al., 2009), indicating that GLB-5 is an additional
modulator of O2 sensing by GCY-35/36. Most wild C. elegans
isolates bear the ancestral glb-5(Haw)/npr-1(215F) allelic combi-
nation, whereas N2 worms bear the nonfunctional Bristol allele
of glb-5, glb-5(Bri), and npr-1(215V). Therefore, it appears that
the glb-5(Bri)/npr-1(215V) combination arose during N2 do-
mestication to laboratory conditions (McGrath et al., 2009; We-
ber et al., 2010). In this manuscript, we used the bordering
behavior and high speed on bacteria at 21% O2 of npr-1 and
glb-5(Haw);npr-1 animals as readouts for GCY-35/36 activity.

Like gcy-35/36, glb-5 is expressed in the AQR, PQR, and URX
neurons (McGrath et al., 2009). GLB-5(Haw) decreases the acti-
vation of these neurons at 17% O2, probably by inhibiting GCY-
35/36 activity (Gross et al., 2014). Recently, it was shown that the
activity of GLB-5(Haw) is also essential for rapid recovery from
prolonged hypoxia (Gross et al., 2014). Hypoxia increases the
sensitivity of URX to O2 in both npr-1 and glb-5(Haw);npr-1
worms. However, the rapid readaptation of URX to 21% O2 is
GLB-5(Haw)-dependent (Gross et al., 2014). GLB-5(Haw)-
dependent O2 responses require the colocalization of GLB-
5(Haw) and GCY-35 in the dendritic endings of URX (Gross et
al., 2014), suggesting that the proximity of GLB-5(Haw) to GCY-
35/36 is functionally important. In principle, GLB-5(Haw) might
negatively regulate GCY-35/36 activity by physical interaction or
by generating reactive oxygen species.

Materials and Methods
Strains
Strains are as follows: EVG009 glb-5(Haw) V;npr-1(ad609) X;
EVG034 npr-1(ad609) X; EVG115 gcy-35(heb1) I;glb-5(Haw) V; npr-
1(ad609) X; EVG123 gcy-35(heb1) I;glb-5(Haw) V;npr-1(ad609) X;

Ex[Pgcy-35::gcy-35(genomic)::polycismCherry;Pf15e11.1::GFP]; EVG136 gcy-
35(heb1) I;glb-5(Haw) V;npr-1(ad609) X;Ex[Pgcy-37::gcy-35(cDNA)::
polycismCherry;Pf15e11.1::GFP]; EVG146 gcy-35(heb1) I;glb-5(Haw)
V;npr-1(ad609)X; Ex[Pgcy-37::YC2.60�ccRFP]; EVG155 npr-1(ad609)
X; Ex[Pgcy-37::YC2.60�ccRFP]; EVG159 glb-5(Haw) V; npr-1(ad609) X;
Ex[Pgcy-37::YC2.60�ccRFP]; EVG236 gcy-35(heb1) I; npr-1(ad609) X;
EVG301 gcy-35(ok769) I; glb-5(Haw) V; npr-1(ad609) X; Ex[Pgcy-37::
gcy-35 cDNA(L87W)::polycismCherry;Pf15e11.1::GFP]; EVG305 gcy-
35(ok769) I; glb-5(Haw) V; npr-1(ad609) X; Ex[Pgcy-37:: gcy-35 cDNA
(W67L):: polycismCherry;Pf15e11.1::GFP]; EVG306 gcy-35(ok769) I;
glb-5(Haw) V; npr-1(ad609) X; Ex[Pgcy-37:: gcy-35 cDNA(T48W)::
polycismCherry;Pf15e11.1::GFP]; EVG312 gcy-35(ok769) I; glb-5(Haw)
V; npr-1(ad609) X; Ex[Pgcy-37:: gcy-35 cDNA(W67L�L87F)::polycism
Cherry;Pf15e11.1::GFP]; EVG332 gcy-35(ok769) I; glb-5(Haw) V; npr-1(ad609)
X; Ex[Pgcy-37:: gcy-35 cDNA(T48W�L87F)::polycismCherry;Pf15e11.1::
GFP]; EVG333 gcy-35(heb1) I; npr-1(ad609) X; Ex[Pgcy-37::YC2.60�ccRFP];
EVG336 gcy-35(ok769) I; glb-5(Haw) V; npr-1(ad609) X; Ex[Pgcy-37:: gcy-35
cDNA(L87F)::polycismCherry;Pf15e11.1::GFP]; EVG410 gcy-35(heb1) I; glb-
5(Haw) V; npr-1(ad609) X; Ex[Pgcy-37::glb-5(cDNA)::polycismCherry;
Pf15e11.1::GFP]; EVG556 npr-1(ad609) X; Ex[Pgcy-37::glb-5(cDNA)::poly
cismCherry;Pf15e11.1::GFP]; EVG629glb-5(Haw)V;npr-1(ad609)gcy-36(heb3)
X; Ex[Pgcy-37::YC2.60�ccRFP]; EVG631 glb-5(Haw) V; npr-1 gcy-36(heb3) X;
EVG640 glb-5(Haw) V; npr-1(ad609) gcy-36(heb3) X; Ex[Pgcy-37::gcy-36
(cDNA)::polycismcherry;Pf15e11.1::GFP]; EVG678 gcy-35(heb1) I; glb-5(Haw)
V; npr-1(ad609) gcy36(heb3) X; Ex[Pgcy-37::YC2.60�ccRFP]; EVG680 gcy-
35(heb1) I; glb-5(Haw) V; npr-1(ad609) gcy36(heb3) X; EVG684 npr-1(ad609)
gcy-36(heb3) X; EVG686 gcy-35(ok769) I; glb-5(Haw) V; npr-1(ad609) X.

Behavioral assays
Bordering. Bordering experiments were performed as described previ-
ously (Gross et al., 2014). In brief, 40 L4 hermaphrodites (grown in 21%
O2 at room temperature [RT]) were transferred to a 3.5 cm nematode
growth medium (NGM) plate that was seeded 2 d before with 50 �l OP50
bacteria (OD600 � 0.6). The assay plates were put in 1% O2 (Coy hypoxia
chamber, COY Lab Products, RT) for 24 h and then brought back to 21%
O2 (control plates were maintained in 21% O2 at RT). After 30 min
recovery in 21% O2, we calculated the bordering index. Bordering index
represents the fraction of worms found on the bacterial lawn border
divided by the total number of worms on the plate, multiplied by 100.

Speed. All speed measurements were done in the presence of food.
Low-NGM plates (0.13 g/L bacto-peptone) were seeded with 20 �l OP50
bacteria (OD600 � 0.6) 2 d before the experiment and grown at RT. For
each speed measurement assay, we put 7–10 young hermaphrodites on
the bacterial lawn. Then, we put a 500-�m-deep rectangular polydim-
ethylsiloxane (PDMS) (12 mm wide, 0.5 mm deep, 17 mm long) on top
of the bacterial lawn, thus trapping the worms in the behavioral arena.
The PDMS chamber has one inlet and one outlet tubing for gas entry and
exit, respectively (Movie 1). Throughout our experiments, we put the
outlet tubing inside an Erlenmeyer bottle with water and verified a con-
tinuous formation of air bubbles, indicating that the interaction between
the PDMS chamber and the agar forms a tight seal. We used a PHD 2000
syringe pump (Harvard Apparatus) to deliver humidified gases to the
microfluidic chambers at a flow rate of 0.5 ml/min. In addition, we used
Teflon valves, controlled by a ValveBank Controller (Automate Scien-
tific), to rapidly switch between different O2/N2 gas mixtures. We re-
corded the movies using a Q-Imaging MicroPublisher 5.0 RTV
Microscope Camera (QImaging, RHos) mounted onto an Olympus
SZ61 stereo microscope (Olympus). The movies were taken at 0.5
frames/s. Video analysis was performed using custom MATLAB software
(The MathWorks) (Gross et al., 2014). Notably, in our analysis, we did
not track worms that leave the bacterial lawn and thus only calculated the
speed of worms on food.

Ethyl methanesulfonate mutagenesis screen
To screen for glb-5(Haw); npr-1 suppressors, we mutagenized glb-
5(Haw); npr-1 worms with ethyl methanesulfonate according to stan-
dard protocols (Brenner, 1974). In brief, to generate synchronized L4
hermaphrodites, we collected eggs from gravid hermaphrodites using
hypochlorite solution (Brenner, 1974) and incubated them in M9 buffer
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at 21°C for �16 h. Hatched L1 larvae were put on NGM plates containing
OP50 bacteria, at 21°C. The 360 mutagenized Po hermaphrodites were
divided into 35 seeded 9 cm plates. After 4 d, we collected eggs from
�9000 F1 hermaphrodites and let L1 larvae hatch as described above.
Synchronized L1 were grown in 350 NGM plates (3.5 cm, �150 worms
per plate). After 3 d, we put the L4 hermaphrodites in 1% O2 for 24 h.
Then, we transferred the worms back to 21% O2, waited 30 min, and
collected worms that remained outside the bacterial lawn border into
new plates (350 3.5 cm plates, �3 worms per plate). After 4 d, we repeated
the assay again and singled nonbordering worms into 3.5 cm plates. The
progenies of these worms were reassayed, and lines in which we con-
firmed phenotypes were kept.

Mapping
We mapped heb1 and heb3 to a 4 Mb and 1.5 Mb genomic interval (on
chromosomes I and X, respectively) using single nucleotide polymor-
phisms (Davis et al., 2005). The genomic regions of gcy-35 and gcy-36
were amplified using PCR, and the heb1 and heb3 mutations were iden-
tified by sequencing.

Molecular biology
All molecular manipulations were done according to standard protocols
(Sambrook et al., 1989). Genotyping. The duplication in glb-5(Bri) was
followed by examining the PCR products amplified using primers that
flank the duplication in this allele (Persson et al., 2009). We tracked the
npr-1(ad609), gcy-35(heb1), and gcy36(heb3) alleles using a similar strat-
egy. First, we amplified a genomic region that contained these alleles
(422, 497, and 374 bp, respectively). Then, we used restriction enzyme
digestion to distinguish between mutants from wild-type alleles (using
MwoI, DdeI, and Fok-1, respectively).

RNA purification and cDNA synthesis. In brief, to extract total RNA,
�120 worms were transferred to Microfuge tubes containing PBS and
washed three times with the same buffer. The PBS buffer was replaced
with 200 �l TRIzol Reagent (Invitrogen, Thermo Fisher Scientific), and
the tubes were put at �80°C for �16 h. We then added Bullet Blender
pink beads (Next Advance) and lysed the worms using Bullet Blender
Homogenizer Cell Disrupter (Next Advance). After centrifugation, we
purified the total RNA using the NucleoSpin RNA purification kit
(Macherey-Nagel). cDNA was synthesized with the iScript cDNA Syn-
thesis Kit (Bio-Rad). We used this cDNA to amplify the coding regions of
gcy-35, gcy-36, and glb-5. In general, all primers were designed based on
the Wormbase sequence information (http://www.wormbase.org/).

Transgenes
All rescuing plasmids were generated using a modified polycistronic
mCherry pPD95.75 expression vector, as described previously (Gross et
al., 2014). For the gcy-35(genomic) rescuing construct, we amplified the
gcy-35 promoter (�4.9 kb) and genomic region (�8 kb) using N2
genomic DNA. The promoter region was amplified with 5� GTA CGA
ATC CGG ACT ACT GGT TAG AGA AAT ACA GAC GTT TAA AGC 3�
and 5� GTG GGT TCC TAG GCT ACT CTC CGC AAA AAA GTA ACG
TAT ATA ATA TAT ATT T 3�, and inserted using BspEI and AvrII. The
genomic sequence of gcy-35 was cloned in two steps. The first genomic

part was amplified using 5� GTA CGA ACC TAG GAA AAT ATA ATG
GTG AGT ATT TTT AAG GAA ATA GAT TTT TGT TTA C 3� and 5�
AGT TAT TGG TAC CTT GAT AAA GTT TCC AAA ATG CT 3� and
inserted using AvrII and KpnI. To clone the second part, we introduced
a SalI restriction site to the plasmid backbone (using QuikChange II XL,
Agilent Technologies), amplified the second part of the genomic region
with 5� GTA CGA AGG TAC CAA TAA CTA GGC TTC TAA AAT TTT
CAA AAT 3� and 5� GTG GGT TGT CGA CTT AAG AAA TTG TGC
AAG TCG GTG GAT CGG ATG 3�, and inserted it with KpnI and SalI.
To create the gcy-35 cDNA (2 kb) rescuing construct, the genomic part of
the gcy-35 gene was replaced with gcy-35 cDNA. The coding region of
gcy-35 was amplified using 5� GTA CGA ACC TAG GAA AAT ATA ATG
TTC GGC TGG ATT CAC GAA AGC TTC 3� and 5� GTG GGT TGT
CGA CTT AAG AAA TTG TGC AAG TCG GTG ATC GGA TG 3� and
inserted with AvrII and SalI. To express gcy-35 in the AQR, PQR, and
URX neurons, the promoter region of gcy-35 was replaced with the pro-
moter gcy-37(�1.3 kb). The promoter region was amplified using 5�
GGT GGT TCG ATA TCG GGA CCG ACA TGC TCG GCT TG 3� and 5�
GTG GGT TCC TAG GCT GAA TTT ACT TTC TTT TTT TTT TGA
AAT TTT AGC T 3� and inserted with EcoRV and AvrII. To express
gcy-36 and glb-5 cDNA in the AQR, PQR, URX and neurons, we replaced
the coding region of gcy-35 cDNA with the coding region of these genes.
The coding region of gcy-36 (�2.3 kb) was amplified using 5� GTA CGA
ACC TAG GAA AAT ATA ATG TTC GGC TTC ATT CAT GAA TC 3�
and 5� GTG GGT TGT CGA CTT AGG AAA TCG AGC AAG TTT TGG
AAT TCT TTT GAG TAA CCT TGT TAA GGA C 3�, and the coding
region of glb-5 (�1.4 kb) was amplified using 5� GTA CGA ACC TAG
GAA AAT ATA ATG AAC GAG ACG ACA GTC GGA GTT GG 3� and 5�
GTA CGA ACC TAG GAA AAT ATA ATG AAC GAG ACG ACA GTC
GGA GTT GG 3�, and inserted with AvrII and SalI. We used site-directed
mutagenesis (QuikChange II XL kit) to introduce the Thr48Trp,
Trp67Leu, Leu87Phe, and Leu87Trp replacements. Microinjections were
performed as described previously (Mello et al., 1991). Constructs were
injected (0.5–2.5 ng/�l) with the PF15E11.1::GFP coinjection marker
(47.5 ng/�l). Ca 2� imaging strains, expressing YC2.60 in the AQR, PQR,
URX and neurons, were created as described previously (Gross et al.,
2014).

Ca 2� imaging
Ca 2� imaging experiments were performed as described previously
(Gross et al., 2014). Ca 2� responses were recorded at 2 frames per second
using an Olympus IX71S1F-3–5 inverted microscope equipped with
UAPON40X Universal apochromatic water-immersion objective
(Olympus), DV2 2-channel imager (Photometrics), Rolera EM-C2
(Qimaging), and MetaMorph software (Molecular Devices). To immo-
bilize worms, we glued them to agarose pads (2% agarose in M9) using
Dermabond topical skin adhesive (Ethicon). These worms were trapped
inside a 500 �m deep rectangular PDMS chamber (12 mm wide, 0.5 mm
deep, 17 mm long). For Ca 2� measurements of Tempol-treated animals,
we grew glb-5(Haw);npr-1 worms on NGM plates containing 10 mM

Tempole (Enzo Life Sciences, catalog #03051432). In all of our imaging
experiments, humidified gases were delivered to the microfluidic cham-
ber as described for the speed measurement set-up. Image analysis was
performed using custom-written MATLAB software.

Modeling the GCY-35/36 H-NOX structure
I-TASSER (Zhang, 2008; Roy et al., 2010) was used to generate 3D mod-
els of the GCY-35 and GCY-36 H-NOX domains. These models were
based on H-NOX protein structures from the Nostoc sp. bacterium (H-
NOX GCY-35: PDB ID 2O0C, 3TFG, 2O09, H-NOX GCY-36: PDB ID
2O0C, 3TFG, 2O09, and 4IAE). We then used these models, together
with protein alignment files that compared H-NOX domains from vari-
ous organisms (generated by the ClustalW2 server) (Larkin et al., 2007),
to calculate an evolutionary conservation score for each amino acid res-
idue using ConSurf (Ashkenazy et al., 2010). The structural-conservation
files were visualized using Pymol (The PyMOL Molecular Graphics Sys-
tem, Version 1.2r3pre, Schrödinger, LLC).

Movie 1.
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Paraquat assay
To validate Tempol intake by worms, we did paraquat survival assays. We
grew the worms in the presence of Tempol or on regular NGM plates (as
control) and measured the survival of worms in paraquat or M9 buffer
during a time course of 24 h. To expose worms to Tempol, we prepared
NGM plates containing 10 mM Tempol (Enzo Life Sciences, catalog
#03051432). Tempol was added to the agar solution after autoclaving and
cooling to 55°C. To protect Tempol from light, we dried the plates (as
well as control plates) in a dark room, at 21°C for 24 h. Then, we seeded
the plates with 150 �l OP50 (OD600 � 0.6) and incubated them, under
same conditions for 2 d. Notably, we prepared fresh NGM plates for each
experiment. Worms were synchronized by placing 6 – 8 gravid hermaph-
rodites (mothers) on Tempol and control NGM plates, and removing
them after 5– 6 h. The F1 progeny were grown in the dark at 21°C for 4 d.
Before the experiment, the adult progeny were washed from the plates
with an M9 buffer and further washed for an additional two times with
the same buffer. Then, the worms were put in 96-plate wells (Corning,
Costar), up to 12 worms per well in 50 �l M9 buffer. To start the exper-
iment, we added 50 �l M9 buffer to control wells and 50 �l M9 plus400
mM paraquat to the experimental ( paraquat) wells. In this way, each well
contained 100 �l buffer with either no paraquat (control) or 200 mM

paraquat (experimental), respectively. The plates were placed on a shaker
at 200 rpm, and the survival of worms was measured after 1, 3, 6, and
24 h. We did seven independent assays for both control and experimental
groups. The total number of worms in each experiment was at least 180.

Statistical analysis
All statistical analyses were performed using GraphPad Prism 6.02.

Results
A novel mutation in gcy-35 inhibits the rapid GLB-5(Haw)-
dependent recovery from prolonged hypoxia
To explore how GLB-5(Haw) regulates GCY-35/36 function, we
took a forward genetics approach. We mutagenized glb-5(Haw);
npr-1 worms and looked for suppressors that showed attenuated
bordering behavior recovery after 24 h exposure to 1% O2. To
avoid isolating mutants with nonfunctional gcy-35 or gcy-36, we

considered only mutants that regained strong bordering and high
speed on bacteria after 4 – 6 h recovery at 21% O2. Our mutagen-
esis screen identified 14 suppressors. To focus on gcy-35 and
gcy-36, we initially screened for mutants that mapped to either
chromosome I or chromosome X, in which gcy-35 and gcy-36,
respectively, are located. We selected two recessive mutations,
heb1 and heb3, for further chromosomal interval mapping. We
mapped heb1 to an �4 Mb genomic interval of chromosome I
containing gcy-35. Sequencing this genomic region identified a
transition mutation in exon 3 that changes cytosine 1122 to thy-
mine and thus converts leucine 87 in GCY-35 to phenylalanine
(Fig. 1A). Leucine 87 (Leu87) is a conserved amino acid within
the H-NOX domain (Fig. 1B,C).

To understand how the Leu87Phe mutation may affect
GCY-35 function, we generated a homology model of the
GCY-35 H-NOX domain. This structure model suggested that
Leu87 is close to the heme moiety (Fig. 1D). A previous study
suggested that a phenylalanine residue in position 78 in a H-NOX
protein from Thermoanaerobacter tengcongensis (Tt) bacterium
could interact with heme via �-stacking and that this interaction
affects the affinity of the heme toward O2 (Weinert et al., 2013).
Indeed, the Phe78Leu mutant showed increased affinity toward
O2 compared with the wild-type protein (5.4 nM vs 48 nM). Be-
cause Leu87 is replaced with phenylalanine in the H-NOX do-
main of GCY-35(heb1), it is intriguing to hypothesize that
�-stacking interaction between Phe87 and the heme could affect
the affinity of GCY-35 for O2.

GCY-35(heb1) inhibits glb-5(Haw) function in the AQR, PQR,
and URX neurons
We further explored how Leu87Phe affects GLB-5(Haw) activity
using behavioral assays. As expected from previous experiments
(Gross et al., 2014), glb-5(Haw);npr-1 animals recovered quickly
from prolonged hypoxia and showed bordering behavior after 30

Figure 1. The transition mutation heb1 converts the conserved Leu87 to phenylalanine in the H-NOX domain of GCY-35. A, Schematic diagram of gcy-35 highlighting the transition mutation in
the heb1 allele. B, Schematic presentation of GCY-35 domains. C, Amino acid conservation analysis of H-NOX domains from different organisms shows that Leu87 is conserved. Sequence alignment
of H-NOX domains from Drosophila melanogaster (ABG02144), Crassostrea gigas (EKC42091), Nostoc sp. (WP_01099643), Caenorhabditis elegans GCY-35 (NP_001252131), Oryzias latipes
(NP_001098123), Bos mutus (ELR49741), Gallus gallus (XP_004937100), and Rattus norvegicus (EDL85292). The conservation level is color coded from 1 (low) to 9 (high). D, Leu87 is predicted to
be close to the heme moiety. A 3D presentation of the conservation analysis of the GCY-35 H-NOX domain (shown in C). The amino acid residues are colored according to the code shown in C. The
heme moiety and Leu87 are labeled.
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min recovery at 21% O2 similar to naive animals that were kept in
21% O2 (Fig. 2A). However, npr-1 (bearing the nonactive allele of
glb-5; glb-5(Bri)) and gcy-35(heb1);glb-5(Haw);npr-1 animals
displayed poor bordering behavior recovery after prolonged hyp-
oxia. Importantly, animals from these two strains that were not
subjected to hypoxia showed robust bordering behavior, simi-
larly to glb-5(Haw);npr-1 worms, indicating that GLB-5-
independent activity of GCY-35/36 was not compromised (Fig.
2A). Expression of either the genomic sequence of gcy-35 under
its own promoter or the coding sequence of gcy-35 just in the
AQR, PQR, and URX neurons (using the gcy-37 promoter re-
gion) in gcy-35(heb1);glb-5(Haw);npr-1 animals restored the fast
bordering behavior recovery seen in glb-5(Haw);npr-1 animals
(Fig. 2A), demonstrating that the mutation in gcy-35 was indeed
responsible for the failure of the heb1 animals to rapidly recover
bordering behavior.

Because GLB-5(Haw) is also important for the robust slowing
response at 17% O2 (Persson et al., 2009), we asked whether
gcy-35(heb1) affects GLB-5(Haw) function in this behavioral par-
adigm. To answer this question, we compared the speed of worms
at 21% and 17% O2 (Fig. 2B). At 21% O2, npr-1, glb-5(Haw);
npr-1 and gcy-35(heb1);glb-5(Haw);npr-1 animals moved
quickly on the bacterial lawn. However, at 17% O2, the speed of
glb-5(Haw);npr-1 animals significantly decreased, whereas npr-1
and gcy-35(heb1);glb-5(Haw);npr-1 worms continued to move
quickly. Similarly to the bordering behavior recovery assay, the
expression of either the genomic region of gcy-35 (under its own
promoter) or gcy-35 coding sequence in AQR, PQR, and URX
was sufficient to rescue the slowing behavior of
gcy-35(heb1);glb-5(Haw);npr-1 worms to glb-5(Haw);npr-1 lev-
els (Fig. 2B). Importantly, gcy-35(heb1);glb-5(Haw);npr-1 worms
showed a robust slowing response when shifted from 21% to 7%
O2 (Fig. 2C), indicating that GLB-5(Haw)-independent activity
in these animals is intact. Together, our results show that gcy-
35(heb1) blocks the effect of GLB-5(Haw) in the O2-sensing neu-

rons AQR, PQR, and URX, while having little effect on glb-
5(Haw)-independent behaviors.

GCY-35(heb1) blocks the rapid desensitization of URX after
prolonged hypoxia
The activation of GCY-35/36 by O2 is thought to trigger a cGMP-
dependent signaling cascade that maintains high tonic calcium
(Ca2�) levels in AQR, PQR, and URX at 21% O2 (Busch et al., 2012;
Couto et al., 2013). Indeed, ratiometric Ca2� measurements using
the genetically encoded yellow chameleon Ca2� sensors YC2.60 and
YC3.60 (Nagai et al., 2004) detected a high Ca2� level in the URX
neurons at 21% O2, which dropped upon transition to lower O2

concentrations (Persson et al., 2009; Busch et al., 2012; Gross et al.,
2014). Therefore, Ca2� imaging provides an efficient tool to follow
the activity of GCY-35/36 in the URX neurons.

Previous studies demonstrated that glb-5(Haw);npr-1 animals
show rapid recovery of Ca2� responses in the URX neurons after
prolonged exposure to 1% O2 (Gross et al., 2014). To determine
whether the failure of gcy-35(heb1);glb-5(Haw);npr-1 animals to re-
sume robust bordering behavior after hypoxia is due to attenuated
recovery of Ca2� responses, we created npr-1, glb-5(Haw);npr-1,
and gcy-35(heb1);glb-5(Haw);npr-1 transgenic worms that express
YC2.60 in the URX neurons. We exposed these strains to 1% O2 for
24 h (or left them at 21% O2 as controls) and measured O2-evoked
Ca2� responses using a 21%–14%-21% O2 stimulus (Fig. 3). We
chose the 21%–14% O2 protocol to mimic the O2-concentration
shift that the worms experience when they are returned to 21% O2

after exposure to hypoxia and then move to the bacterial lawn border
(Gray et al., 2004). The shift from 21% to 14% O2 inhibited the
activity of URX in control animals from the three strains (Fig. 3A–
D), indicating that 14% O2 is below the activation threshold of URX
in worms that did not experience hypoxia. However, after 24 h ex-
posure to hypoxia, the activity of the URX neurons of npr-1, and
gcy-35(heb1);glb-5(Haw);npr-1 worms was not significantly inhib-

Figure 2. gcy-35(heb1) suppresses glb-5(Haw)-dependent O2 responses in the AQR, PQR, and URX neurons. A, gcy-35(heb1) inhibits the rapid recovery of bordering in glb-5(Haw); npr-1 animals
returned to 21% O2 after 24 h exposure to 1% O2. Bordering was measured 30 min after return to 21% O2. Asterisks indicate significance for comparisons with glb-5(Haw); npr-1 animals (after 24 h
in 1% O2). B, gcy-35(heb1) suppresses the switch from rapid to slow movement when O2 levels drop from 21% to 17%. Asterisks indicate significance for comparisons with glb-5(Haw); npr-1 at 17%
O2. C, gcy-35(heb1);glb-5(Haw);npr-1 animals are able to switch from rapid to slow movement when O2 levels drop from 21% to 7%. n � 6 assays performed over at least 3 d. ****p � 0.0001
(two-way ANOVA with Bonferroni post-test). NS, Not significant. Error bars indicate SEM.
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ited at 14% O2, whereas the activity of URX in glb-5(Haw);npr-1
animals was substantially reduced (Fig. 3A–D).

The recovery of npr-1 worms from prolonged hypoxia is a
gradual process that is completed within 4 h incubation in 21%
O2 (Gross et al., 2014). In the above Ca 2� experiments, we com-

pared the adaptation of the URX neurons of npr-1, glb-5(Haw);
npr-1, and gcy-35(heb1);glb-5(Haw);npr-1 worms after 5–10 min
recovery in 21% O2 (Fig. 3A–C). To further explore the recovery
time course of URX in these strains, we measured the Ca 2� ac-
tivity in URX after 30 min, 2 h, and 4 h recovery at 21% O2. We

Figure 3. O2-evoked Ca 2� responses in the URX neurons. A–C, O2-evoked Ca 2� responses were measured in animals expressing the chameleon YC2.60 in the URX neurons. The responses were
measured in naive worms (grown in 21% O2, blue Ca 2� traces) or in worms exposed to 1% O2 (red Ca 2� traces). Plots represent relative ratio change (�R/R) compared with the baseline in the first
21% O2 period (the mean ratio during 2 min, just before the shift to 14% O2). Asterisks indicate significant differences at times specified by bars between the Ca 2� levels (unpaired t test with Welch’s
correction). Gray shading represents 14% O2. n � the number of worms imaged in each strain. Error bars (lighter shading) indicate SEM. D, Bar graph comparing tonic URX Ca 2� levels at 14% O2

(2 min before the switch to 21% O2) in animals that were exposed to 1% O2 for 24 h or grown at 21% O2 (data from A–C). Unpaired t test with Welch’s correction. Error bars indicate SEM. E–G, The
21%–14%-21% O2-evoked Ca 2� responses in URX neurons at three recovery time-points after prolonged hypoxia; after 30 min (E), 2 h (F ), and 4 h (G) in 21% O2. The 21%–14%-21% O2-evoked
Ca 2� responses in URX neurons of glb-5(Haw);npr-1/gcy-35(heb1);glb-5(Haw);npr-1 heterozygous worms. H, Naive animals that were not exposed to hypoxia. I, After 24 h exposure to hypoxia. The
data for glb-5(Haw);npr-1 and gcy-35(heb1);glb-5(Haw);npr-1 worms were taken from A, C. Asterisks indicate significant compared with glb-5(Haw);npr-1 Ca 2� levels at times specified by bars
(two-way ANOVA with Bonferroni post-test). Gray shading represents 14% O2. n � the number of worms imaged in each strain. Error bars (lighter shading) indicate SEM. *p � 0.05. **p � 0.01.
***p � 0.001. NS, Not significant.
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chose the 30 min and 4 h time-points because previous experi-
ments showed that at these time-points the bordering indexes of
npr-1 worms after prolonged hypoxia were �30% and �90%,
respectively (Gross et al., 2014). Therefore, these time-points rep-
resent poor and full bordering behavior recovery in npr-1 ani-
mals, respectively. The 2 h time-point was chosen to represent an
intermediate bordering recovery (�50%). After 30 min recovery
in 21% O2, the transition from 21% to 14% O2 evoked a substan-
tial decrease in Ca 2� levels in glb-5(Haw);npr-1 worms that was
significantly stronger compared with the [Ca 2�] drop in npr-1
and gcy-35(heb1);glb-5(Haw);npr-1 worms (Fig. 3E). These re-
sults mirror the differences in bordering recovery of the three
strains after 30 min exposure to 21% O2 (Fig. 2A). Moreover, we
show that the Ca 2� responses after 5–10 and 30 min recovery in
21% O2 are similar (Fig. 3A–C,E). After 2 h recovery, the 21%–
14% shift triggered a robust and sustainable [Ca 2�] drop in the
three strains (Fig. 3F). However, the Ca 2� levels of gcy-35(heb1);
glb-5(Haw);npr-1 worms were slightly (but significantly) higher
compared with glb-5(Haw);npr-1 animals. Finally, after 4 h re-
covery, the 21%–14% shift elicited similar Ca 2� responses in the
three strains (Fig. 3G), as expected from the behavioral recovery
time course of npr-1 worms.

Our Ca 2� imaging experiments show that gcy-35(heb1) in-
creases the sensitivity of URX to 14% O2 even after 30 min recov-
ery in 21% O2 (Fig. 3E), supporting the hypothesis that heb1
ameliorates the activity of GCY-35. To explore how gcy-35(heb1)
activity is affected by gcy-35(wt), we generated glb-5(Haw);npr-
1/gcy-35(heb1);glb-5(Haw);npr-1 heterozygous animals that ex-
pressed YC2.60 in URX and measured Ca 2� responses evoked by
a 21%–14%-21% O2 stimulus. The Ca 2� responses of either na-
ive glb-5(Haw);npr-1/gcy-35(heb1);glb-5(Haw);npr-1 animals
that were not exposed to hypoxia or animals that were exposed
to hypoxia were similar to glb-5(Haw);npr-1 controls (Fig. 3H, I,
respectively). By contrast, gcy-35(heb1);glb-5(Haw);npr-1 ani-
mals showed elevated Ca 2� level in 14% O2 (after exposure to
hypoxia) compared with glb-5(Haw);npr-1 (Fig. 3I). Toge-
ther, our results demonstrate that gcy-35(heb1) is recessive to
gcy-35(wt).

In summary, our Ca 2� experiments mirror the behavioral
results and further support data from a previous study (Gross et
al., 2014) suggesting that long exposure to hypoxia increases the
sensitivity of URX to O2 and that GLB-5(Haw) rapidly desensi-
tizes URX upon returning to 21% O2. Moreover, we show that
GCY-35(heb1) is resistant to this inhibitory effect of GLB-
5(Haw) and thus facilitates high neuronal activity at 14% O2

shortly after returning to 21% O2. Because Ca 2� imaging and
behavioral assays proved to be efficient ways to study GCY-
35(heb1) function, we next combined these techniques to explore
how GCY-35(heb1) affects the dynamic range and sensitivity of
O2 responses.

GCY-35(heb1) affects the dynamic range of O2 responses
Does heb1 block the inhibitory effect of GLB-5(Haw) by increas-
ing the sensitivity of GCY-35 to O2? If so, one can predict that
gcy-35(heb1) should enhance O2 responses independently of glb-
5(Haw) function. To test this hypothesis, we generated a gcy-
35(heb1);npr-1 strain and measured its speed at 21% and 7% O2

(Fig. 4A). We chose this O2 stimulus because it evokes a similar
slowing response in both npr-1 and glb-5(Haw);npr-1 animals
(Persson et al., 2009) and thus represents a glb-5(Haw)-
independent O2 behavior. The speed of gcy-35(heb1);npr-1 ani-
mals at 7% O2 was significantly higher compared with the other
strains (Fig. 4A), indicating that GCY-35(heb1) affects GLB-

5(Haw)-independent O2 responses. Next, we asked whether
GCY-35(heb1) could increase the sensitivity of worms to 17% O2.
The speed of gcy-35(heb1);npr-1 worms at 17% O2 was higher
compared with npr-1 animals (Fig. 4B), but the difference did not
reach significance. Moreover, the speed of gcy-35(heb1);npr-1
worms at 17% O2 was similar to gcy-35(heb1);glb-5(Haw);npr-1
worms, indicating that heb1 efficiently blocks GLB-5(Haw)
activity.

To further explore the dynamic range of GCY-35(heb1), we
measured the speed of worms at two extreme O2 shifts: 21%–1%-
21% and 35%–21%-35% (Fig. 4C,D). The transition from 21%
to 1% O2 evoked strong slowing responses in all strains (Fig. 4C),
suggesting that the sensitivity of GCY-35(heb1) and GCY-35(wt)
to 1% O2 is similar. Next, we measured the speed of worms while
stimulated by a 35%–21%-35% O2 shift (Fig. 4D). Strikingly, the
exposure of glb-5(Haw);npr-1 worms to 35% O2 for 5 min caused
a robust slowing response upon shifting to 21% O2 (Fig. 4D). The
speed of glb-5(Haw);npr-1 worms at 21% O2 resembled their
speed at 1% O2 (Fig. 4E). Importantly, glb-5(Haw);npr-1 worms
did not lose their ability to respond to O2 and displayed a sharp
increase in speed upon returning to 35% O2, indicating that
GCY-35 did not lose its heme group due to oxidative damage
(Rogers et al., 2014). The transition from 35% to 21% O2 did not
trigger a significant slowing response in the other strains (Fig.
4D), indicating that the inhibitory activity of GLB-5(Haw) is es-
sential for this adaptation and that GCY-35(heb1) is resistant to
this inhibition. To explore how GCY-35(heb1) affects the O2-
dynamic range at the neuronal level, we next measured the activ-
ity of URX using Ca 2� imaging.

O2-evoked Ca 2� responses in gcy-35(heb1) mutants
To explore whether GCY-35(heb1) changes the dynamic range of
O2 responses by directly modulating the sensitivity of URX to O2,
we recorded Ca 2� responses in these neurons using the same O2

stimuli as described in Figure 4A–D. As expected from the behav-
ioral assays, the Ca 2� levels in the URX neurons of gcy-35(heb1);
npr-1 worms at 7% O2 were significantly higher compared with
the other strains (Fig. 4F), indicating that GCY-35(heb1) in-
creases the sensitivity of URX to O2. The transition from 21% to
17% O2 evoked a small drop in Ca 2� levels in the URX neurons of
npr-1, gcy-35(heb1);npr-1, and gcy-35(heb1);glb-5(Haw);npr-1
worms (Fig. 4G). However, the Ca 2� levels of glb-5(Haw);npr-1
worms at 17% O2 were significantly lower compared with the
other strains (p � 0.001 compared with npr-1 and gcy-35(heb1);
glb-5(Haw);npr-1 worms, and p � 0.0001 compared with gcy-
35(heb1);npr-1 animals, two-way ANOVA with Bonferroni post-
test), indicating that GCY-35(heb1) enhances the activity of URX
even in the presence of GLB-5(Haw). The shift from 21% to 1%
O2 elicited a robust decrease in Ca 2� levels in all strains (Fig. 4H).
However, counter to expectation from the behavioral assay re-
sults (Fig. 3C), Ca 2� levels in the URX neurons of glb-5(Haw);
npr-1 worms in 1% O2 were significantly lower compared with
gcy-35(heb1);npr-1 worms. Finally, the transition from 35% to
21% O2 evoked a significantly stronger decrease in Ca 2�

level in glb-5(Haw);npr-1 worms (Fig. 4I ) compared with the
other strains ( p � 0.0001, two-way ANOVA with Bonferroni
post-test).

In conclusion, the Ca 2� imaging data mirror the behavioral
results and suggest that GCY-35(heb1) increases the sensitivity of
URX to O2. Nevertheless, the activation of URX by 7% O2 is
higher in gcy-35(heb1);npr-1 animals compared with gcy-
35(heb1);glb-5(Haw);npr-1 worms (Fig. 4F, J), indicating that
that GCY-35(heb1) is not completely resistant to the inhibitory
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effect of GLB-5(Haw). Finally, we show, for the first time, that
short exposure of worms to 35% O2 desensitizes URX to a sub-
sequent activation by 21% O2. This adaptation requires the
inhibitory activity of GLB-5(Haw) and is suppressed by GCY-
35(heb1) activity. We next continued to explore how GLB-
5(Haw) inhibits GCY-35(heb1) activity.

GLB-5(Haw) regulates GCY-35 function in a
dose-dependent manner
So far, our results support the hypothesis that GLB-5(Haw) in-
hibits GCY-35 activity, and that GCY-35(heb1) is partially
resistant to this inhibition. Therefore, we asked whether overex-
pression of glb-5(Haw) in the AQR, PQR, and URX neurons
could overcome this resistance and thus restore the glb-5(Haw)-
dependent slowing response at 17% O2. To test this possibility,
we created a gcy-35(heb1);glb-5(Haw);npr-1 strain that overex-
presses the coding sequence of glb-5(Haw) under the gcy-37 pro-
moter and measured the speed of these worms at 21% and 17%
O2 (Fig. 5A). The overexpression of glb-5(Haw) in AQR, PQR,
and URX restored the strong slowing response to gcy-35(heb1);

glb-5(Haw);npr-1 animals (Fig. 5A), indicating that the inhibi-
tion of GCY-35 by GLB-5(Haw) is dose-dependent. Of note, the
same chromosomal array induced a robust slowing response in
npr-1 worms, verifying that the rescuing construct restores the
function of GLB-5(Haw) in the AQR, PQR, and URX neurons
(Persson et al., 2009).

Previous studies suggested that the C. elegans globins GLB-6
and GLB-26 may generate superoxide radicals (Yoon et al., 2010;
Tiso et al., 2011). Because these molecules could potentially in-
hibit GCY-35 activity, we asked whether GLB-5(Haw) inhibits
GCY-35 activity via superoxide radicals. To explore this question,
we grew glb-5(Haw);npr-1 worms on NGM plates containing the
superoxide scavenger Tempol (10 mM) or on regular NGM plates
as control. We synchronized the worms by letting 6 – 8 gravid
hermaphrodites (mothers) lay eggs on the Tempol and control
NGM plates, and subsequently removed the mothers after 5– 6 h.
In this way, the synchronized worms were exposed to the Tempol
throughout their life cycle (from the egg to the adult stage). Be-
fore examining the effect of Tempol on the URX Ca 2� activity of
glb-5(Haw);npr-1 worms, we set out to demonstrate that Tempol
indeed enters and is effective in the worms. For this aim, we
measured the survival of worms in 200 mM paraquat in a time
course of 24 h. Paraquat triggers mitochondrial superoxide gen-
eration (Drechsel and Patel, 2009; Yang and Hekimi, 2010).
Therefore, we hypothesized that Tempol intake by the worms
should provide protection against paraquat compared with con-
trol worms that grew on regular NGM plates. In addition, we did
a control experiment in which we measured the survival of
worms, grown on Tempol and regular NGM, in M9 buffer during
a time course of 24 h. The Tempol treatment significantly in-
creased the survival of worms in paraquat (Fig. 5B; p � 0.0001,
log-rank, Mantel-Cox), indicating that Tempol functioned in the
worms. Interestingly, the Tempol treatment improved the
survival of worms in M9 (Fig. 5B; p � 0.0034, log-rank, Mantel-
Cox), suggesting that 24 h incubation in M9 may induce a mild
oxidative stress. Next, we recorded 21%–17%-21% O2 evoked
Ca 2� responses in URX in Tempol-treated and control worms.
We used this O2 stimulus because the 21%–17% O2 downshift
evokes a significantly bigger decrease in Ca 2� level in glb-5(Haw);

4

Figure 4. GCY-35(heb1) regulates both glb-5(Haw)-dependent and -independent O2 re-
sponses. A–D, O2-evoked speed responses were measured in npr-1, glb-5(Haw);npr-1, gcy-
35(heb1);glb-5(Haw);npr-1, and gcy-35(heb1);npr-1 animals. Four O2 stimuli were used: (A)
21%–7%-21%, (B) 21%–17%-21%, (C) 21%–1%-21%, and (D) 35%–21%-35%. Asterisks
indicate significance for comparisons with gcy-35(heb1); npr-1 animals at 7% O2, 17% O2, 1%
O2, and 21% O2, respectively. Two-way ANOVA with Bonferroni post-test. n � 6 assays per-
formed over at least 3 d. E, Bar graph comparing speed at 1%, 7%, and 21% O2 (2 min before the
switch to 21% or 35% O2; data taken from A, C, D). Asterisks indicate significance for compari-
sons between speeds at 1%, 7%, and 21% O2, within each strain. One-way ANOVA with Dunn’s
post-test. F–I, Four O2-stimuli (described in A–D) were used to evoke Ca 2� responses in
animals expressing the chameleon YC2.60 in the URX neurons. Asterisks indicate significant
differences at times indicated by bars between the Ca 2� levels. Two-way ANOVA with Bonfer-
roni post-test. Gray shading represents periods at 7%, 17%, 1%, and 21% O2, respectively. Error
bars (lighter shading) indicate SEM. n � the number of worms imaged in each strain. J, Bar
graph comparing tonic URX Ca 2� levels at 1%, 7%, 17%, and 21% O2 (2 min before the switch
to 21% O2 or 35% O2; data taken from F–I). Asterisks indicate significance for comparisons with
Ca 2� levels at 17% O2, within each strain. One-way ANOVA with Dunn’s post-test. *p � 0.05.
**p � 0.01. ***p � 0.001. ****p � 0.0001. NS, Not significant. Error bars indicate SEM.

Figure 5. GLB-5(Haw) regulates GCY-35 function in a dose-dependent manner, independently of superoxide signaling. A, Overexpression of glb-5(Haw) in the AQR, PQR, and URX neurons of
gcy-35(heb1);glb-5(Haw);npr-1 animals restores the robust slowing response at 17% O2. Asterisks indicate significance for comparisons with glb-5(Haw); npr-1 animals at 17% O2. Two-way ANOVA
with Bonferroni post-test. ****p � 0.0001. n � 6 assays performed over at least 3 d. Error bars indicate SEM. B, Tempol intake significantly increases the survival of worms in paraquat. Survival
curves of glb-5(Haw);npr-1 worms in M9 buffer or 200 mM paraquat. Worms were grown on NGM plates containing 10 mM Tempol or on regular NGM plates as control. The Tempol treatment
significantly improved the survival in paraquat ( p�0.0001, log-rank test). Numbers in parentheses indicate the number of independent experiments and total number of adult worms, respectively.
C, O2-evoked Ca 2� responses in the URX neurons of glb-5(Haw);npr-1 animals that were grown on NGM plates containing 10 mM Tempol or regular NGM plates as control (similarly to worms in B).
Gray shading represents periods at 17% O2. n � the number of worms imaged in each strain. Error bars (lighter shading) indicate SEM. Significance for comparisons between strains at 17% was
calculated using unpaired t test with Welch’s correction. NS, Not significant.

Abergel et al. • Neuronal Oxygen Responses in C. elegans J. Neurosci., January 20, 2016 • 36(3):963–978 • 971



npr-1 worms compared with npr-1 animals. Therefore, it can be
used as a measure for GLB-5(Haw) activity. The Ca 2� responses
of glb-5(Haw);npr-1 animals in the presence of Tempol were sim-
ilar to glb-5(Haw);npr-1 controls (Fig. 5C), indicating that, at
least under these experimental conditions, superoxide radicals
are not important for GCY-35 inhibition. To further understand
how GCY-35 activity is regulated, we explored the function of
other conserved amino acid residues in this protein.

Threonine 48 and tryptophan 67 are essential for
GCY-35 activity
The discovery of heb1 prompted us to search for other regulatory
amino acid residues in the H-NOX domain of GCY-35. The crys-
tal structure of the NO-binding H-NOX protein from Nostoc
bacterium revealed a “Y-shaped” channel system inside this pro-
tein (composed of tunnels 1 and 2) that appears to facilitate gas
migration to and from the heme cavity (Winter et al., 2011).
Indeed, blocking tunnel 2 by replacing leucine 67 with the larger
amino acid tryptophan (Leu67Trp) increased the binding affinity

for carbon monoxide (CO), probably by extending its duration at
the heme cavity (Winter et al., 2011). Interestingly, this conserved
leucine is naturally replaced with tryptophan in the H-NOX do-
main of GCY-35 (Fig. 6A,B), as well as in the other putative O2

sensors GCY-32, GCY-34, GCY-36, and GCY-37. Therefore, we
asked whether tryptophan 67 (Trp67) is important for GCY-35
O2-sensing activity. We used site-directed mutagenesis to replace
Trp67 with leucine in the gcy-35 (cDNA) rescuing construct that
we previously used (Fig. 2). The gcy-35 (Trp67Leu) construct was
then injected into worms bearing the gcy-35(ok769) deletion al-
lele of gcy-35. Because the deletion allele of gcy-35 (hereafter re-
ferred to as gcy-35) suppresses the bordering behavior and high
speed on food of gcy-35;glb-5(Haw);npr-1 worms at 21% O2

(Persson et al., 2009), we used these behaviors to examine the
functionality of the gcy-35 (Trp67Leu) rescuing construct. The
bordering and speed behavior of gcy-35 (Trp67Leu) transgenic
animals were similar to gcy-35;glb-5(Haw);npr-1 worms (Fig.
6C,D), indicating that GCY-35(Trp67Leu) was not functional. As
a control, we replaced leucine 87 in the gcy-35(cDNA) rescuing

Figure 6. Thr48 and Trp67 are essential for GCY-35 activity. A, Protein sequence alignment (generated by the ClustalW2 server) of H-NOX domains from Caenorhabditis elegans GCY-35
(NP_001252131), Gallus gallus (XP_004937100), Bos mutus (ELR49741), Crassostrea gigas (EKC42091), Oryzias latipes (NP_001098123), Rattus norvegicus (EDL85292), Drosophila melanogaster
(ABG02144), and Nostoc sp.(WP_01099643). B, A 3D model of the GCY-35 H-NOX domain was generated. The side-chains of Thr48, Trp67, and Leu87 are shown. The degree of conservation is color
coded, from 1 (low) to 9 (high). C, D, Thr48 and Trp67 are essential for normal bordering behavior and high-foraging speed at 21% O2. C, Bordering was measured 30 min after return to 21% O2.
Asterisks indicate significance for comparisons with gcy-35;glb-5(Haw);npr-1 animals that were either kept at 21% O2 or exposed to 1% O2 for 24 h. Two-way ANOVA with Bonferroni post-test. D,
The 21%–17%-21% O2-evoked speed responses. In case of comparison between strains at 21% O2 (first period), asterisks indicate significance for comparisons with gcy-35;glb-5(Haw); npr-1
animals. Two-way ANOVA with Bonferroni post-test. *p � 0.05. **p � 0.01. ****p � 0.0001. NS, Not significant. Error bars indicate SEM. n � 6 assays performed over at least 3 d.
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construct with either phenylalanine or tryptophan. Transgenic
gcy-35(Leu87Phe) and gcy-35(Leu87Trp) animals showed high
bordering and speed behavior at 21% O2 (similarly to glb-
5(Haw);npr-1 worms; Fig. 6C,D), indicating that our rescuing
protocol is effective. Moreover, transgenic gcy-35(Leu87Phe) and
gcy-35(heb1);glb-5(Haw);npr-1 animals showed similar attenu-
ated bordering recovery after hypoxia and high speed at 17% O2

(Fig. 6C,D), demonstrating that the gcy-35(Leu87Phe) rescuing
construct recapitulated the activity of GCY-35(Heb1). Interest-
ingly, the magnitudes of recovery after hypoxia and slowing
response at 17% O2 of gcy-35(Leu87Trp) animals were interme-
diates between glb-5(Haw);npr-1 and gcy-35(heb1);glb-5(Haw);
npr-1 worms (Fig. 6C,D), indicating that GCY-35(Leu87Trp) is
less resistant to the inhibitory activity of GLB-5(Haw) compared
with GCY-35(Leu87Phe).

The crystal structure of the H-NOX(Leu67Trp) protein re-
veals a close interaction between Trp67 and threonine 48 (Winter
et al., 2011). Indeed, mutating threonine 48 (Thr48) to trypto-
phan (Thr48Trp) blocks tunnels 1 and 2 and increases the bind-
ing affinity of the heme for CO (Winter et al., 2011). Thr48 is
conserved in C. elegans GCY-35 (Fig. 6A,B) and is predicted to be
in close proximity to Trp67 H-NOX domain (Fig. 6B). To deter-
mine whether Thr48 is important for GCY-35 activity, we re-
placed Thr48 with tryptophan in the gcy-35 rescuing construct,
generated transgenic worms, and tested their O2 responses as
described above (Fig. 6C,D). The bordering and speed behavior
of gcy-35 (Thr48Trp) transgenic animals were similar to gcy-35;
glb-5(Haw);npr-1 controls (Fig. 6C,D), indicating that GCY-35
(Thr48Trp) is not functional.

In conclusion, we show that Thr48 and Trp67 are essential for
GCY-35 activity. Because equivalent amino acid positions regu-
late the interaction of heme with gaseous ligands in the Nostoc
H-NOX protein, it is tempting to speculate that similar structural
regions regulate gas/heme interaction in both NO- and O2-
binding H-NOX proteins. To expand our knowledge about sGC
activity regulation, we next cloned the heb3 mutation.

The heb3 mutation changes a conserved valine to methionine
in the H-NOX domain of GCY-36
The second mutant from our screen that met our interval
mapping criteria was heb3. Using snip single nucleotide poly-
morphism mapping, we mapped heb3 to �1.5 Mb genomic
interval of chromosome X containing gcy-36. Sequencing this
genomic region identified a transition mutation in exon 5 that
changes guanine 805 to adenine, and thus converts valine
163 (Val163) to methionine (Fig. 7A). Like Leu67, Val163 is a
conserved amino acid within the H-NOX domain (Fig. 7 A, B).
To explore how the Val163Met mutation may affect GCY-36
function, we generated a homology model of the GCY-36
H-NOX domain (Fig. 7C). This structure model suggested
that Val163 is not located near the heme group (Fig. 7C).
Moreover, a previous study proposed that equivalent valine
residues in H-NOX proteins from Nostoc and Tt bacteria are
not involved in gas migration (Zhang et al., 2010). Therefore,
based on this information, we hypothesized that heb3 affects
GCY-36 activity indirectly, by regulating its interaction with
GLB-5(Haw). To explore this hypothesis, we first asked
whether gcy-36(heb3) regulates the function of GLB-5(Haw)
in the AQR, PQR, and URX neurons.

gcy-36(heb-3) inhibits glb-5(Haw)-dependent O2 responses in
AQR, PQR, and URX
Our mapping results suggest that GCY-36(heb3) is resistant to
the inhibitory effect of GLB-5(Haw) in the AQR, PQR, and URX
neurons. To validate this, we measured the bordering recovery
and slowing response at 17% O2 of npr-1, glb-5(Haw);npr-1, and
glb-5(Haw);npr-1 gcy-36(heb3) animals (Fig. 8A,B). The border-
ing recovery and slowing response of glb-5(Haw);npr-1 gcy-
36(heb3) animals were significantly reduced compared with
glb-5(Haw);npr-1 controls (Fig. 8A,B), indicating that gcy-
36(heb3) is generally important for GLB-5(Haw) function. Of
note, in addition to exhibiting decreased bordering recovery after
hypoxia, glb-5(Haw);npr-1 gcy-36(heb3) animals that were not
exposed to 1% O2 also showed decreased bordering (Fig. 8A). To

Figure 7. heb3 is a transition mutation that converts Val163 to methionine in the H-NOX domain of GCY-36. A, Schematic diagram of gcy-36, highlighting the transition mutation in the heb3
allele. B, Amino acid conservation analysis of the H-NOX domain from different organisms. Aligned sequences are from Homo sapiens (BAG37638), Sus scrofa (XP_003356977), Gallus gallus
(XP_426684), Nostoc sp. (WP_010996435), Nematostella vectensis (XP_001639149), Drosophila melanogaster (ABG02144), Caenorhabditis elegans GCY-36 (NP_510557), Caenorhabditis elegans
GCY-35 (NP_001252131), Fopius arisanus (XP_011299736), and Lymnaea stagnalis (ACC95432). The degree of conservation is color coded, from 1 (low) to 9 (high). Arrow indicates the conserved
Val163 in GCY-36. C, 3D presentation of the protein sequence alignment data displayed on a homology model of the GCY-36 H-NOX domain. The side-chains of isoleucine 87 and valine 163 are shown.
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Figure 8. gcy-36(heb3) is a recessive mutation that regulates glb-5(Haw)-dependent O2 responses. A, The Val163Met replacement (heb3) inhibits the fast bordering recovery from prolonged
hypoxia. Statistical significance was calculated against the bordering index of glb-5(Haw); npr-1 animals (naive and after 24 h in 1% O2). Two-way ANOVA with Bonferroni post-test. B, C, Speed
measurements at 17% and 7% O2, respectively. The Val163Met replacement suppresses the switch from rapid to slow movement when O2 levels drop from 21% to 17%. Asterisks indicate
significance for comparisons with glb-5(Haw); npr-1 at 17% O2 (B). The slowing response, induced by the 21%–7% O2 shift, of glb-5(Haw); npr-1 gcy-36(heb3) animals is similar to glb-5(Haw);npr-1
controls (C). Two-way ANOVA with Bonferroni post-test. n � 6 assays performed over at least 3 d. Error bars indicate SEM. D–F, Ca 2� imaging in animals expressing the chameleon YC2.60 in the
URX neurons. Two O2 stimulus train profiles were used to evoke Ca 2� responses: 21%–17%-21% (D), 21%–14%-21% (in naive worms (E), and worms after 24 incubation in 1% O2 (F). The
21%–14%-21% O2-evoked Ca 2� responses in URX neurons of glb-5(Haw);npr-1/glb-5(Haw);npr-1 gcy-36(heb3) heterozygous worms. G, Naive animals that were not exposed to hypoxia. H, After
24 h exposure to hypoxia. The data for glb-5(Haw);npr-1 and glb-5(Haw);npr-1 gcy-36(heb3) worms were taken from E, F. Asterisks indicate significance compared with glb-5(Haw);npr-1 Ca 2�

levels at times specified by bars. Two-way ANOVA with Bonferroni post-test. Gray shading represents periods at 17%, and 14% O2. Error bars (lighter shading) indicate SEM. n � the number of
worms imaged in each strain. *p � 0.05. **p � 0.01. ***p � 0.001. ****p � 0.0001. NS, Not significant.
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demonstrate that gcy-36(heb3) regulates GLB-5(Haw) function
in the AQR, PQR, and URX neurons, we expressed the coding
region of gcy-36(wt) under the gcy-37 promoter in glb-5(Haw);
npr-1 gcy-36(heb3) animals. The resulting transgenic strain dis-
played both rapid recovery from prolonged hypoxia and a robust
slowing response at 17% O2 (Fig. 8A,B). Moreover, these trans-
genic worms showed high bordering index at 21% O2 (Fig. 8A).
Therefore, our results demonstrate that gcy-36(heb3) is impor-
tant for GLB-5(Haw)-dependent O2 responses in the AQR, PQR,
and URX neurons.

The function of gcy-36(heb3) in glb-5(Haw)-independent
O2 responses
To explore whether GCY-36(heb3) affects glb-5(Haw)-inde-
pendent O2-responses, we generated an npr-1 gcy-36(heb3) strain
and compared its speed with npr-1, glb-5(Haw);npr-1, and glb-
5(Haw);npr-1 gcy-36(heb3) animals at 7% O2 (Fig. 8C). The
npr-1 gcy-36(heb3) animals were not significantly faster than glb-
5(Haw);npr-1 controls (Fig. 8C), indicating that gcy-36(heb3)
does not regulate glb-5(Haw)-independent O2 responses. To test
whether GCY-36(heb3) is completely resistant to the inhibitory
effect of GLB-5(Haw), we compared the recovery after hypoxia
and slowing response at 17% O2 of npr-1 gcy-36(heb3) and glb-
5(Haw);npr-1 gcy-36(heb3) worms (Fig. 8A,B). The recovery af-
ter hypoxia and speed at 17% O2 were similar in these strains,
indicating that GCY-36(heb3) is fully resistant to GLB-5(Haw)
inhibition.

Together, our results show that GCY-36(heb3) escapes the
inhibitory effect of GLB-5(Haw) without increasing the sensitiv-
ity of URX to O2. Because GCY-35(heb1) increases the sensitivity
of URX to O2, we conclude that GCY-35(heb1) and GCY-
36(heb3) resist the inhibitory effect of GLB-5(Haw) by different
mechanisms. GCY-35(heb1) appears to act by increasing the af-
finity toward O2 and therefore the activity of the cyclase at lower
O2 levels. GCY-36(heb3), in turn, may interfere with the binding
of GLB-5(Haw) to the GCY-35/GCY-36(heb3) complex. Next,
we explored the combined effect of GCY-35(heb1) and GCY-
36(heb3) on O2 responses.

The combined effect of gcy-35(heb1) and gcy-36(heb3) activity
on O2 responses
GCY-35 and GCY-36 appear to form a functional heterodi-
mer in the AQR, PQR, and URX neurons (Cheung et al., 2004;
Gray et al., 2004). To explore the function of the putative
GCY-35(heb1)/GCY-36(heb3) heterodimer, we created a gcy-
35(heb1);glb-5(Haw);npr-1 gcy-36(heb3) double mutant strain
and used bordering and speed assays to test its activity. The bor-
dering behavior and slowing responses of the double mutant
strain at 7% and 17% O2 were similar to the glb-5(Haw);npr-1
gcy-36(heb3) single mutant strain (Fig. 8A–C), indicating that the
interaction between these alleles is not synergistic. Next, we ex-
plored the function of GCY-35(heb1)/GCY-36(heb3) direc-
tly in the URX neurons. For this aim, we introduced the
Pgcy-37::YC2.60 array into glb-5(Haw);npr-1 gcy-36(heb3) and
gcy-35(heb1);glb-5(Haw);npr-1 gcy-36(heb3) animals and re-
corded O2-evoked Ca 2� responses (Fig. 8D–F). First, we re-
corded Ca 2� responses evoked by a 21%–17%-21% O2 stimulus
(Fig. 8D). The Ca 2� levels at 17% O2 of glb-5(Haw);npr-1 gcy-
36(heb3) and gcy-35(heb1);glb-5(Haw);npr-1 gcy-36(heb3) ani-
mals were similar, and both were significantly higher compared
with glb-5(Haw);npr-1 controls. Therefore, our results suggest
that GCY-35(heb1) does not further activate the GCY-35(heb1)/
GCY-36(heb3) heterodimer at 17% O2 compared with GCY-

35(wt)/GCY-36(heb3). Next, we measured Ca 2� responses
evoked by a 21%–14%-21% O2 stimulus in naive worms and
worms that experienced 1% O2 for 24 h (Fig. 8E,F, respectively).
The Ca 2� levels at 14% O2 of naive gcy-35(heb1);glb-5(Haw);
npr-1 gcy-36(heb3) animals were significantly higher compared
with glb-5(Haw);npr-1 gcy-36(heb3) and glb-5(Haw);npr-1
worms (Fig. 8E), suggesting that gcy-35(heb1) activity is additive
to that of gcy-36(heb3) at this O2 concentration. The exposure to
hypoxia significantly suppressed the Ca 2� responses of glb-
5(Haw);npr-1 gcy-36(heb3) and gcy-35(heb1);glb-5(Haw);npr-1
gcy-36(heb3) worms compared with glb-5(Haw);npr-1 controls
at 14% O2 (Fig. 8F; p � 0.01 and p � 0.001, respectively; two-way
ANOVA with Bonferroni post-test). Notably, the Ca 2� responses
of glb-5(Haw);npr-1 gcy-36(heb3) and gcy-35(heb1);glb-5(Haw);
npr-1 gcy-36(heb3) worms at 14% O2 were similar, suggesting
that gcy-35(heb1) activity is not additive to that of gcy-36(heb3) at
this behavioral paradigm. Together, our behavioral and Ca 2�

imaging experiments show that the interaction between GCY-
35(heb1) and GCY-36(heb3) does not provide additional protec-
tion against the inhibitory effect of GLB-5(Haw) after exposure
to hypoxia or at 17% O2 but may be additive at 14% O2 in naive
worms that were not exposed to hypoxia.

The activity of gcy-36(heb3) ameliorates the sensitivity of URX
to O2 (Fig. 8D,F). However, unlike gcy-35(heb1), gcy-36(heb3)
does not affect glb-5(Haw)-independent O2 responses (Fig. 8C),
suggesting that gcy-36(heb3) increases the activity of URX by
protecting against the inhibitory activity of GLB-5(Haw). To ex-
plore how gcy-36(heb3) affects glb-5(Haw) activity in the pres-
ence of gcy-36(wt), we created heterozygous glb-5(Haw);npr-1/
glb-5(Haw);npr-1 gcy-36(heb3) worms and measured Ca 2�

responses evoked by a 21%–14%-21% O2 stimulus in URX. Na-
ive heterozygous worms that were not exposed to hypoxia dis-
played a robust decrease in Ca 2� level upon transition from 21%
to 14% O2 (Fig. 8G). Interestingly, the drop in Ca 2� level was
slightly stronger than in glb-5(Haw);npr-1 controls. The Ca 2�

responses of the heterozygous worms after hypoxia were similar
to glb-5(Haw);npr-1 controls (Fig. 8H), indicating that gcy-
36(heb3) is recessive to gcy-36(wt). Together, our results show
that, although gcy-35(heb1) and gcy-36(heb3) increase the sensi-
tivity of URX to O2, both the mutations are recessive.

Discussion
cGMP homeostasis is important for animal physiology and there-
fore should be tightly regulated. Indeed, abnormal cGMP levels
are associated with the pathophysiology of diseases, including
atherosclerosis, stroke, myocardial ischemia, moyamoya, and
achalasia (Stasch et al., 2011; Hervé et al., 2014). The production
of cGMP is catalyzed by sGCs. Therefore, understanding sGC
regulation is crucial for understanding cGMP homeostasis. In
this study, we explore how the atypical sGCs GCY-35 and
GCY-36 are regulated by the neuroglobin GLB-5.

The glb-5(Haw)-dependent bordering recovery assay as a tool
to identify regulatory amino acid residues in GCY-35 and
GCY-36
Previous studies showed that glb-5(Haw);npr-1 worms recover
quickly after prolonged hypoxia, whereas npr-1 worms recover
slowly (Gross et al., 2014). Here we used this “recovery lag-time”
to identity glb-5(Haw) suppressors. Because GLB-5(Haw) func-
tion depends on GCY-35/36 activity (Persson et al., 2009), we
predicted that our screen would identify regulatory amino acid
residues in these proteins. Indeed, two of three mutations we
cloned are found in these genes. Moreover, we were able to use
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the recovery lag-time phenotype to explore by direct mutagenesis
the function of other amino acid residues in GCY-35. In conclu-
sion, we would like to suggest that the glb-5(Haw)-dependent
bordering recovery assay could be used as an efficient tool to
identify and study regulatory amino acid residues in sGC. We
anticipate that many of these amino acid residues would be con-
served, such that findings regarding sGC regulation in nematodes
might be relevant to humans.

How does heb1 regulate GCY-35 activity?
The heb1 mutation converts leucine 87 to phenylalanine
(Leu87Phe) in the H-NOX domain of GCY-35. Based on the
structure model of the GCY-35 H-NOX domain (Fig. 1D), Phe87
is located near the heme group (Fig. 1). As aromatic side chains
can make �-stacking interactions with heme (Weinert et al.,
2013), it is tempting to hypothesize that Phe87 interacts with the
heme in this manner, thereby increasing the affinity of the heme
for O2. The hypothesis that the Leu87Phe mutation increases the
O2 affinity of GCY-35 leads to the following predictions: (1)
GCY-35(heb1) would be activated by lower O2 levels compared
with GCY-35(wt); and (2) GCY-35(heb1) would be more resis-
tant to the inhibitory effect of GLB-5(Haw). Our results are con-
sistent with these predictions. For example, both speed and URX
activity of gcy-35(heb1);npr-1 animals at 7% O2 are higher com-
pared with npr-1 worms (Fig. 4B,G). Moreover, both speed and
URX activity of gcy-35(heb1);glb-5(Haw);npr-1 animals at 17%
O2 are higher compared with glb-5(Haw);npr-1 worms (Figs. 2B,
4F, respectively). Although these data are consistent with in-
creased O2 affinity in GCY-35(heb1), it is important to consider
other models that could account for the enhanced activity of
GCY-35(heb1). For example, previous studies on sGC from rat
suggested an auto-inhibitory model for sGC activity. In this
model, the H-NOX domain inhibits the cyclase activity by direct
interaction, and the binding of NO to the H-NOX domain re-
lieves this interaction and thus activates the enzyme (Winger and
Marletta, 2005). It could be that the Leu87Phe mutation de-
creases the interaction between the H-NOX and the catalytic do-
main, and therefore facilitates GCY-35 activation. Notably, this
model is consistent with the fact that heb1 is a recessive gain-of-
function mutation. Recessive gain-of-function mutations are rel-
atively rare, but they are found in genes encoding transcription
factors (e.g., LIN-1, HMBX-1) (Lesch and Bargmann, 2010) and
ion channels (e.g., DEG-1 and NAP ts) (Kernan et al., 1991;
García-Añoveros et al., 1995). The unique situation in which the
gain-of-function allele recessive to the wild-type allele but dom-
inant over the null allele could be explained whether these alleles are
part of a multimeric protein or whether the recessive gain-of-
function allele attenuates an inhibitory protein interaction (Lesch
and Bargmann, 2010; Luhur et al., 2014). In the case of heb1, it could
be that the GCY-35/36 complex is multimeric and one copy of GCY-
35(wt) can suppress the activity of GCY-35(heb1). Indeed, this sce-
nario is consistent with a combined model in which GCY-35(heb1)
has increased affinity for O2 but decreased affinity to the catalytic
domain. However, the conformation of these hypotheses awaits fu-
ture structural and biophysical studies.

Similar structural determinants regulate NO- and O2-
sensor activity
Threonine 48 (Thr48) and leucine 67 (Leu67) are amino acid
residues in a tunnel system (composed of tunnels 1 and 2) that
facilitates gas migration in the NO-binding H-NOX protein from
Nostoc cyanobacterium (Winter et al., 2011). Either replacing
Thr48 with tryptophan to block tunnels 1 and 2 or replacing

Leu67 with tryptophan to block just tunnel 2 increases the bind-
ing affinity of the heme to CO, suggesting that these amino acid
residues regulate the sensitivity to NO. Thr48 is conserved in the
O2 sensor GCY-35, whereas Leu67 is naturally replaced with tryp-
tophan. Interestingly, Trp67 is conserved in the H-NOX domains
of GCY-32, GCY-34, GCY-35, GCY-36, and GCY-37, which are
all thought to be activated by high O2 concentrations. However,
Trp67 is not conserved in GCY-31 and GCY-33, which are inhib-
ited by high O2 levels (Zimmer et al., 2009).

The Thr48Trp and Trp67Leu mutations inactivate GCY-35
(Fig. 6C,D), suggesting that Thr48 and Trp67 function in O2

sensing. These results are surprising because, unlike the crystal
structure of the H-NOX protein from Nostoc sp., the structure of
the O2-binding H-NOX protein from Thermoanaerobacter teng-
congensis bacterium did not reveal a continuous tunnel system
for gas migration (Winter et al., 2011), suggesting that O2 does
not diffuse through discrete tunnels inside the H-NOX domain.
A possible explanation for the loss of function of the GCY-35
Thr48Trp and Trp67Leu mutants is that these mutations inter-
fere with the correct folding of the H-NOX domain. However, we
do not favor this explanation because replacing Thr48 and Leu67
with tryptophan did not interfere with the correct folding of the
Nostoc H-NOX mutants and even increased their affinity to CO
(Winter et al., 2011). We anticipate that structural analysis of the
H-NOX domain of GCY-35 would help to understand the func-
tion of Thr48 and Trp67 in O2 sensing.

GLB-5(Haw) function in GCY-35/36-dependent O2 responses
In the introduction, we put forward two hypotheses that aim to
explain how GLB-5(Haw) inhibits GCY-35/36 activity. The first
suggested that GLB-5(Haw) inhibits GCY-35/36 activity through
physical interaction, and the second considers the possibility that
the inhibition is mediated by reactive oxygen/nitrogen species. In
this work, we provide evidence that supports the first hypothesis.
First, we show that GLB-5(Haw) inhibits GCY-35/36 activity in a
dose-dependent manner (Fig. 5A) and that this inhibition is not
mediated by reactive oxygen species signaling (Fig. 5C). Second,
we show that the heb3 mutation in GCY-36 specifically interferes
with glb-5(Haw)-dependent O2 responses and not glb-5(Haw)-
independent responses (Fig. 8), indicating that heb3 does not
suppress GLB-5(Haw) by changing the intrinsic activity of GCY-
36. Notably, similarly to gcy-35(heb1), gcy-36(heb3) is a recessive
gain-of-function allele. Following the hypothesis mentioned
above for GCY-35(heb1) function, we suggest that the gain-of-
function activity of GCY-36(heb3) is due to decreased affinity for
GLB-5(Haw). Therefore, the presence of GCY-36(wt), with high
affinity to GLB-5(Haw), suppresses the activity of GCY-36(heb3)
in the GCY-35/36 multimeric complex. Together, these results
support a model in which GLB-5(Haw) attenuates the activity of
GCY-35/36 by physical interaction. However, validation of this
model awaits further biochemical studies.

The function of GLB-5(Haw) is required for rapid adaptation
to high O2 levels. The exposure of glb-5(Haw);npr-1 worms to
35% O2 for just 5 min decreases the sensitivity of URX to O2 and
thus inhibits the activation of these neurons at 21% O2 (Fig.
4D, I). The desensitization of URX by GLB-5(Haw) is inhibited
by GCY-35(heb1), indicating that fast adaptation to high O2 lev-
els is regulated by cGMP signaling. Intriguingly, cGMP signaling
plays a major role in the adaptation of cone and rod photorecep-
tor cells to strong illumination (Govardovskii et al., 2000; Calvert
et al., 2002; Hurley, 2002). This adaptation prevents the satura-
tion of these cells and thus maintains sensitivity to a wide range of
light conditions. Because neuroglobin and soluble guanylate cy-
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clases are expressed in the eye (Koch et al., 1994; Schmidt et al.,
2003; Vielma et al., 2012; Di Giulio et al., 2013), it is intriguing to
speculate that neuroglobin regulates cGMP signaling in this or-
gan and thus modulates vision physiology.

In conclusion, our studies provide strong evidence that glb-
5(Haw)-dependent O2 responses are generally mediated by URX
desensitization. This conclusion is supported by previous studies
that showed that URX desensitization is essential for rapid recov-
ery from prolonged hypoxia (Gross et al., 2014) and for fine-
tuned O2 responses at ambient O2 levels (Persson et al., 2009).
Moreover, our studies suggest that GLB-5(Haw) exerts its inhib-
itory activity by interacting with the H-NOX domain of GCY-36.
This possibility is intriguing and raises the question whether
H-NOX domains are generally important for the regulation of
sGCs by other proteins.
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García-Añoveros J, Ma C, Chalfie M (1995) Regulation of Caenorhabditis
elegans degenerin proteins by a putative extracellular domain. Curr Biol
5:441– 448. CrossRef Medline

Govardovskii VI, Calvert PD, Arshavsky VY (2000) Photoreceptor light ad-
aptation: untangling desensitization and sensitization. J Gen Physiol 116:
791–794. CrossRef Medline

Gray JM, Karow DS, Lu H, Chang AJ, Chang JS, Ellis RE, Marletta MA,
Bargmann CI (2004) Oxygen sensation and social feeding mediated by a
C. elegans guanylate cyclase homologue. Nature 430:317–322. CrossRef
Medline

Gross E, Soltesz Z, Oda S, Zelmanovich V, Abergel Z, de Bono M (2014)
GLOBIN-5-dependent O2 responses are regulated by PDL-1/PrBP that

targets prenylated soluble guanylate cyclases to dendritic endings. J Neu-
rosci 34:16726 –16738. CrossRef Medline
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