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A neuroglobin-based high-affinity ligand trap reverses
carbon monoxide-induced mitochondrial poisoning
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Carbon monoxide (CO) remains the most common cause of
human poisoning. The consequences of CO poisoning include
cardiac dysfunction, brain injury, and death. CO causes toxicity
by binding to hemoglobin and by inhibiting mitochondrial cyto-
chrome c oxidase (CcO), thereby decreasing oxygen delivery and
inhibiting oxidative phosphorylation. We have recently devel-
oped a CO antidote based on human neuroglobin (Ngbh-H64Q-
CCC). This molecule enhances clearance of CO from red blood
cells in vitro and in vivo. Herein, we tested whether Ngb-H64Q-
CCC canalso scavenge CO from CcO and attenuate CO-induced
inhibition of mitochondrial respiration. Heart tissue from mice
exposed to 3% CO exhibited a 42 = 19% reduction in tissue
respiration rate and a 33 * 38% reduction in CcO activity
compared with unexposed mice. Intravenous infusion of Ngb-

This work was supported in part by National Institutes of Health Grants F32
HL132418 and K08 HL136857 (to J.J.R.), R0O1T HL111706 (to C. P. O.), RO1
HL125886 (to J.T. and M. T. G.), RO1T HL098032, PO1 HL103455, T32
HL110849,and T32 HLO07563 (to M. T. G.), R01 GM113816 (t0 S.S.) and R21
ES027390 (to J. T.). This work was also supported by the National Institutes
of Health, NHLBI SMARTT (Science Moving towArd Research Translation
and Therapy) Program, the Institute for Transfusion Medicine, the Hemo-
philia Center of Western Pennsylvania (to M. T. G.), and Parker B. Francis
Foundation (toJ.J.R.).J.J.R,L.W,C.F. M., J. T.,and M. T. G. are sharehold-
ers in Globin Solutions. J. J.R.,, Q. X.,, A.W.D., J. T,,and M. T. G. are coinven-
tors of provisional, pending, and granted patents for the use of recombi-
nant neuroglobin and other heme-based molecules as antidotes for
carbon monoxide poisoning. J.J.R. and J. T. are officers and directors of
Globin Solutions, Inc. M. T. G. is a director and advisor of Globin Solutions,
Inc., which has licensed this technology and had an option to technology
directed at using hydroxycobalamin for carbon monoxide poisoning from
Virginia Commonwealth University that has expired. M. T. G. is a coinven-
tor on patents directed to the use of nitrite salts in cardiovascular diseases
licensed and exclusively optioned to Globin Solutions, Inc., which has a
sponsored research agreement with the University of Pittsburgh aimed at
developing carbon monoxide poisoning antidotes into therapeutics that
did not support the research contained in this grant that partially supports
the effortsof M. T. G, J. T, Q. X, X.C,Q.T.,and X. N. H,, M. T. G. is a coinves-
tigator in a research collaboration with Bayer Pharmaceuticals to evaluate
riociguate as a treatment for patients with sickle cell disease. The financial
conflicts of interest of J.J.R,, J. T, Q. X, LW, AW.D,, C.F.M.,and M. T. G.
were managed by the University of Pittsburgh Conflict of Interest Commit-
tee and a data stewardship committee. The content is solely the responsi-
bility of the authors and does not necessarily represent the official views of
the National Institutes of Health.

This article contains Figs. S1-S4.

' To whom correspondence should be addressed: University of Pittsburgh
Medical Center, 3459 Fifth Ave., Pittsburgh, PA 15213. Tel.: 412-6-2-2134;
Fax: 412-692-2260; E-mail: rosejj@upmc.edu.

2 These authors contributed equally to this work.

SASBMB

H64Q-CCC restored respiration rates to that of control mice
correlating with higher electron transport chain CcO activity in
Ngb-H64Q-CCC-treated compared with PBS-treated, CO-poi-
soned mice. Further, using a Clark-type oxygen electrode, we
measured isolated rat liver mitochondrial respiration in the
presence and absence of saturating solutions of CO (160 um)
and nitric oxide (100 um). Both CO and NO inhibited respira-
tion, and treatment with Ngb-H64Q-CCC (100 and 50 uwm,
respectively) significantly reversed this inhibition. These results
suggest that Ngb-H64Q-CCC mitigates CO toxicity by scaveng-
ing CO from carboxyhemoglobin, improving systemic oxygen
delivery and reversing the inhibitory effects of CO on mitochon-
dria. We conclude that Ngb-H64Q-CCC or other CO scavengers
demonstrate potential as antidotes that reverse the clinical and
molecular effects of CO poisoning.

Carbon monoxide (CO)* poisoning is estimated to affect
50,000 individuals in the United States every year (1), causing
mortality in 1-3% (1, 2). Long-term mortality in survivors of
CO poisoning is double compared with age-matched controls
and even higher in those patients who suffer a cardiac compli-
cation (3-5). Up to 40% of survivors will suffer permanent neu-
rological or cognitive deficits (6-10). The cardiovascular
effects of CO poisoning are significant. In patients hospitalized
for CO poisoning, one-third to one-half have been reported to
develop myocardial injury or left ventricular dysfunction (3, 11,
12). Physiological studies in animals show that CO poisoning
decreases systemic oxygen delivery, which is compensated for
by increased cardiac output and oxygen extraction (13). With
continued poisoning, these compensatory mechanisms are
overwhelmed, and the cardiomyocytes can be directly poi-
soned, leading to cardiovascular collapse (13).

CO toxicity is induced, in part, by the binding of CO to
hemoglobin (Hb), to form carboxyhemoglobin (HbCO). Hb has
an approximately 250-fold greater affinity for CO than for oxy-
gen (14). Upon binding, CO displaces oxygen from Hb, which

3 The abbreviations used are: CO, carbon monoxide; Hb, hemoglobin; HbCO,
carboxyhemoglobin; CcO, cytochrome ¢ oxidase; HBO,, hyperbaric
oxygen; ANOVA, analysis of variance; TMPD, N,N,N’,N’-tetramethyl-
p-phenylenediamine; FCCP, carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone.
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Reversal of CO-induced mitochondrial poisoning

decreases the oxygen carrying capacity of the protein. CO bind-
ing also stabilizes the “relaxed” or R-state high-ligand-affinity
conformation of Hb, which reduces oxygen unloading, result-
ing in decreased oxygen delivery throughout the body (1, 15).
Notably, although the formation of HbCO had long been con-
sidered the major mechanism of CO toxicity (16), the clinical
severity of the CO-poisoned patient does not directly correlate
with the blood HbCO level (6, 17). It is now recognized that in
addition to binding Hb, CO toxicity is potentiated by the bind-
ing of CO to other heme-containing proteins, including myo-
globin in heart and muscle tissue, and cytochrome c oxidase
(CcO; complex IV), the terminal respiratory complex in the
mitochondrial electron transport chain (1, 18-23).

Cytochrome ¢ oxidase is a well-characterized target of CO.
CO directly inhibits the enzyme by binding the heme a3 site of
CcO, resulting in the inhibition of respiration and oxidative
phosphorylation (22, 24, 26-30). Because of the competitive
binding of oxygen with CO to CcO, CO-dependent inhibition
of respiration is potentiated by hypoxia; the affinity of CcO for
CO being similar to oxygen (31, 32, 69-71). Further, hypoxia
favors the reduced state of the heme a3 of CcO, which pro-
motes CO binding to the reduced, ferrous heme (33, 34). In
addition to the loss of tissue ATP production caused by CO-de-
pendent inhibition of CcO, this inhibition is suggested to
potentiate superoxide production by the mitochondrion result-
ing in oxidative damage to cells and tissues (35). It has also been
proposed that excess CO can displace NO from heme-contain-
ing proteins and activate nitric-oxide synthase enzymes, caus-
ing a rapid rise in free NO (36). The increased NO can react
with superoxide to form peroxynitrite, leading to additional
nitrosative damage and further NO-dependent inhibition of
CcO (36-42).

Currently, the only therapeutic options available for CO-poi-
soned patients are normobaric oxygen and hyperbaric oxygen
(HBO,). Supplemental normobaric oxygen therapy and HBO,
significantly decrease the carboxyhemoglobin half-life from
270 min to 90 and 20 — 40 min, respectively (1, 15,43—-45). Some
clinical trials suggest that HBO, reduces long-term neurocog-
nitive morbidity after CO poisoning; however, it remains
unknown whether HBO, has mortality or cardiovascular ben-
efits (1, 43). A deliverable antidotal therapy is greatly needed,
especially for the most severely poisoned patients.

We have established a recombinant neuroglobin with four
point mutations: H64Q and three surface thiol substitutions
(C46G, C55S, and C120S): Ngb-H64Q-CCC. The H64Q muta-
tion increases CO affinity to a value 500-fold higher than Hb
(46) and thus renders Ngb-H64Q-CCC a potential antidote for
CO poisoning. The three surface thiol substitutions increase
protein solubility and limit oligomerization at high protein
concentrations (46). The concept of CO scavenging revolves
around a molecule that can reverse the binding of CO to Hb and
CcO.

We have shown that Ngb-H64Q-CCC can scavenge CO
from molecular Hb and packed red blood cell encapsulated Hb
(46). In a model of severe, lethal CO poisoning in ventilated
mice, the animals developed hypotension and cardiovascular
collapse, and only 10% of animals survived. Treatment with
Ngb-H64Q-CCC in this model increased the survival rate to
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87.5% at 40 min (46). The CO molecules were directly removed
via urinary excretion of CO-bound Ngb-H64Q-CCC (46).
Although the efficacy in removing CO from Hb in red cells and
in reversing cardiovascular collapse was demonstrated, the
effects of Ngb-H64Q-CCC on oxidative phosphorylation were
not tested (46). Herein we use both an in vivo CO exposure with
ex vivo biochemical measurement and an iz vitro model of CO
poisoning to test the hypothesis that Ngb-H64Q-CCC attenu-
ates CO-dependent inhibition of mitochondrial respiration.

Results

Ngb-H64Q-CCC restores tissue respiration in hearts from
CO-poisoned mice

Using a murine model of lethal CO poisoning, we previously
reported that Ngb-H64Q-CCC increases survival after expo-
sure to CO Ngb-H64Q-CCC (46). In the current study, the mice
were exposed to CO (30,000 ppm; 4.5 min) and then treated
with either PBS (as a control) or Ngb-H64Q-CCC (11 £ 0.2 um)
(Fig. 1A). Treatment with Ngb-H64Q-CCC increased survival
rate of the mice to 88% as compared with only 10% with control
PBS infusions (46). To determine whether Ngb-H64Q-CCC
reversed CO-dependent inhibition of respiration in this in vivo
CO exposure with ex vivo biochemical measurement model, we
next assessed respiration in the cardiac tissue recovered from
mice in this model (Fig. 1B). Heart tissue from mice exposed to
CO and treated with PBS showed significant inhibition of state
3 respiration (45 nmol oxygen/mg/min) compared with heart
tissue from mice not treated with CO (78 = 15 nmol/mg/min)
(58 £ 19%; Mann—Whitney test, p = 0.032; Fig. 1C). Treatment
of mice with Ngb-H64Q-CCC after CO exposure restored tis-
sue respiration to 87 * 34 nmol/mg/min, similar to control
tissue, and to rates significantly higher than CO-poisoned mice
treated with PBS (p = 0.016; Fig. 1C). These data demonstrate
that CO-dependent inhibition of respiration occurs in an in
vivo CO exposure with ex vivo biochemical measurement and
that Ngb-H64Q-CCC is able to reverse this inhibition.

Treatment with Ngb-H64Q-CCC restores the activity of
complexes I, Il, and IV of the electron transport chain
after CO poisoning

To determine whether the protective effect of Ngb-H64Q-
CCC in the in vivo CO exposure model altered mitochondrial
electron transport chain enzymatic activity, we next performed
spectrophotometric assays to measure the activities of the com-
plexes in heart tissues isolated immediately after CO poisoning
in this in vivo model. Consistent with CO-mediated inhibition
of CcO, CcO activity was decreased in mice exposed to CO and
treated with PBS compared with sedated control mice (210 =
79 versus 310 £ 91 k/min/ng protein, Mann—Whitney test, p =
0.021; Fig. 1F). Animals treated with Ngb-H64Q-CCC after CO
exposure showed significantly higher CcO activity compared
with those treated with PBS (330 £ 80 versus 210 = 79, p =
0.042) and similar to control mice (p = 0.83). Interestingly, in
addition to inhibition of CcO activity, the activities of complex
I and complex II were also significantly decreased with CO
exposure (53 = 42% for complexIand 57 * 16% for complex II).
However, the activity of these enzymes was restored to the lev-
els of control when exposed to CO and then treated with Ngb-
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Figure 1.A, severe CO-poisoning experiment design as described by Azarov et al. (46). Ventilated mice, sedated with 1.5% isofluorane, were exposed for 4.5 min
of 30,000 parts per million CO gas. After exposure, Ngb-H64Q-CCC or PBS were infused for 2 min. Mouse arterial blood pressure and heart rate were measured
for 40 min or until death. Using hearts recovered from animals in these experiments, we evaluated whether Ngb-H64Q-CCC reversed CO-dependent inhibition
of respiration in an in vivo CO exposure with ex vivo biochemical measurement. Control animals were sedated with 1.5% isofluorane but not exposed to CO gas.
The hearts were immediately removed upon death of the animal or sacrificed after 40 min of exposure at the cessation of the experiment (or 20 min in sedated
control mice). The mouse heart was homogenized, and tissue respiration was measured after the addition of pyruvate, malate and ADP with a Clark-like
electrode respiration system. B, rates were adjusted for protein level confirmed with BCA (representative raw traces). C, in CO-treated mice infused with PBS,
respiration of heart tissue was significantly inhibited at 58 = 19% of the rate of control (Mann-Whitney test; *, p = 0.032). Treatment with Ngb-H64Q-CCC
restored tissue respiration to the level of control (Mann-Whitney test; p = 0.55) and to rates significantly higher than CO-poisoned mice treated with PBS (p =
0.032, *). D, to evaluate the effects of severe CO poisoning on the components of the electron transport chain, the same heart homogenate tissue underwent
spectrophotometric kinetic assays. Complex | activity in animals treated with Ngb-H64Q-CCC was significantly higher than those treated with PBS (400 = 52
versus 150 = 64 pmol/min/mg protein; Mann-Whitney test; ***, p = 0.001) and similar to control (290 = 130; p = 0.13). E, CO-poisoned animals treated with
neuroglobin showed complex Il activity levels higher than those treated with PBS (110 = 35 versus 71 = 11 pmol/min/mg protein; *, p = 0.029) and similar to
control (120 =+ 48; p = 0.72). F, animals treated with Ngb-H64Q-CCC after CO exposure showed significantly higher complex IV activity compared with those
treated with PBS (330 = 80 versus 210 = 79 k/min/ng protein; *, p = 0.042) and similar to sedated controls (310 = 90; p = 0.83). G, citrase synthase activity, was
similar between all groups. All experiments were performed with at least n = 4 animals in each group. All statistical analyses were using the Mann-Whitney test
for these in vivo CO exposure with ex vivo biochemical measurement studies. riNgb, Ngb-H64Q-CCC.

H64Q-CCC (Fig. 1, D and E). The activity of citrate synthase, a
matrix TCA cycle enzyme used as control, was similar between
all groups (Fig. 1G).

NO inhibits mitochondrial respiration and Ngb-H64Q-CCC
reverses NO-induced inhibition of mitochondrial respiration
NO inhibits mitochondrial respiration by binding the binu-
clear center of CcO, similar to CO (29, 48—51). NO-dependent
inhibition can be reversed in vitro by NO scavengers such as Hb
and myoglobin (52-56). Ngb-H64Q-CCC is known to bind the
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gaseous ligands CO and NO with high-affinity constants (46,
47, 57). Thus, we first tested whether Ngb-H64Q-CCC could
reverse the well-established reversible, NO-dependent inhibi-
tion of respiration (52-56) utilizing isolated rat liver mitochon-
dria as a proof of concept to the mitochondrial-specific effects
of Ngb-H64Q-CCC.

Because NO and CO more potently inhibit respiration at
lower oxygen tensions, we first developed an experimental sys-
tem to measure mitochondrial respiration using a Clark-type
oxygen electrode at low oxygen tensions. This system allowed

J. Biol. Chem. (2020) 295(19) 6357-6371 6359
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Figure 2. In vitro effects of NO on mitochondrial respiration and reversal by Ngb-H64Q-CCC treatment. Four experimental arms were used. For control,
isolated liver mitochondria was respired to hypoxia after addition of succinate and ADP. A, after hypoxia, 50 ul of aerobic PBS was added and allowed to respire
to hypoxia three times (labeled raw data). B, for NO only, initially 50 .l of aerobic PBS was added and respired to hypoxia, and then aerobic PROLI-NONOate (50
M) was added into the chamber to inhibit respiration. The small amount of oxygen dissolved in the PROLI-NONOate solution increased the oxygen but
demonstrated inhibition of respiration. Further injection of 50 ul of aerobic PBS into the chamber increased oxygen concentration; however, respiration
remained inhibited until the NO released from PROLI-NONOate began diffusing from the chamber (not pictured). C, for Ngb-H64Q-CCC only, 50 ul of aerobic
PBS was added and respired to hypoxia twice. Oxygen-bound Ngb-H64Q-CCC was added to a concentration of 50 um to the chamber and respired again to
hypoxia. D, for NO + Ngb-H64Q-CCC, after the initial aerobic PBS (step 1), PROLI-NONOate (step 2) was added, followed by oxygen-bound Ngb-H64Q-CCC to
a concentration of 50 um (step 3) (labeled raw data). Inset, comparison of NO-inhibited respiration versus Ngb-H64Q-CCC-treated post-NO exposure respira-
tion). The rate of the final respiration rate was compared with the initial reoxygenation respiration rate for each arm (rate respiration final step/rate of
respiration initial step). E, the ratios were compared between groups. Control rates had no effect of respiration versus initial reoxygenation. Exposure to
PROLI-NONOate with reoxygenation by aerobic PBS decreased respiration to 2 = 1% of the initial rate. In mitochondria that were exposed to PROLI-NONOate
and then treated with Ngb-H64Q-CCC, respiration was 61 = 22% of the initial rate (unpaired Welch's t test NO-exposed and NO-exposed, Ngb-H64Q-CCC-
treated mitochondria; ***, p = 0.0001). In an unmatched regular two-way ANOVA, we determined that there was a significant interaction between Ngb-H64Q-
CCC and exposure to NO (interaction term; **** p < 0.0001; single line) (F, representative raw traces compared). rNgb, Ngb-H64Q-CCC.

for repeated measures of respiration in the same mitochondrial
sample. Isolated rat liver mitochondria were suspended in a
Clark-type oxygen electrode chamber and stimulated to respire
with the addition of succinate (7.5 mMm) and ADP (7.5 mm).
Once the mitochondria consumed all the initial oxygen in the
chamber, 50 ul of aerobic PBS was injected to partially reoxy-
genate the chamber, and the new rate of respiration was mea-
sured as the injected oxygen was consumed. The process was
performed three consecutive times in the control condition
(no addition of NO or Ngb-H64Q-CCC). There was no sig-
nificant difference between the three measured rates of res-
piration (Fig. 2A4).

6360 J. Biol. Chem. (2020) 295(19) 6357-6371

To test the effect of NO on mitochondrial respiration, after
adding 50 ul of aerobic PBS to the hypoxic chamber to measure
the initial respiration rate for comparison, 50 um of the NO
donor PROLI-NONOate (ti,, = 1.8 s at 37°C, pH 7.4) was
added. A small amount of oxygen dissolved in NO donor solu-
tion increased the oxygen concentration of the chamber, but no
respiration was observed, indicating complete mitochondrial
inhibition. Even with an additional injection of aerobic PBS,
respiration remained inhibited to 2 = 1% of the initial rate (Fig.
2B). To test whether Ngb-H64Q-CCC alone had an effect
on respiration, oxygen-bound Ngb-H64Q-CCC (50 um) was
added to the chamber after two aerobic PBS additions and
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ensuing respiration to 0% oxygen (Fig. 2C). To test whether
Ngb-H64Q-CCC could reverse NO-dependent mitochondrial
inhibition, after aerobic PBS addition to establish an initial res-
piration rate, PROLI-NONOate was added, inhibiting mito-
chondrial respiration, followed by the addition of oxygen-
bound Ngb-H64Q-CCC (Fig. 2D).

To analyze these data, the final respiration rate after the third
addition to the chamber was calculated as a percentage of the
initial respiratory rate (after the first addition of PBS) (Fig. 2E).
Exposure to PROLI-NONOate significantly inhibited respira-
tion to 2 * 1% of the initial rate. Although Ngb-H64Q-CCC
alone had no significant effect on respiration rate, Ngb-H64Q-
CCCincreased the respiration rate (61 * 22% of the initial rate)
of mitochondria that were inhibited by PROLI-NONOate,
indicative of a reversal of inhibition (unpaired Welch’s ¢
test NO-exposed and NO-exposed, Ngb-H64Q-CCC-treated
mitochondria; p = 0.0001). In an unmatched, two-way
ANOVA, we determined that there was a significant interac-
tion between Ngb-H64Q-CCC and exposure to NO (interac-
tion term, p < 0.0001; representative raw traces compared in

Fig. 2F).

Ngb-H64Q-CCC reverses CO-dependent inhibition of
mitochondrial respiration

Given the validation of the respirometry model of serial
reoxygenation with NO-induced mitochondrial inhibition and
subsequent restoration of respiration with Ngb-H64Q-CCC,
we sought to determine the whether Ngb-H64Q-CCC could
reverse CO-induced respiratory inhibition. Controls and
experiments were performed in a similar manner to those with
NO (Fig. 2), except that upon addition of CO to the chamber,
the solution was allowed to remain at low oxygen tension for
60 s to facilitate CO binding to CcO because of the higher affin-
ity of CO for the complex in hypoxia (35, 58). Additionally, CO
was delivered using 100 ul of CO-saturated PBS to a concen-
tration of ~160 uMm (confirmed by measuring spectroscopic
change of solution combined with a known concentration of
deoxy-hemoglobin). The CO solution was consequently anaer-
obic; to measure a CO-inhibited respiration rate, aerobic PBS
was added to the system. An additional bolus of aerobic PBS
demonstrated persistent inhibition of respiration (Fig. 3B) to
45 £ 8% the initial rate. The addition of oxy-Ngb-H64Q-CCC
(which contains oxygen-bound Ngb-H64Q-CCC and aerobic
buffer) to CO-treated mitochondria restored mitochondrial
respiration (Fig. 3D) to 77 £ 14% of the initial rate (unpaired ¢
test CO-exposed and CO-exposed/Ngb-H64Q-CCC—treated
mitochondria; p < 0.0001; Fig. 3E). Oxygen concentration in
the chamber increased because of its displacement from oxy-
gen-bound Ngb-H64Q-CCC (Fig. 3D). In an unmatched regu-
lar two-way ANOVA, we determined that there was a signifi-
cant interaction between Ngb-H64Q-CCC and exposure to CO
(interaction term, p = 0.0007; representative raw traces com-
pared; Fig. 3F). As with the NO experiments, it should be noted
that oxygen-bound Ngb-H64Q-CCC had no effect on respira-
tion alone (Fig. 3, C and F).

Further, to assess for a potential dose effect of Ngb-H64Q-
CCC, both 10 and 150 uM of Ngb-H64Q-CCC were also tested
in this model (Fig. S1). There was a dose-dependent effect
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between 10 and 100 um of Ngb-H64Q-CCC (10 um had no
effect on respiration compared with 100 um, Student’s ¢ test,
p = 0.0002). There was no significant difference in the level of
respiration between 100 and 150 um Ngb-H64Q-CCC, indicat-
ing a maximized therapeutic effect observed at the 100 um level.

CO inhibition of CcO activity is the main cause of CO inhibition
of mitochondrial respiration in vitro

Because we observed inhibition of mitochondrial respiration
with CO exposure and partial restoration of mitochondrial res-
piration with Ngb-H64Q-CCC treatment, we next sought to
determine which electron transport complexes CO was inhib-
iting. We directly measured the effects of CO on complex I, II,
and IV activities using spectrophotometry. Activity levels were
determined in hypoxic conditions (2% oxygen) with and with-
out the presence of CO-saturated buffer solution. Complex I
activity was not significantly decreased by CO in isolation (79 =
4% of control, Welch’s ¢ test, p = 0.22) (Fig. 4A). Complex II
activity was not significantly decreased by CO in isolation (88 =
7% of control, Student’s ¢ test, p = 0.24) (Fig. 4B). CO exposure
significantly inhibited complex IV activity, with the CO-ex-
posed activity level at 33 = 5% of control (Welch’s ¢ test p =
0.0011) (Fig. 4C). These data demonstrate that in isolated mito-
chondria, CO-induced inhibition of mitochondrial respiration
is due to the inhibition of CcO.

Ngb-H64Q-CCC reverses NO-dependent inhibition of CcO
activity

To confirm that NO-dependent inhibition of respiration was
due to inhibition of CcO in our model, we directly measured the
effect of NO and Ngb-H64Q-CCC on CcO activity. N,N,N',N’-
tetramethyl-p-phenylenediamine (TMPD) (0.3 mm) and ascor-
bic acid (3.6 mm) were added to isolated mitochondria to
directly donate electrons to cytochrome ¢, bypassing complexes
I-III, such that all oxygen consumption measured was due to
CcO activity (59-61). Carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone (FCCP) (0.015 mm) was then used to uncou-
ple oxidative phosphorylation, maximizing oxygen consump-
tion rates by CcO (59-61). Oxygen was consumed at a steady
rate in the absence of any treatment (Figs. 54 and 6A). To estab-
lish the model, PROLI-NONOate (50 um) was again used to
inhibit CcO activity (2 = 1% of baseline) (Fig. 5B). The addition
of an equivalent of oxyNgb-H64Q-CCC rescued activity to
70 £ 9% of baseline (Fig. 5, D—F). Notably, addition of oxyNgb-
H64Q-CCC to the maximally respiring CcO alone significantly
decreased oxygen consumption (77 * 10% of baseline; Fig. 5, C
and E). This decrease could be due to heme-mediated lipid per-
oxidation or free heme-induced mitochondrial dysfunction
without the presence of excess CO or NO, which has previously
been reported in the literature (62—64).

Ngb-H64Q-CCC reverses CO-dependent inhibition of CcO
activity

After establishing CcO inhibition with NO and subsequent
rescue with oxyNgb-H64Q-CCC, we demonstrated the effect
of CO on CcO. In the presence of CO (and added aerobic PBS),
oxygen consumption significantly decreased to 24 * 5% of
baseline activity (Fig. 68). OxyNgb-H64Q-CCC was able to par-
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Figure 3. In vitro effects of CO on mitochondrial respiration and reversal by Ngb-H64Q-CCC treatment. Experiments were performed in a similar manner
to the NO testing; however, instead of PROLI-NONOate, 100 wl of CO-saturated PBS (to a concentration of ~160 um) was added to the chamber. Additionally,
because CO has a higher affinity for cytochrome ¢ oxidase in hypoxia, the chamber was left in hypoxia for 60 s before adding additional aerobic PBS. The
CO-saturated PBS did not contain oxygen; therefore 50 ul of PBS was added to demonstrate CO-slowed mitochondrial respiration. B, an additional 50 ul of
aerobic PBS was used to show persistent inhibition of respiration (labeled raw data). A and C, controls were similar to the NO experiments (Fig. 2): no exposure
to CO or Ngbh-H64Q-CCC and addition of 100 um Ngbh-H64Q-CCC without the presence of CO. D, to demonstrate the effect of Ngb-H64Q-CCC, in the final step,
instead of PBS, aerobic, oxygen-bound Ngb-H64Q-CCC was added to a concentration of 100 um to the chamber. This increased the oxygen concentration in the
chamber, and the mitochondria respired at an increased rate (labeled raw data). Inset, comparison of CO-inhibited respiration versus Ngb-H64Q-CCC-treated
post-CO exposure respiration). £, Control rates had little effect of respiration versus initial reoxygenation. Exposure to CO with reoxygenation by aerobic PBS
decreased respiration to 45 =+ 8% of the initial rate. In mitochondria that were exposed to CO but treated with Ngb-H64Q-CCC, respiration was 77 * 14% of the
initial rate (unpaired Student’s t test CO-exposed and CO-exposed, Ngb-H64Q-CCC-treated mitochondria; p < 0.0001, ****).In an unmatched regular two-way
ANOVA, we determined that there was a significant interaction between Ngb-H64Q-CCC and exposure to CO (interaction term; ***, p = 0.0007; single line)
(F, representative raw traces compared). rNgb, Ngb-H64Q-CCC.

tially rescue CcO activity in the CO-exposed mitochondria to  soned by CO, the effects of Ngb-H64Q-CCC on mitochondrial

39 = 6% of baseline activity (p < 0.0001; Fig. 6D). These data
(Fig. 6, E and F), although confounded by the lower respiration
rate caused by rNgb itself in the isolated CcO model (Figs. 5C
and 6C), indicate that CO inhibits CcO activity and that Ngb-
H64Q-CCC reverses this inhibition.

Discussion

It has been established that Ngb-H64Q-CCC rapidly binds
CO invitro and in vivo and decreases the half-life of the HbCO
species in red blood cells from >200 min to less than 25 s (46).
Although Ngb-H64Q-CCC causes a dramatic therapeutic
effect in terms of increasing the survival of mice severely poi-
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respiration have not been directly examined. In the heart tissue
of mice subjected to severe CO poisoning, intravenous treat-
ment with Ngb-H64Q-CCC restored inhibited heart tissue res-
piration and restored the activity of electron transport enzyme
complexes I and II and CcO. Although the severity of the poi-
soning model could lead to hypoxic and reactive oxygen species
related damage to tissue function, there is a clear restoration of
tissue respiration with Ngb-H64Q-CCC treatment despite
treated mice initially suffering severe poisoning and hypoten-
sion. These effects were also observed in isolated mitochondria
exposed to CO and NO, clearly demonstrating that Ngb-
H64Q-CCC reverses CO- and NO-dependent mitochondrial
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Figure 4. In vitro effects of CO on complex |, II, and IV activity. Activity levels were determined at hypoxic conditions (2% oxygen) with and without the
presence of CO-saturated buffer solution. A, complex | was not significantly reduced by CO in isolation (79 = 4% of control; Welch's t test; p = 0.22). B, complex
Il was not significantly reduced by CO in isolation (88 * 7% of control; Student’s t test; p = 0.24). C, complex IV activity after CO exposure was significantly
reduced, with the CO-exposed activity level 33 = 5% of control (Welch's t test; **, p = 0.0011).

inhibition in vitro as well. Combined, these results suggest that
Ngb-H64Q-CCC scavenges CO from not just carboxyhemo-
globin, as demonstrated previously (46), but also scavenges CO
directly from the CO-inhibited mitochondrial CcO. Through
CO scavenging, Ngb-H64Q-CCC reverses one of the key mech-
anisms of CO toxicity.

Neuroglobin is a cellular hemoprotein expressed in brain and
retina that protects cells from death after ischemia and reper-
fusion injury (46, 65—68). A mutation of the distal histidine to
glutamine (H64Q) dramatically increases the affinity for CO
(46). The comparison of the binding properties of Ngb-H64Q-
CCC with Hb and CcO (Table 1) indicates that Ngb-H64Q-
CCC has almost 500-fold greater affinity for CO than Hb and
more than 80,000-fold greater affinity for CO than CcO (46,
69-73). The measured M value (K, CO/K, O,) for Ngb-H64Q-
CCCis 9.7 X 103, suggesting preferential binding of CO even in
the presence of oxygen (Table 1) (46). The low M value of CcO,
calculated as 1.3 X 107", indicates a moderate affinity toward
CO in the presence of oxygen and can explain the stronger
inhibitory effects of CO in hypoxia for CO-induced mitochon-
drial respiration inhibition observed (69-72). The binding
properties of Ngb-H64Q-CCC indicate that Ngb-H64Q-CCC,
and in general a molecule capable of scavenging CO from Hb, is
also a feasible scavenger of CO from CcO.

When tested in a severe mouse model of CO poisoning that
causes bradycardia, hypotension, and death, therapy with Ngb-
H64Q-CCC reverses the deleterious effects of CO compared
with PBS control-treated animals (46). Ngb-H64Q-CCC scav-
enged CO from carboxyhemoglobin and improved lactate
clearance, suggesting improved oxygen delivery (46). In the
current study, we demonstrate the reversal of CO-induced tis-
sue respiration and CcO inhibition in heart tissue from these
same mice. Treatment with Ngb-H64Q-CCC normalized heart
tissue homogenate oxygen respiration in the CO-poisoned ani-
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mals (Fig. 1B) as well as CcO activity levels (Fig. 1D). These data
suggest removal of CO bound to a ferrous heme center of CcO
by Ngb-H64Q-CCC, attributed to neuroglobin’s higher affinity
for CO (K, = 3.8 X 10" M) versus CcO (K, = 4.4 X 10°M™ )
(Table 1) (46, 69-72). Because CO and NO are freely diffusible
ligands, Ngb-H64Q-CCC does not need to be taken up by cells
to work: it traps the CO outside the cells, shifting the equilib-
rium and favoring diffusion of CO out of mitochondria and
cells, leading to further scavenging. Further, because of the
preferential scavenging for CO by Ngb-H64Q-CCC and the
higher affinity of CO for oxygen bound to Ngb-H64Q-CCC,
the antidotal oxy-form of Ngb-H64Q-CCC releases its bound
oxygen, delivering oxygen to the hypoxic tissue. This phenom-
enon is best observed in the in vitro studies, where an increase
of oxygen is observed in the sealed reaction chamber after oxy-
Ngb-H64Q-CCC delivery only in the presence of CO, but not
when the oxygen-bound protein was injected to non—-CO-ex-
posed respiring mitochondria (Figs. 3, Cand D, and 6, C and D).
Moreover, this effect of increased oxygen release after oxy-
Ngb-H64Q-CCC delivery was not observed in our NO experi-
ments in vitro (Fig. 5D), presumably because of the NO dioxy-
genation reaction, in which oxygen-bound globin proteins in
the presence of NO yield nitrate and the corresponding met-
form of globin protein at near diffusion limited rates (74). These
results suggest Ngb-H64Q-CCC acts through three mecha-
nisms to mitigate the toxicity of CO poisoning: 1) scavenging of
CO from carboxyhemoglobin allowing for improving systemic
oxygen delivery, 2) reversing the inhibitory effects of CO on
mitochondria and specifically cytochrome ¢ oxidase allowing
for improved oxygen utilization, and 3) directly delivering oxy-
gen to hypoxic tissue itself by releasing an oxygen molecule
upon scavenging CO molecules from inhibited mitochondria
and Hb.
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Figure 5. In vitro effects of NO on complex IV activity and reversal by Ngb-H64Q-CCC treatment. To demonstrate the specific effect of NO on complex IV
activity in isolated rate mitochondria, a closed chamber with a Clark-like oxygen electrode was utilized. Here, instead of succinate and ADP as substrates for
oxidative phosphorylation, a combination of FCCP, TMPD, and ascorbic acid was added. These substrates facilitate the direct transfer of electrons to
cytochrome ¢ and vis-a-vis reflect cytochrome ¢ oxidase activity. A-D, four conditions were measured: baseline level of TMPD-ascorbate-driven
respiration (labeled raw data, A), respiration after the addition of 50 um of PROLI-NONOate (B), respiration after the addition of 50 um chamber
concentration of Ngb-H64Q-CCC (C), and finally, respiration after the addition of 50 um of PROLI-NONOate, followed by the addition of 50 um of
Ngb-H64Q-CCC (D). These rates were compared with the average rate of baseline TMPD-ascorbate-driven respiration for a given day of experiments
and the same animal (measured TMPD-ascorbate-driven respiration rate/average baseline TMPD-ascorbate-driven respiration rate). E, these ratios
were compared between experimental arms. Here the addition of Ngb-H64Q-CCCitself slowed complex IV activity to 77 == 10% of baseline. The addition
of NO slowed complex IV activity to 2 = 1% of baseline. The addition of Ngb-H64Q-CCC after NO lead to a respiration rate of 70 = 9% of baseline,
markedly higher than NO untreated complex IV activity (unpaired Welch’s t test; **** p < 0.0001). In an unmatched regular two-way ANOVA, we
determined that there was a significant interaction between Ngb-H64Q-CCC and exposure to NO (interaction term; **** p < 0.0001; single line)

(F, representative raw traces compared). rNgb, Ngb-H64Q-CCC.

In addition to inhibiting CcO, severe CO poisoning de-
creased complex I and II activity in mice in heart tissue
extracted from CO-poisoned mice. Treatment with Ngb-
H64Q-CCC restored complex I and II activity levels to control
levels. In our in vitro studies directly exposing isolated mito-
chondria to CO, we showed that complex IV is inhibited signif-
icantly by CO, whereas complexes I and II are not (Fig. 4). We
then showed that CO-induced CcO inhibition is partially
reversed by treatment Ngb-H64Q-CCC (Fig. 6). Although
alterations in complexes I and II have not classically been
associated with CO poisoning, decreases in complex I and II
activity were recently reported in the peripheral blood
mononuclear cells of acutely CO-poisoned patients (75-77).
This was similar to our observation of complex activities in
heart homogenate from our in vivo CO exposure model.
Cytochrome b, in complex II of bovine heart was reported
to react with carbon monoxide when isolated from the mem-
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brane-anchoring protein fraction of bovine heart mitochon-
drial succinate-ubiquinone reductase; however, no reactivity
with CO was observed when cytochrome b, was isolated
intact (78). It is possible that homogenization of the heart
tissue from the in vivo model altered complex II structure in
a similar manner.

Although some possible molecular effects of CO have been
noted in complex II, more likely in the setting of in vivo CO
exposure, complexes I and II are affected more from the sec-
ondary clinical effects of severe CO poisoning, such as hypoten-
sion, systemic hypoxia, and ensuing ischemia-reperfusion
injury. Those animals treated with PBS were unable to recover
from cardiovascular shock in contrast to the recovery seen in
Ngb-H64Q-CCC-treated mice. Both complex I and Il activities
are known to be decreased in septic shock, cardiogenic shock,
and ischemia-reperfusion injury (79-81). Hypoxia alone can
decrease complex I activity (82). Although inhibition of CcO by
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Figure 6. In vitro effects of CO on complex IV activity and reversal by Ngb-H64Q-CCC treatment. To demonstrate the specific effect of CO on complex IV
activity in isolated rate mitochondria, a closed chamber with a Clark-like oxygen electrode was utilized. A combination of FCCP, TMPD, and ascorbate were
added to demonstrate cytochrome c oxidase activity. A-D, four conditions were measured: baseline level of TMPD-ascorbate-driven respiration (labeled raw
data, A), respiration after the addition of 200 um CO in CO-saturated PBS followed by 100 wl of aerobic PBS (B), respiration after the addition of 100 um chamber
concentration of oxygenated-Ngb-H64Q-CCC (C), and finally, respiration after the addition of 200 um CO in CO-saturated PBS followed by 100 um of oxygen-
ated-Ngb-H64Q-CCC (D). These rates were compared with the average rate of baseline TMPD-ascorbate-driven respiration for a given day of experiments and
the same animal. £, the ratios between experimental arms were compared. In these experiments, the addition of Ngb-H64Q-CCC itself slowed complex IV
activity to 62 = 7% of baseline. The addition of CO slowed complex IV activity to 24 = 5% of baseline. The addition of Ngb-H64Q-CCC after CO lead to a
respiration rate of 39 = 6% of baseline, markedly higher than CO-exposed, untreated complex IV activity (unpaired Student’s t test; **** p < 0.0001). In an
unmatched regular two-way ANOVA, we determined that there was a significant interaction between Ngb-H64Q-CCC and exposure to CO (interaction term;
**¥% p < 0.0001; single line) (F, representative raw traces compared). rNgb, Ngb-H64Q-CCC. #, Figs. 5A and 6A show the same control conditions, represented
for clarity.

Table 1
Binding parameters for oxygen and CO of Hb, hNgb, Ngb-H64Q-CCC, and CcO

R, R state; T, T state; hNgb, human neuroglobin; Ngb-H64Q-CCC, recombinant neuroglobin with H64Q and three surface thiol substitutions (C46G, C55S, and C120S)
(46, 69-73).

0, co
Molecule ko, Koge K, Ko Koge K, M (K, CO/K, O,)
mtst st mt Mgt st mt
Hb R” 5.0 X 107 1.5 X 10" 3.3 X 10° 6.0 X 10° 1.0 X 1072 6.0 X 108 1.8 X 10?
Hb T* 4.5 X 10° 1.9 X 10° 2.4 X 10° 8.3 X 10* 9.0 X 1072 9.2 X 10° 3.9 X 10?
hNgb” 2.5 X 108 0.8 3.1 X 108 6.5 X 107 1.4 X102 4.6 X 10° 1.5 X 10!
Ngb-H64Q-CCC” 7.2 X 108 18 4.0 X 107 1.6 X 10® 42X 10°* 3.8 X 10! 9.5 X 10°
CcO? 1.0 X 10% to 10 1.0 X 107 to 7.0 X 10*to 2.2 X102 3.0 X 10° to 1.0X 10 ' to
6.0 X 108 6.0 X 107¢ 1.2 X 10° 6.0 X 10° 6.0 X 1071¢

“ Derived from Refs. 46, 69, and 73.

? Derived from Refs. 69 -71.
¢ Value calculated from prior reported k,,, and k¢ values.

CO could cause upstream mitochondrial ROS generation, lead-
ing to oxidation of complexes I and II, decreasing activity levels,
we did not observe direct inhibition of complex I and IT activity
by CO in our in vitro studies (82-86).
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There was incomplete recovery of CO-induced mitochon-
drial respiration inhibition and CcO inhibition with the treat-
ment of Ngb-H64Q-CCC in the in vitro system. We did not
observe full reversal with increased concentration of Ngb-
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H64Q-CCC (Fig. S1). We did not observe CO-induced effects
on complex I or complex II that could have decreased total
mitochondrial respiration. The incomplete recovery of respira-
tion may be due to a component of nonreversible, free radical—
induced damage to the mitochondria electron transport chain
from the initial complex IV CO-induced inhibition (83) and
prolonged, recurrent hypoxia in this in vitro respirometry sys-
tem (87).

In juxtaposition to the in vitro findings, complete reversal of
heart tissue respiration and complex activity was observed in
the heart tissue isolated after in vivo CO exposure. The com-
plete restoration of tissue respiration in this in vivo CO-poison-
ing model versus only partial reversal of CO-induced inhibition
of mitochondrial respiration in the isolated mitochondrial
model is possibly due to the adaptive systems available in vivo to
respond to acute hypoxia, such as intracellular anti-oxidant
enzymes (86, 92). These protective systems would not be avail-
able in isolated mitochondria. Further, in this model, severe
CO poisoning produced not only molecular binding of CO to
hemoglobin and CcO; acute CO poisoning caused systemic
hypoxia and hypotension. Because Ngb-H64Q-CCC therapy
reversed hypoxia and hypotension, resolving the physiologic
conditions themselves could have contributed to the beneficial
effect on tissue respiration and complex activity. More studies
are needed to examine the effect of Ngb-H64Q-CCC on CO-
induced neurocognitive dysfunction, which is thought to be
directly related to CO-induced mitochondrial effects and cel-
lular injury.

CO poisoning is the most common cause of human poison-
ing; however, there is still no antidotal therapy available (1, 2).
Up to 40% of survivors suffer long-term neurocognitive deficits,
and up to 50% of moderately poisoned, hospitalized patients
suffer cardiovascular dysfunction or injury (3-5, 11, 12). The
standard of care in the management of CO-poisoning patients
is limited to normobaric oxygen and hyperbaric oxygen ther-
apy, both of which rely on increased oxygen levels to improve
respiratory clearance of CO from the HbCO species (1, 15). An
antidotal therapy would allow for more rapid point-of-care
treatment in the field or in the emergency department. The
current studies support the further development of Ngb-
H64Q-CCC as a biological therapeutic for CO poisoning. We
have shown previously that Ngb-H64Q-CCC decreases HbCO
levels, restores blood pressure, and increases survival in a severe
CO-poisoning mouse model. Further studies are planned on
the specific cardiovascular hemodynamics involved in CO-in-
duced cardiogenic shock. Our new data demonstrate that Ngb-
H64Q-CCC can also help to reverse the toxic effects of CO
through the scavenging of CO directly from CO-bound CcO in
the mitochondria as shown in both isolated mitochondria and
cardiac tissue. These data show that the resolution of hypoten-
sion and of bradycardia and, ultimately, the improved survival
observed in severely CO-poisoned mice treated with Ngb-
H64Q-CCC versus PBS are associated with an improvement in
tissue respiration and CcO activity. If shown to be safe and
efficacious in humans, Ngb-H64Q-CCC could be used as an
antidote for clinical CO poisoning.
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Experimental procedures
Neuroglobin expression and purification

Site-directed mutagenesis of Ngb to H64Q combined with
three surface thiol substitutions (C46G, C55S, and C120S
mutations), referred to as Ngb-H64Q-CCC, was obtained as
described previously (46). After endotoxin removal, an excess
amount of ferricyanide was added to oxidize the protein and
removed via gravity Sephadex G25 size-exclusion columns
(PD-10, GE Healthcare). The oxidized protein was concen-
trated and frozen at —80 °C. The protein was thawed at the time
of use and reduced by an excess amount of sodium dithionite
(50 mm). The sodium dithionite was removed by a gravity G25
size-exclusion column yielding oxygen-bound Ngb-H64Q-
CCC. For the CO-poisoning mouse model studies, the G25
size-exclusion column step was performed in an anaerobic
glove box. Afterward, 2.5 mMm of sodium dithionite was added to
keep the protein in the reduced state during infusion in ani-
mal studies. The concentration of total Ngb-H64Q-CCC and
of the amount of oxygen-bound, deoxy-, and met-species
were confirmed by absorbance spectra collected on a Cary 50
spectrophotometer.

Severe lethal CO-poisoning mouse model

The lethal CO-poisoning murine model was performed as
previously described (46). Briefly, male C57BL/6 W'T mice were
used at a mean age of 10 —13 weeks (weight, 23-27 g). The mice
were anesthetized by isoflurane, and then a tracheal tube was
placed followed by cannulation of right jugular vein and left
carotid artery. Arterial blood pressure was monitored and
recorded (DATAQ instruments, Akron, OH) through a cathe-
ter in the carotid artery. An intravenous catheter was placed
and used for Ngb-H64Q-CCC or control PBS infusions using a
syringe pump. Infusion volume was calculated according to the
mouse weight (10 ul/g) and dead volume of the catheter.

Ventilation was initiated after the surgery with a volume con-
trolled ventilator (MiniVent, type 845; Hugo Sachs, March-
Hugstetten, Germany). Air was administrated (21% oxygen)
with 1.5% isoflurane at tidal volumes of 230-270 ul (8.8 ul/g
weight) and respiratory frequencies of 175 breaths/min. CO
(3%) was delivered in air for 4.5 min via the ventilator. After CO
delivery, the ventilator delivered air without CO and the Ngb-
H64Q-CCC or PBS control was infused for 2 min. Ngb-H64Q-
CCC solutions of 11.6 = 0.6 mm (11~12 mMm) or solutions of
PBS in a volume of 10 ul/g mouse weight were infused. A sche-
matic of the severe CO-poisoning model is shown in Fig. 14.
Arterial blood pressure and heart rate signals were processed
using Labchart software (ADInstruments Ltd.). Mortality was
established based on an unmeasurable heart rate and blood
pressure for 5 min, and all mice were followed for a predefined
experimental observation period of 40 min from CO exposure,
followed by sacrifice. Hearts were removed from the mice
immediately following death or at sacrifice upon the end of the
observation period.

For control mice, animals underwent sedation with 1.5% iso-
fluorane via a face mask for at least 20 min. The hearts were
recovered after euthanasia for further analysis.
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Tissue respiration of mouse hearts from severe CO-poisoning
model

To measure cardiac tissue respiration in our lethal CO-poi-
soned mouse model, the hearts of mice immediately after death
or euthanasia by cervical neck dislocation and exsanguination
(in mice surviving 40 min) were collected. Control mice were
sedated with 1.5% isofluorane gas for 20 min to control for the
effects of anesthesia and then euthanized. Heart tissue was sus-
pended in a buffer composed of KCI (120 mm), HEPES (10 mm),
EGTA (1 mm), KH,PO, (5 mm), and sucrose (25 mm) (pH 7.4)
and electronically homogenized. Homogenate was placed into
the respirometry system (YSI 5300 A-1; Instech Laboratories,
Plymouth Meeting, PA). The tissue was stimulated to respire
with addition of pyruvate (1 mm), malate (1 mm), and ADP (0.5
mM) until the chamber oxygen reached 0%. Rates of oxygen
consumption were measured with a Clark-type oxygen elec-
trode. Respiration rates were adjusted for protein concentra-
tion. Oxygen concentrations were recorded using a digital
recording device (Dataq, Akron, OH). All heart tissue respira-
tion was established with at least four separate experiments
each.

Electron transport chain complex activity measurements

Spectrophotometric kinetic enzymatic activity assays of
complexes [, I, and IV and citrate synthase were performed on
mouse heart homogenate as previously described (88-90).
Heart tissue was extracted from the same mice undergoing CO
poisoning treated with PBS or Ngb-H64Q-CCC or with isofluo-
rane sedation without CO exposure used in the tissue respira-
tion experiments. Homogenized heart tissues from mice poi-
soned with CO treated with PBS (n = 9), Ngb-H64Q-CCC (n =
5) or treated only with 1.5% isofluorane as a control (n = 8) were
used for spectrophotometric studies. For complex I, NADH
oxidation by complex I vis-a-vis oxidation of co-enzyme Q2
after the addition of NADH was measured in the presence of
potassium cyanide to inhibit complex IV. For complex II,
reduction of co-enzyme Q2 by complex II after the addition of
succinate was measured in the presence of rotenone and potas-
sium cyanide to inhibit complexes I and IV. For CcO, the oxi-
dation of reduced cytochrome ¢ by complex IV was measured.
For citrate synthase, the rate of production of CoA from oxalo-
acetate was measured by measuring the production of free
5-thio-2-nitrobenzoate anions from the reaction between the
thiol reagent 5,5-dithio-bis-2-nitrobenzoate and CoA.

Isolated liver mitochondrial respiration measurements

All experimental protocols using mice and rats were
approved by the Institutional Animal Care and Use Committee
at the University of Pittsburgh and in accordance with National
Institutes of Health guidelines.

Liver mitochondria were isolated from livers extracted from
healthy, male Sprague—Dawley rats by differential centrifuga-
tion (29) and suspended in respiration buffer composed of KClI
(120 mm), HEPES (10 mm), EGTA (1 mm), KH,PO,, (5 mm), and
sucrose (25 mm) (pH 7.4). The animals were euthanized with
carbon dioxide asphyxiation, cervical dislocation, and heart
puncture. The mitochondria were placed into a sealed, magnet-
ically stirred Clark-like oxygen electrode respirometry system
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at 37 °C (Mitocell S200 micro respirometry system; Strathkel-
vin Instruments Limited). Total volume of the solution in the
chamber was initially 400 ul (0.9-1.5 mg/ml protein concen-
tration or 7.8 X 10°-1.3 X 10'° total mitochondria) (91). The
mitochondria were stimulated to respire with addition of suc-
cinate (7.5 mm) and ADP (7.5 mm) until the chamber oxygen
level reached 0. The rates of oxygen consumption were mea-
sured with a Clark-type oxygen electrode. Following full deox-
ygenation caused by state 3 respiration, the chamber was reoxy-
genated by the addition of 50 ul of aerated PBS, and the
respiratory rate was measured to establish a base respiration
rate for each experimental arm. This was repeated three con-
secutive times for each study (Figs. 24 and 34).

For control experiments, the chamber was allowed to reach
hypoxia (caused by respiration) and reoxygenated with 50 ul of
aerobic PBS three times (Figs. 24 and 3A4). The third respiratory
rate was compared with initial respiration rate (third respira-
tion rate/initial respiration rate). To assess the effect of Ngb-
H64Q-CCC alone, after the initial respiration rate was estab-
lished with aerobic PBS, a second 50 ul of PBS was added to the
chamber. Ngb-H64Q-CCC (50 or 100 um) was added to the
chamber after the second reoxygenation (Figs. 2C and 3C).
The rate of respiration was calculated and compared with the
initial rate.

For NO or CO exposure experiments, the chamber was
reoxygenated with 50 ul of PBS to measure the initial rate. Then
NO (through PROLI-NONOate) or CO was introduced into
the chamber. An additional bolus (50 wl) of aerobic PBS was
added to the chamber to demonstrate the persistence of inhi-
bition. This inhibited rate is compared with the initial rate (Figs.
2B and 3B).

To test the effect of Ngb-H64Q-CCC on NO- and CO-in-
duced inhibition, the chamber was reoxygenated with 50 ul of
aerobic PBS to establish a baseline rate. NO and CO exposure
occurred in the second step, as described above. On the third
and final step, instead of 50 ul of aerobic PBS, oxygen-bound
Ngb-H64Q-CCC was added. The third respiration rate, after
NO or CO exposure followed by Ngb-H64Q-CCC, was mea-
sured and compared with the baseline respiration rate (Figs. 2D
and 3D). In the case of the CO experiments, two additional
concentrations of oxygen-bound Ngb-H64Q-CCC were added:
10 and 150 pM. The third respiration rate compared with the
baseline respiration rate was evaluated among the three doses
of Ngb-H64Q-CCC used (10, 100, and 150 uMm versus 160 um of
CO) (Fig. S1).

Rates were measured from the highest comparable level of
oxygen (~10-20 nmol oxygen) for each reoxygenation step to
the point at which the baseline rate became nonlinear (~0-2
nmol oxygen) (Fig. S2). A minimum of five experiments were
performed for each experimental arm for the main study.

NO and CO solutions

PROLI-NONOate solution was made in 0.01 M NaOH. NO
concentration was confirmed by absorbance spectroscopy by mea-
suring the stock solution at 252 nm (g = 8,400 M cm ') (25) (Cary
50 UV-visible spectrophotometer; Agilent Technologies).

CO was introduced by aerating PBS with >99.0% CO gas
(Matheson) to saturate the solution in a sealed glass vial. Con-
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centrations of CO in solution were 792 = 13.5 um confirmed
with absorbance spectroscopy when combined with isolated
deoxy-hemoglobin.

Individual complex activity measurements

The mitochondria were isolated from rat liver mitochondria
by differential centrifugation. The mitochondria under went
three freeze/thaw cycles in ethanol/dry ice and 37 °C water
bath. All experiments were performed in an anaerobic glove
box with controlled oxygen levels (2%) through aerobic buffer
titration at 37 °C.

Complex I—Anaerobic complex I buffer (25 mm K,PO, and
10 mm MgCl,), 2% oxygen via 40 ul of aerated complex I buffer,
50 g/l isolated mitochondria, 2.5 mg/ml BSA (fat free), 1 mm
KCN, and 100 um NADH were added to a 2-mm sealed cuvette
to a final volume of 400 ul. Absorbance spectroscopy was per-
formed in the 250 —700-nm wavelength range (Agilent HP8453;
Agilent Technologies). To begin the reaction, 250 uMm co-en-
zyme Q2 was added (88, 89). The experiments were performed
for 10 min; 3 uMm rotenone was then added to obtain a back-
ground rate. To obtain a CO-inhibited activity rate, 100 ul of
CO-saturated anaerobic buffer was used at the beginning of the
experiment instead of 100 ul of anaerobic buffer.

Complex [I—Anaerobic complex II buffer (100 mm K,PO,),
2% oxygen via 40 ul of aerated complex II buffer, 9.5 ug/ul
isolated mitochondria, 20 mm succinate, 100 um EDTA, 120 uMm
DCPIP, 1 mm KCN, and 10 uM rotenone were added to a 1-cm
sealed cuvette to a final volume of 400 ul. Absorbance spectros-
copy was performed in the 250 —700-nm wavelength range. To
begin the reaction, 100 um co-enzyme Q2 was added (88, 89).
The experiments were performed for 10 min; 1.5 mm 2-The-
noyltrifluoroacetone was then added to obtain a background
rate. To obtain a CO-inhibited activity rate, 100 ul of CO-sat-
urated anaerobic buffer was used at the beginning of the exper-
iment instead of 100 ul of anaerobic buffer.

Complex IV—Anaerobic complex IV buffer (10 mm K,PO,),
2% oxygen via 40 ul of aerated complex IV buffer, and 2.5 ug/ul
isolated mitochondria were added to a 1-cm sealed cuvette to a
final volume of 400 pl. Absorbance spectroscopy was per-
formed in the 250-700-nm wavelength range. To begin the
reaction, 50 um reduced cytochrome ¢ was added (88, 89).
Experiments were performed for 10 min; 1 mm KCN was added
to verify that CcO activity was being observed. To obtain a
CO-inhibited activity rate, 100 ul of CO-saturated anaerobic
buffer was used at the beginning of the experiment instead of
100 wl of anaerobic buffer.

Cytochrome c oxidase activity measurements

The mitochondria were placed into a sealed, magnetically
stirred Clark-like oxygen electrode respirometry system at
37 °C (Mitocell S200 micro respirometry system; Strathkelvin
Instruments Limited). Total volume of the solution in the
chamber was initially 400 ul (0.9-1.6 mg/ml protein concen-
tration). Electron transfer to complex IV was stimulated by the
addition of TMPD (0.3 mm), ascorbic acid (3.6 mm) and FCCP
(0.015 mm) (59-61). Oxygen consumption was measured ver-
sus time to determine CcO activity levels.
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Four experimental arms were used for NO studies (Fig. 5,
A-D), and four experimental arms were used for CO studies
(Fig. 6, A—D). For NO studies, 1) control rate was established
with mitochondria only; 2) NO only rate was determined
with mitochondria and PROLI-NONOate (50 um); 3) Ngb-
H64Q-CCC only rate was determined with mitochondria
and 50 uM Ngb-H64Q-CCC; and 4) NO+Ngb-H64Q-CCC,
PROLI-NONOate was added to the mitochondria to an end
concentration of 50 um, then a small delay followed to confirm
inhibition, then oxy-Ngb-H64Q-CCC was added to an end con-
centration of 50 um (therefore a 1:2 ratio to NO molecules as
PROLI-NONOate releases two molecules of NO).

For the CO studies, 1) control rate was established with mito-
chondria only; 2) for CO only, 100 ul of CO-saturated PBS
(792 + 13.5 um) was added to a final concentration of ~160 um
CO to the chamber, followed shortly after by 100 ul of aerobic
PBS to mimic the addition of aerobic oxy-Ngb-H64Q-CCC
(with additional oxygen added to chamber dissolved in solution
and bound to Ngb-H64Q-CCC); 3) for Ngb-H64Q-CCC only,
more Ngb-H64Q-CCC (100 um) was added because of higher
amounts of CO versus NO studies; and 4) for CO+Ngb-H64Q-
CCC, 100 ul of CO-saturated PBS was added to a concentration
of 160 um CO to the reaction chamber, and then oxy-Ngb-
H64Q-CCC was added to an end concentration of 100 um.

The rate of activity for each arm was compared with the
average baseline (nonpoisoned, nontreated mitochondria) for
each experimental day (to control for variances between ani-
mals). For NO exposure studies, the rate was measured from
~30 nmol of oxygen to the point at which the nonpoisoned,
nontreated baseline became nonlinear (between 0 and 5 nmol
of oxygen) (Fig. S3). For the NO-only group, where complete
cessation of respiration occurred for a long duration of time
after exposure, the rate was calculated from 45 nmol of oxygen
to capture prolonged near total cessation of CcO activity. For
CO exposure studies, the rate was measured from 30 nmol of
oxygen to the point at which the nonpoisoned, nontreated
baseline became nonlinear (between 0 and 5 nmol oxygen) (Fig.
S4). A minimum of five experiments were performed for each
experimental arm.

Statistical analyses

The data are means * S.E. and were analyzed by unpaired
Student’s ¢ test. Welch’s correction was used when an f test
demonstrated a significant difference in variance between
groups. Mann—Whitney test was used to evaluate the in vivo
CO exposure with ex vivo biochemical measurement studies
because of lower sample sizes and greater biological variance.
The statistical tests used are noted in the figure legends. Addi-
tionally, we used an unmatched regular two-way ANOVA to
demonstrate the interaction effect of exposure to CO or NO
inhibition and treatment with Ngb-H64Q-CCC. These statisti-
cal analyses were performed using GraphPad Prism software
version 7.0. Investigators were not blinded to experiments. p
values of <0.05 were considered significant.

Data availability

All data are contained within the article and supporting
information.
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