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Globin X is a six-coordinate globin that reduces nitrite
to nitric oxide in fish red blood cells
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The discovery of novel globins in diverse organisms has stimulated
intense interest in their evolved function, beyond oxygen binding.
Globin X (GbX) is a protein found in fish, amphibians, and reptiles
that diverged from a common ancestor of mammalian hemoglobins
and myoglobins. Like mammalian neuroglobin, GbX was first desig-
nated as a neuronal globin in fish and exhibits six-coordinate
heme geometry, suggesting a role in intracellular electron transfer
reactions rather than oxygen binding. Here, we report that GbX to
our knowledge is the first six-coordinate globin and the first
globin protein apart from hemoglobin, found in vertebrate RBCs.
GbX is present in fish erythrocytes and exhibits a nitrite reduction
rate up to 200-fold faster than human hemoglobin and up to 50-fold
higher than neuroglobin or cytoglobin. Deoxygenated GbX reduces
nitrite to form nitric oxide (NO) and potently inhibits platelet
activation in vitro, to a greater extent than hemoglobin. Fish RBCs
also reduce nitrite to NO and inhibit platelet activation to a greater
extent than human RBCs, whereas GbX knockdown inhibits this
nitrite-dependent NO signaling. The description of a novel, six-
coordinate globin in RBCs with dominant electron transfer and
nitrite reduction functionality provides new insights into the
evolved signaling properties of ancestral heme-globins.

nitrite | nitric oxide | blood | RBC | platelet

n recent years a number of novel six-coordinated globins have

been identified in vertebrates (1). The function of these proteins
remains largely unknown. Globin X (GbX) is a novel globin found
in fish, amphibians, and reptiles that diverged early from a com-
mon ancestor to hemoglobin (Hb) and myoglobin (Mb) (2, 3),
thus representing a landmark in the evolution of the globins,
probably carrying out functions that were later taken over by other
globins in higher vertebrates. Because six-coordinate globins have
proximal and distal histidines that bind the heme iron and are
expressed at low concentrations, it has been hypothesized that
they did not evolve for oxygen storage and transport, but rather
participate in reactive oxygen and nitrogen species metabolism or
other processes (1, 4).

It is now well accepted that the allosterically regulated reduction
of nitrite by Hb generates nitric oxide (NO) (5, 6). Whether this NO
produced can escape the RBC and signal in a physiologically rele-
vant manner remains controversial. In platelets, NO is one of the
main vascular factors responsible for the inhibition of platelet acti-
vation (7, 8). Once NO is produced, despite its short half-life, it
diffuses in the plasma and smooth muscle and acts as a signaling
molecule through activation of soluble guanylate cyclase (sGC) (9).
sGC activation catalyzes the formation of the second messenger
c¢GMP and subsequent inhibition of intracellular calcium release,
resulting in decreased platelet aggregation. Recent studies from
multiple laboratories show that low concentrations of nitrite in the
presence of RBCs inhibit human platelets activation in vitro and in
vivo in mice and humans (10-12). It has been demonstrated that in
low oxygen conditions, Hb functions as a nitrite reductase, gener-
ating NO from nitrite and thus producing an antiaggregation effect
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on platelets (13, 14). It is not known whether this nitrite reductase
role of Hb is reminiscent of a function present in earlier globins or
has been acquired later during globin evolution.

To date, the dominating paradigm has been that Hb is the only
globin present in blood. Recent reports suggest that other globin
proteins may also be present in vertebrate RBCs, but their pres-
ence has not yet been proven (15). Here we demonstrate that
GbX is also present in fish erythrocytes. To elucidate its function,
we carried out histological, biophysical, and signaling studies of
the fish GbX and we show its potential role as a potent nitrite
reductase in the blood.

Results

The sequence analysis of GbX shows highest identity scores with
neuroglobin (Ngb) (25-35%) (2, 3, 16) and suggests that phy-
logenetically they derive from the same common ancestor that
diverged ~800 million yr ago from the evolutionary branch of
Hb, Mb, and cytoglobin (Cygb) (Fig. S1) (17). During our
analysis of zebrafish Globin X gene transcript (xgb) expression in
different tissues, we were surprised to observe apparent expres-
sion in the RBCs, rather than restriction to the brain and retina
as previously described (18). xgb mRNA can be identified by in
situ hybridization at 48 h postfertilization (hpf) in the circulating
cells within the main axial vessels (Fig. 14). RT-PCR performed
using several adult tissues shows ubiquitous expression of xgb in
all of the tissues analyzed apart from plasma, similarly to Hb a
(hba) and Hb p (hbp), well-known blood proteins (Fig. 1B).
Previous developmental xgb expression profiling showed significant
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Fig. 1. The GbX gene is expressed in the RBCs. (A) In situ hybridization
performed with an antisense riboprobe synthesized against the whole xgb
transcript. Whole mount embryos at 48 hpf were embedded in JB-4, cross-
sectioned, and visualized by optical microscopy. Arrowheads indicate a
positive staining within the main axial vessels. DA, dorsal aorta; NT, noto-
chord; PCV, posterior cardinal vein. (Scale bar: 20 uM.) (B) The xgb, hba, and
hbp transcripts analyzed by RT-PCR were detectable in all of the tissues.
When RBCs were separated from plasma, the xgb transcript was exclusively
detected in RBCs. The expected amplified fragment sizes are indicated
(Right) as well as the molecular markers (Left). (C) Increasing levels of xgb
transcript were detectable after 18 hpf. Highest levels are detectable in the
4-hpf embryos. On the x axis, the fold change normalized to the adult blood
is shown. Values are means + SEM.

levels only in unfertilized eggs (19). Here we found the highest
expression at 4 hpf, likely of maternal origin, and a gradual in-
crease from 18 hpf to the adult stage (Fig. 1C). Other globins, such
as Ngb, have been previously detected at the transcript level in
adult fish RBCs (15). We compared the expression levels of xgb
and ngb in zebrafish blood and found that the amount of xgb
mRNA is 10-fold higher than ngb (Fig. S2). This is unexpected as
studies in stickleback showed opposite results, with 500-fold higher
levels of ngb mRNA (15). To further determine the protein cel-
lular localization, we produced recombinant zebrafish GbX pro-
tein and generated a custom anti-GbX antibody. Due to the high
similarity to other six-coordinate globins, we first tested the anti-
body specificity by Western blotting analysis against the zebrafish
recombinant proteins Cygbl, Cygb2, Ngb, and GbX. The 23-kDa
band corresponding to GbX is detectable only in the recombinant
GbX sample. Moreover, a similar and unique band is observed in
the 28-hpf embryo lysate (EL) (Fig. 24). The identity of the
protein was confirmed by mass spectrometry analysis (data not
shown). We performed colocalization experiments using trans-
genic zebrafish that carry a marker for vascular endothelial
cells [Tg(kdrl:GFP)]. Immunohistochemistry of Tg(kdrl:GFP)
embryos at 28 hpf shows GbX™ cells inside the vessel lumen
(Fig. 2B). Moreover GbX antibody staining colocalizes with
the Gatal:DsRed transgene, an early marker of erythrocytes, at 48
hpf (Fig. 2C). To assess a possible neuronal expression pattern
of GbX, we analyzed the adult brain tissue in the double
transgenic Tg(kdrl: GFP; Gatal:DsRed). Surprisingly, the detected
GbX protein was localized in the erythrocytes found in the adult
brain (Fig. 2D). In contrast to the previous report (18), these data
provide evidence that GbX is a newly discovered blood heme-globin.

To better understand the biophysics of the protein, we cloned,
expressed, and purified the full-length GbX in Escherichia coli.
Similar to Ngb, but unlike Hb, the full-length GbX is a six-
coordinate globin, as shown by the double peak absorbance at
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531 nm and 561 nm in the deoxygenated state (Fig. 34). We
determined a redox potential for GbX of —119 + 3 mV at 25 °C
(Fig. 3B). This value is ~200 mV more negative than oxygen
carrier proteins such as Hb or Mb (5). More negative redox
potentials have been associated with increased autoxidation rates
in six-coordinate globins (20) and with faster nitrite reductase
rates (5). We found that the autoxidation of the oxyGbX complex
is relatively fast, with a decay rate of 0.32 + 0.05 min~! at 37 °C.
This value implies a half-life of the oxyGbX complex of around
2.1 min and indicates that GbX is not particularly suited for
oxygen-carrier functions.

Hb and Mb are capable of nitrite reduction activity under
conditions of low oxygen; to compare the reduction rates we
determined the nitrite reductase rate of deoxyGbX in the ab-
sence of oxygen. GbX has a nitrite reduction bimolecular rate
constant of 26.7 + 2.0 M~'.s™" at 37 °C (Fig. 3C); this rate is 5- to
10-fold faster than the value for Mb or R-state Hb, 25- to 50-fold
faster than Ngb or Cygb, and 200-fold larger than T-state Hb (5,
21, 22). To assess the production of bioavailable NO from
the reduction of nitrite, we used chemiluminescence detection
techniques. DeoxyGbX or deoxyHb were mixed anaerobically
with 10 mM nitrite in PBS. Fig. 3D shows representative trace
signals of NO production. The injection of Hb caused NO re-
lease as described in previous studies (11, 23). However, the
injection of deoxyGbX resulted in a greater release of NO into
the gas phase compared with human deoxyHb. Comparison of
the observed rates of NO production with 1.2 pM GbX and
120 pM Hb indicates a ~100-fold higher NO release for GbX
compared with Hb, consistent with the measured nitrite reduc-
tion rates (Fig. 3E and Fig. S34). We also monitored NO binding
to GbX, which seems to be limited by the dissociation of the
distal histidine, as observed for other six-coordinated globins (24,
25) (Fig. S3B).
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Fig. 2. GbX is detectable in the RBCs throughout development. (A) The
anti-GbX antibody reacts with the recombinant GbX, but not with the
recombinants Ngb, Cygb2, or Cygb1 from D. rerio. The EL at 28 hpf showed
detectable levels of the 23-kDa protein, corresponding to the GbX
expected size. Molecular weights are indicated (Left) as well as the GbX size
(Right). (B) Immunohistochemistry on longitudinal cryosections of a 28-hpf
Tg(kdrl:GFP)'""¢ embryo using the anti-GbX antibody showed positive staining
(magenta) within the main axial vessels. The endothelial cells are evidenced by
the expression of the GFP (green) and nuclear DAPI signal is in blue. DA, dorsal
aorta; PHBC, primordial hindbrain channel. (C) Immunohistochemistry on
cross-cryosections of a 48-hpf Tg(gatal:dsRed)*®> embryo indicates colocaliza-
tion of GbX staining (magenta) with the dsRed transgene (green) in the RBCs.
(D) GbX is detectable in the RBCs contained in the small endothelial vessels
present in the adult brain. Immunohistochemistry was performed on adult
brain cryosections using the double transgene Tg(kdrl:GFP)'@'"S;
Tg(gata1:dsRed)’d2. GbX is visualized in magenta, dsRed in white, GFP in
green, and nuclear DAPI signal is in blue. Images are 2D confocal pro-
jections. (Scale bars: 20 um.)

PNAS | July 26,2016 | vol. 113 | no.30 | 8539

PHYSIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1522670113/-/DCSupplemental/pnas.201522670SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1522670113/-/DCSupplemental/pnas.201522670SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1522670113/-/DCSupplemental/pnas.201522670SI.pdf?targetid=nameddest=SF3

L T

/

1\

BN AS PN AN D

A 30, B
— —— deoxy EO.5
‘TEZG- — nitrosy! S 0.4
G ; h
o E 03 N
%10- g 0.2 f
i 0.1 500 600 700
& a < Wavelength (nm)
< 00—
200 0 -200 -400
Redox potential vs SHE (mV)
C Ee ] Ez
= o £ GbX 1.2 yMiHbA1.2uM =3
2015 L i &
< | g“?,o[ 0 300600 304 \ : 52
80 10 Time (s) | ; ‘g’
SO\, Ar o mm | 31
2 1\t/ \ E N | 2 B
50.051 104 : Q0
2 £ ™ IGbX ! ‘ N
< — IbT !lpT  HbA q 3
0.004—— L O e 2%
500 600 700 0 4 8 0 4 8 A ¥
Wavelength (nm) Time (min) FF

Fig. 3. GbX is a hexacoordinated globin and generates NO from nitrite.
(A) Absorption spectra of the reduced (ferrous deoxy), nitrosyl and oxidized
(met) forms of GbX. The reduced form of GbX shows peaks at 531 and
561 nm characteristic of six-coordinate heme proteins. (B) GbX redox po-
tential determined by redox titration. Ferric GbX was reduced by stepwise
addition of dithionite and then oxidized by stepwise addition of ferricya-
nide. The change in the absorbance between 561 and 578 nm fitted to the
Nernst equation is shown. The Inset shows the spectral changes during the
redox titration. A redox potential of =119 + 3 mV was measured at 25 °C in
100 mM phosphate buffer at pH 7.0. The figure is one representative ex-
periment of n = 4. (C) GbX nitrite reduction. DeoxyGbX reduces nitrite to NO
with a rate constant of 26.7 + 2.0 M~"s™". The spectral changes in the 450- to
700-nm range during the reaction are shown. The Inset shows the fit of the
absorbance changes to a single exponential equation for the anaerobic re-
action of 1 mM nitrite with GbX at 37 °C in the presence of 2.5 mM sodium
dithionite in 100 mM sodium phosphate buffer, pH 7.4. (D) Chemiluminescence
detection of NO production from 250 uM nitrite after injection of GbX or Hb.
Arrows indicate the time of 500 pM sodium dithionite (DT) and protein in-
jections into the system. One representative experiment of n = 4 is shown.
(E) Rate of NO formation from nitrite at different concentrations of
GbX or Hb, respectively. (Student’s t test **P = 0.002, n = 4.) Values are
means + SEM.

Due to the limited blood volume in zebrafish, we conducted
additional studies in a larger fish, the striped bass (Morone sax-
atilis). GbX genes have been described for other fish such as
goldfish and tilapia but not bass (26). We first analyzed bass blood
to confirm the presence of GbX by immunohistochemistry with
the anti-zebrafish GbX antibody (Fig. 44). Quantification by
quantitative RT-PCR (qRT-PCR) of the xgb transcript showed
higher levels in bass compared with zebrafish (Fig. 4B). We also
analyzed the intracellular localization of the protein in RBCs by
immunogold labeling and transmission electron microscopy
(TEM) analysis. GbX is clearly detectable in the cytoplasm of bass
RBCs and nuclear pores (Fig. 4C). Previous reports described
GbX as a membrane-bound globin (18); however, our results do
not localize the protein in vivo at the plasma or nuclear membrane
sites specifically. It should be noted that the cellular localization of
GbX might be regulated by posttranslational modifications or al-
ternative splicing of the N terminus segment that includes the
putative myristoylation/palmitoylation motif. Therefore, the mi-
gration of GbX to membranes in response to unknown stimuli
remains possible.

To test our hypothesis that GbX is a nitrite reductase in fish
blood, we used siRNAs in cultured RBCs from bass blood.
Unlike mammalian RBCs, fish RBCs are nucleated and can be
cultured and subjected to gene silencing experiments, which we
validate herein. Primary bass RBCs were cultured for 3 d and
transfected with control (scrambled) siRNA or GbX siRNA. We
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Fig. 4. Fish RBCs cultured in vitro. (A) GbX is conserved among teleosts.
GbX was detected in adult blood of zebrafish and striped bass by immu-
nohistochemistry. (Scale bar: 20 um.) (B) xgb transcript in the bass blood is
higher than zebrafish (Student’s t test *P = 0.015, n = 3). (C) Cellular lo-
calization of GbX in bass RBCs by immunogold. (Scale bar: 100 nm.) EM
analysis revealed cytoplasmic and nuclear localization of the protein. C,
cytoplasm; N, nucleus; NP, nuclear pore; PM, plasma membrane. (D) xgb
transcript quantification in cultured RBCs transfected with control siRNA
or GbX siRNA. The 88 + 5% knockdown of xgb transcript is shown (Stu-
dent’s t test **P = 0.004, n = 4). (E) Protein quantification in cultured RBCs
transfected with GbX siRNA relative to control siRNA transfected cells. The
33 + 6% knockdown of the protein is shown (Student'’s t test **P = 0.009,
n = 4). (F) Chemiluminescence detection of NO production with 250 pM
nitrite and fish RBCs (28 M heme) or human RBCs (50 pM heme). (G) Rates
of NO formation from bass RBCs and human RBCs (Student’s t test ****p <
0.0001, n = 3). (H) Chemiluminescence detection of NO production with
250 pM nitrite and fish RBCs (18 uM heme) transfected with control siRNA or
GbX siRNA. (/) Rate of NO formation with cultured bass RBCs in the pres-
ence of either the control siRNA or GbX siRNA (Student’s t test *P = 0.027,
n = 7). Values are means + SEM.
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obtained 88% knockdown in the transcript levels of xgb (Fig. 4D)
and 33% decrease in the protein levels (Fig. 4E). It should be
noticed that RBCs in culture preserve endogenous GbX that
may have slower turnover than the transcript. This could explain
the discrepancy between transcript and protein levels in the
knockdown RBCs. Chemiluminiscence NO detection was used
to assess the relative nitrite reduction in human, fish, and GbX-
knockdown RBCs (Fig. 4 F-I). First we compared the human
RBCs with the bass RBCs. Heme concentration was used to
quantify RBC heme proteins, noting that it measures the com-
bined HbA and GbX levels. The representative NO signal gen-
erated by 28 pM heme of bass RBCs was sevenfold higher than
for 50 pM heme of human RBCs (Fig. 4 F and G), consistent
with the presence of GbX with enhanced nitrite-reductase ac-
tivity. We then assessed the stability of our cultured bass RBCs
by comparing the NO generation with fresh bass RBCs with the
3-d-cultured bass RBCs. No significant difference was detected
in the NO production rates (Fig. S3C). We next analyzed the NO
production in the GbX siRNA transfected RBCs in culture
compared with scramble control siRNA transfected cells. Raw
signals of NO generation detected by chemiluminescence are
shown in Fig. 4H. The genetic knockdown of GbX significantly
decreased the ability of fish RBCs to generate NO from nitrite
(—15.5%) (Fig. 4I) with the larger concentration of intracel-
lular Hb accounting for most of the NO generation in these
conditions.

The reduction of nitrite to NO has been shown to activate a
number of downstream pathways important in human physiology.
In particular, Mb is the main regulator of the vasodilatory re-
sponse in muscles (27) and Hb appears to be the main protein
regulating NO production from nitrite in the human RBCs (11).
As platelet activation is inhibited by NO, platelet activation assays
are useful and biologically relevant models to assess the release of
NO from nitrite reactions with globins and intact RBCs. The ex-
perimental conditions in these assays are more physiological, with
signaling effects of nitrite observed with as low as 100 nM nitrite
in the presence of deoxygenated RBCs (13). We tested the re-
combinant zebrafish GbX in the human platelet activation assay,
comparing GbX to Hb (Fig. 5). We observed that nitrite inhibits
platelet activation in the presence of human deoxyHb as pre-
viously reported (11, 13) (Fig. 54). In the presence of 10 pM so-
dium dithionite, to deoxygenate samples, and 10 uM nitrite, 20 pM
of recombinant GbX reduces platelet activation to a greater extent
than 20 and 100 pM Hb (Fig. 54). We also observed a strong
inhibition of platelet activation by GbX and nitrite in the absence
of sodium dithionite compared with the platelet-rich plasma
(PRP) and ADP positive control; in contrast, no significant effect
could be detected by 100 pM Hb and nitrite under aerobic con-
ditions (Fig. 54). These data support the hypothesis that GbX
produces bioavailable NO from nitrite more efficiently than
human Hb and suggest that electron transfer reactions from GbX
can occur in the presence of molecular oxygen.

To further explore the mechanisms of nitrite-dependent re-
duction in platelet activation by fish RBCs, we compared human
deoxygenated RBCs with the bass deoxygenated RBCs (Fig. 5B).
The observed changes in platelet activation by human RBCs and
nitrite are significant (P = 0.038) and consistent with previous
results (11) (Fig. S4). The addition of fish deoxyRBCs to human
PRP and ADP reduces platelet activation to a higher level than
human deoxyRBCs in the presence of nitrite. To verify that the
effect seen on platelets was due to the effect of NO generated
from nitrite, we ran control experiments using 1H-[1,2,4]oxadia-
zolo[4,3-a]quinoxalin-1-one (ODQ) to selectively block the activity
of sGC and 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-
oxyl-3-oxide (cPTIO) as NO scavenger. In the presence of these
compounds, the inhibition of platelet activation by nitrite and fish
deoxyRBCs is completely abolished (Fig. 5C). To attempt knock-
down studies, we first confirmed that cultured RBCs from bass
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Fig. 5. NO generation by GbX from nitrite inhibits platelet activation.

(A) Recombinant GbX strongly inhibits platelet activation in the presence of
10 pM nitrite and 10 pM sodium dithionite at pH 7.4 and 37 °C. This in-
hibition was stronger for GbX than for human Hb, whereas both are sta-
tistically significant (Student’s t test ****P < 0.0001, *P = 0.023, respectively;
n = 7). (B) Likewise, in the presence of 10 pM nitrite, fish deoxyRBCs inhibit
platelet activation more than human deoxyRBCs, whereas both are statisti-
cally significant (Student'’s t test **P = 0.005, *P = 0.038, respectively; n = 6).
(C) There is no statistically significant inhibition of platelet activation by
nitrite and fish deoxygenated RBCs in the presence of 500 pM cPTIO and
1 pM ODQ (Student’s t test ***P < 0.001, n = 3-9). (D) Specific knockdown of
the xgb transcript in fish deoxygenated RBCs completely rescued the in-
hibitory effect of nitrite on platelet activation (Student’s t test **P = 0.003, n =
6). Values are means + SEM. (E) Platelet activation in the presence of different
concentrations of nitrite. The concentration of RBCs corresponds to 15% Hct
(~3 mM Hb). (F) Platelet activation in the presence of different con-
centrations of recombinant GbX. Nitrite concentration was 10 uM.

have the same inhibitory effect on platelet activation as fresh
RBCs. After 3 d in culture, the cells still preserve a strong inhibitory
effect similarly to fresh RBCs (P = 0.034) (Fig. S54). We then
transfected the RBCs with a GbX siRNA and analyzed the nitrite
bioactivation in the platelet assay. Knockdown of GbX completely
abolished the inhibitory effect in platelet activation seen with
scramble siRNA transfected cells (Fig. 5D and Fig. S5B). Thus, we
conclude that GbX is largely responsible for the fish RBCs’ capacity
to reduce nitrite and generate NO. This effect is magnified in fish
blood compared with human blood, consistent with selective GbX
expression in fish. It is unclear how the modest decrease in GbX
protein (33%, Fig. 4E) does translate into a complete inhibition of
platelet activation (Fig. 5D). To address this point, we have studied
the dose-response curves of platelet activation for a NO donor [3-(2-
hydroxy-2-nitroso-1-propylhydrazino)-1-propanamine (PAPA
NONOate)], nitrite, and recombinant GbX (Fig. 5 E and F and
Fig. S6). These curves show narrow ranges for the activation re-
sponse of the platelets, although the ranges seem broad enough
to provide a linear response in our experimental conditions
(Fig. 5 E and F and Fig. S6). Conversely, our experimental data
do indicate a significant effect of intracellular GbX on platelet
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activation in our system (Fig. 5D). This finding suggests a more
potent effect of GbX on nitrite signaling in the fish RBCs that re-
quires further investigation. It remains to be determined whether the
function of GbX is also modulated by other factors such as com-
partmentalization and/or membrane localization, and these factors
can induce a nonlinear behavior in nitrite-NO signaling.

Discussion

Zebrafish GbX was first characterized as a neuronal globin, found
predominantly in the zebrafish eye and brain (18). However, the
tissue distribution of GbX seems quite inconsistent compared with
the two other species where GbX has been studied, namely
goldfish (Carassius auratus) (2) and frog (Xenopus laevis) (28). In
both species, the mRNA seems to be absent in brain tissue, and
the mRNA levels seem similar across different tissues with spo-
radic increases in Xenopus eye or goldfish gut and liver. Thus, the
existing mRNA data are not consistent with a clear, tissue-specific
role of GbX. Whereas small amounts of the xgb mRNA transcript
were previously detected in the RBC of the three-spined stickle-
back (Gasterosteus aculeatus) and X. laevis, neither the presence of
the protein nor functional significance was described (15). Here
we definitively identify the xgb mRNA and protein in the zebrafish
and bass RBCs. The quantification of the transcript in zebrafish
RBC:s follows the trend of adult RBC proteins, showing a gradual
increase during development after 24 hpf, when the circulation
starts and the first wave of definitive hematopoiesis begins (29).
Thus, GbX mRNA ontology and protein localization are consis-
tent with the expression of a RBC protein.

The presence of a novel six-coordinate globin in fish RBCs is
remarkable, as Hb is commonly assumed to be the only RBC
globin. At the same time, we must consider what function such a
six-coordinate globin could determine in the blood. It is tempting
to speculate that GbX in RBCs may serve as a response mecha-
nism to hypoxia, delivering oxygen at very low oxygen tensions
when Hb is deoxygenated. The Ps, of zebrafish GbX ranges be-
tween 1.3 and 12.5 torr, depending on the pH and reducing con-
ditions (18). This value is within the range of respiratory globins,
but the low concentration of GbX (89.9 + 26.3 nM in bass blood;
Fig. S7) would still suggest a limited role in oxygen storage ca-
pacity. Moreover, the study of zebrafish globin expression under
hypoxia does not seem to support this hypothesis. After 24-48 h
under severe hypoxia (Po, = 4.1 kPa ~31 torr) there is no up-
regulation of GbX, and actually a significant decrease in xgb
mRNA was observed. Notably, there was a similar trend by iZba
and hbp, probably indicating that the decrease in xgb mRNA was
due to a general decrease in RBCs (30).

Most ancient globins have generally an enzymatic or sensing
function, whereas oxygen storage and transport is a more recently
evolved function (31). The six-coordinate geometry and mono-
meric form of GbX reflect the original coordination state of the
vertebrate globins (1) and it is more consistent with an electron
transfer functionality. GbX predates the appearance of tetrameric
vertebrate Hbs (32) and thus the oldest tetrameric Hbs most
probably coexisted with GbX in the ancestral fish RBCs. Despite
the loss of GbX in bird and mammalian genomes, the gene is still
preserved in fish, amphibians, and reptiles. Therefore, the elucida-
tion of the functional properties of GbX may help establish primacy
of certain functions that are conserved and shared across globins.

The role of nitrite as an exogenous source of NO has gathered
increasing attention as it can increase NO bioavailability under
physiological hypoxemic conditions and provide beneficial effects
in the treatment of cardiovascular diseases (33, 34). In this regard,
it is now recognized that deoxygenated Hb in mammalian blood
can reduce nitrite to NO in vivo, and thus modulate blood pres-
sure, hypoxic vasodilation, mitochondrial respiration and the in-
hibition of platelet activation (11, 35). The function of NO and
nitrite in fish metabolism has been explored only recently (36-38).
Nitrite and nitrate levels detected in the bass plasma are in similar
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ranges to the reported values for carp and goldfish (Fig. S8) (36,
39). Altogether, the new reports indicate that NO metabolism is
important in the response of fish to hypoxia. Although NO syn-
thases are oxygen dependent, NO metabolites in goldfish are
maintained at similar levels during normoxia/hypoxia, indicating
that additional mechanisms to preserve NO homeostasis are at play
during hypoxia (36). Nitrite reduction to NO appears to be a main
factor in these hypoxia-dependent mechanisms. The decrease in
oxygen concentration increases the intracellular concentrations of
nitrite, probably to serve as a reservoir of NO for signaling (36).
Hypoxia-tolerating fish have Hbs with faster nitrite reductase ac-
tivities (38). Similar trends have been observed in hypoxia-resistant
turtles (40). It is conceivable that GbX plays a role in the hypoxic
adaptation of these organisms, whereas mammals have relied on
alternate mechanisms of nitrite reduction in hypoxic tissue.

The nitrite reduction rate constant of zebrafish GbX is among
the fastest reported for globins, in a similar range to the values
measured for bacterial flavoHb and plant Hbs and up to 200-fold
faster than mammalian globins (4, 41, 42). This finding suggests a
specialized function of GbX as a nitrite reductase at lower oxygen
tensions. We observed that recombinant GbX is able to generate
NO from nitrite in vitro and inhibited platelet aggregation in cell
systems with stronger effects than deoxygenated human Hb. Cul-
tured fish RBCs can also prevent platelet activation in the pres-
ence of nitrite, but more significantly, the siRNA knockdown of
GbX in fish RBCs impaired this anticoagulation effect. Therefore,
we hypothesize that this reaction in fish blood is physiologically
relevant and leads to activation of downstream pathways that
might be conserved between humans and fish. Whether the bi-
ological targets of bioactivated nitrite are the fish thrombocytes,
(homologs of the mammalian platelets) or other cells, still remains
to be determined. The presence of a six-coordinated globin in the
blood, with robust nitrite reductase activity and capable of re-
leasing NO at biologically active levels, underscores the biological
relevance of ancient globins as biologically relevant nitrite reductases.
Further studies, including gene disruption analysis, are needed to
establish the present physiological roles of GbX. Establishing the
function of GbX in fish blood may help to elucidate the broader roles
of cellular six-coordinate globins in biology.

Materials and Methods

Fish Care. WT (AB strain) zebrafish (Danio rerio) were maintained according
to standard protocols (43). The zebrafish experiments were performed according
to protocol approved by the Institutional Animal Care and Use Committee
(IACUQ) at the University of Pittsburgh that conforms to the NIH guidelines.
Blood from striped bass (M. saxatilis) was purchased from a local fish market.

Transcript Analysis. The xgb transcript was evaluated by whole mount in situ
hybridization as previously described (44) using a riboprobe synthesized
against the full xgb transcript. The samples were then embedded in JB-4 plastic
resin and sectioned (45). Tissue extraction and RT-PCR performed according to
methodologies previously described (22) and detailed in S/ Materials and
Methods. For gRT-PCR we used pools of 30 embryos for each stage of devel-
opment and a pool of blood from 25 adult zebrafish. Analysis with Tagman
probes and relative quantification of the transcript was performed according
to standard procedures (Applied Biosystems).

Immunohistochemistry and Western Blotting. Immunohistochemistry was
performed on cryosections of embryos and adult brain (46) or on adult fish
blood using a custom anti-GbX antibody (1:500 dilution) (LifeTechnologies).
For Western blot we extracted the proteins from a pool of 30 embryos or
cultured RBCs in radio immunoprecipitation assay buffer (Santa Cruz Bio-
technology). To quantify the protein, we used total protein normalization
methods using stain-free gels and blot methodology described in detail in S/
Materials and Methods (Bio-Rad) (47). Immunogold was performed by
standard procedures on 30-nm cryosections.

Recombinant GbX Protein Studies. For biochemical studies, the complete

D. rerio xgb, cygb1, cygb2, and ngb genes (22) were cloned into the pET-28a
expression vector between the Ndel and Hindlll sites. The expressed protein
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incorporates an N-terminal His tag. The resulting plasmid was transformed
into E. coli SoluBL21 cells (Genlantis) and used to induce the protein expression
in vitro. Recombinant GbX was purified by Ni-nitrilotriacetic acid (Ni-NTA)
agarose chromatography using an AKTA Purifier 10 FPLC system (GE Health-
care) with UNICORN software. Protein purity was assessed by SDS-PAGE and
UV-visible spectroscopy. Nitrite reduction experiments, autoxidation rates, and
redox potential were measured as previously described (20).

Measurements of NO Formation by Ozone-Based Chemiluminescence. A Sievers
nitric oxide analyzer (NOA) (model NOA 208i), equipped with a liquid sampling
purge system (GE Healthcare) was used to monitor NO production. The cali-
bration was performed with known amounts of sodium nitrite using triiodide
(I73) assays (S Materials and Methods) (48). The assays with proteins and RBCs
were conducted in PBS with 10 mM sodium nitrite in 2 mL volume reaction.
The proteins were reduced by the addition of 500 pM sodium dithionite to the
reaction mix. The concentration of the heme-RBCs used in the NOA injections
was 28 uM and 50 uM for the fish and human samples, respectively, and it was
calculated by spectrophotometric analysis of the cell lysate. For the protein
experiments, the data were first integrated to calculate the amount of NO
accumulation over a 6-s reaction calculated around the maximum peak
reached. For the RBC experiments, we used a 30-s time window. We used
Origin Lab software (version 8.6) to calculate NO formation rates.

RBCs in Vitro Cultures. Blood from striped bass was extracted, washed in PBS,
and cultured as 5 x 107 cells/mL in RPMI-1640 (Gibco 11875-093) with 10%
FBS, 100 units/mL penicillin, and 100 ug/mL streptomycin (Gibco 15140-122)
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in six-well plates for 3 d at 28.5 °C, 5% CO; in a cell incubator. The cell
mortality was monitored every day with Trypan Blue staining. A total of 96—
98% viable cells were detectable throughout the entire experiment. Trans-
fection with control (scramble) siRNA and GbX siRNA (Ambion; 4399667 and
4399665) in Lipofectamine RNAi Max reagent (Thermo Fisher; 13778-150)
was performed after a 4-h initial culture following Lipofectamine RNAiMax
transfection procedure (Life Technologies), and cells were harvested for
analysis on day 3.

Platelet Activation Assays. PRP preparation, deoxygenation of reagents, and
activation assays were run as described previously using PAC-1 and CD61 an-
tibodies for detection by flow cytometer (11). In the assays with recombinant
GbX and human or fish RBCs, we used 10 uM ADP for platelet activation. In the
assays with cultured RBCs, we used 1 pM ADP. The concentration of nitrite and
sodium dithionite was 10 pM. We used 20 pM GbX and 20 pM and 100 pM Hb.
We used 15% Hct for the human RBCs and fish RBCs, fresh and in culture.
cPTIO and ODQ were used at the concentrations of 500 uM and 1 pM, re-
spectively. Deoxygenated RBCs were prepared by circulating wet nitrogen on
the RBC samples as described (11). Data were plotted as a function of the
maximal activation (100%) recorded in the presence of ADP for the assays with
the proteins or in the presence of ADP and RBCs for the assays with RBCs.
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