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Abstract
Classic physiology links tissue hypoxia to oxygen delivery through control of microvascular blood flow
(autoregulation of blood flow). Hemoglobin (Hb) serves both as the source of oxygen and the mediator
of microvascular blood flow through its ability to release vasodilatory S-nitrosothiol (SNO) in proportion
to degree of hypoxia. β-globin Cys93Ala (βCys93Ala) mutant mice deficient in S-nitrosohemoglobin
(SNO-Hb) show profound deficits in microvascular blood flow and tissue oxygenation that recapitulate
microcirculatory dysfunction in multiple clinical conditions. However, the means to replete SNO in
mouse RBCs in order to restore RBC function is not known. In particular, while methods have been

been optimized for mouse RBCs that are used experimentally. Here we show that loading SNO onto Hb
in mouse RBC lysates can be achieved with high stoichiometry and β-globin selectivity. However, Snitrosylation of Hb within intact mouse RBCs is ineffective under conditions that work well with human
RBCs, and levels of metHb are prohibitively high. We develop an optimized method that loads SNO in
mouse RBCs to maintain vasodilation under hypoxia and show that loss of SNO loading in βCys93Ala
mutant RBCs results in reduced vasodilation. We also demonstrate that differences in SNO/met/nitrosyl
Hb stoichiometry can account for differences in RBC function among studies. RBCs loaded with quasiphysiological amounts of SNO-Hb will produce vasodilation proportionate to hypoxia, whereas RBCs
loaded with higher amounts lose allosteric regulation, thus inducing vasodilation at both high and low
oxygen level.

Significance
Red blood cells from mice exhibit poor hemoglobin S-nitrosylation under conditions used for human
RBCs, frustrating tests of vasodilatory activity. Using an optimized S-nitrosylation protocol, mouse RBCs
exhibit hypoxic vasodilation that is significantly reduced in hemoglobin βCys93Ala mutant RBCs that
cannot carry S-nitrosothiol allosterically, providing genetic validation for the role of βCys93 in oxygen
delivery.
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developed to selectively S-nitrosylate βCys93 in human Hb and intact human RBCs, conditions have not
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Introduction
Hemoglobin (Hb) accomplishes oxygen binding from air and release in hypoxic tissues through
cooperative allostery among its four globin subunits (Perutz, 1978). Hb can bind to NO, both via heme
(preventing NO bioactivity) and via cysteine in the form of bioactive S-nitrosothiol (SNO) (McMahon et
al., 2000; Singel and Stamler, 2005). SNO formation from NO entails loss of an electron, often in a
complex with a transition metal such as the iron in heme (Herold and Rock, 2005; Singel and Stamler,
2005). SNOs mediate much of the biological activity of NO by acting as a post-translational modification
of protein cysteine residues, as well as by forming on cellular thiols such as glutathione, cysteine and
coenzyme A (Gaston et al., 1993; Hess et al., 2005; Palmer et al., 2007; Gaston et al., 2020; Premont et

Chan et al., 1998). βCys93 is invariant in mammals, and its reactivity and function are allosterically
coupled to oxygen binding and release (Jia et al., 1996; Stamler et al., 1997; McMahon et al., 2000).
While oxygenated R-state Hb keeps βCys93-SNO in a protected state, SNO is liberated in the
deoxygenated T-state (Jia et al., 1996). Since SNO is vasodilatory, SNO released from Hb in hypoxic
tissues promotes microvascular blood flow and oxygen delivery (Jia et al., 1996; Stamler et al., 1997;
Zhang et al., 2015; Zhang et al., 2016). Moreover, whereas SNOs in general promote vasodilation
throughout the vasculature, βCys93-SNO acts predominantly in the microcirculation and in proportion
to the deoxygenation state of the Hb. Thus, SNOs derived from Hb regulate tissue oxygenation.
A number of clinical conditions characterized by tissue hypoxia have been linked to deficiency in SNOHb, including sickle cell disease, pulmonary hypertension, and transfusion associated morbidity
(Premont et al., 2020). Thus, the ability to replete SNO-Hb may have clinical utility. However, selective Snitrosylation of βCys93 in native RBCs poses a challenge since RBCs have many thiols in large amounts
(i.e., 10 mM glutathione) including 6 Cys in Hb itself. We previously determined reaction conditions for
human RBCs using physiological levels of NO gas (NO < 1 µM; NO/Hb < 1:100) and a cycle of
deoxygenation-oxygenation leading to SNO-loading predominantly on βCys93 with minimal oxidation of
heme (Pawloski et al., 2001). This method produces a physiological stoichiometry of SNO loading
(<1:100 SNO/Hb) and RBC vasodilatory activity that is inversely proportional to oxygen tension,
replicating physiology. Studies attempting greater levels of βCys93 S-nitrosylation have been performed
using various NO donors (Sun et al., 2019; Premont et al., 2021), but conditions that avoid indiscriminate
SNO formation and heme oxidation have not been determined; NO donor-treated cells will also export
GSNO (Jia et al., 1996). Pharmacological responses of these NO donor-loaded RBCs is dependent on the
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stoichiometry of SNO (1- 6 Cys), the site of SNO binding (only βCys93 mediates hypoxic vasodilation),
and the oxidation and ligation state of hemes that determine the conformation and reactivity of SNO-Hb
(Singel and Stamler, 2005). S-nitrosylation of alternative Hb Cys and/or oxidation of heme in SNO-Hb
results in artifactual vasodilation under both high and low O2 (Jia et al., 1996; Premont et al., 2021).
Thus, vasodilation by pharmacologically overloaded RBCs is typically independent of pO2 (Reynolds et al.,
2019; Sun et al., 2019), unlike native SNO-Hb.
Very little is known about SNO-Hb in non-human species, where characterizations of SNO-Hb
stoichiometry, heme oxidation and heme ligation state have not been performed. Mice and rats, for

(Chua and Carrell, 1974; Miranda, 2000; Hempe et al., 2007). In this study, we seek to establish SNO
loading conditions that will preserve hypoxic vasodilation by mouse RBCs, including those from a
humanized mouse expressing human adult hemoglobin HbA or its corresponding βCys93Ala mutant. We
report major differences between SNO-loading of humanized-mouse RBCs compared to human RBCs
and show that SNO-overloading and excessive heme oxidation account for loss of hypoxic regulation by
βCys93 (Sun et al., 2019). Using optimized methods to selectively S-nitrosylate βCys93, we establish a
range of conditions where hypoxic vasodilation by mouse RBCs is preserved.
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Materials and Methods
1. Preparation of RBC lysates
Human RBCs. Human blood with EDTA as anticoagulant was obtained from the Interstate Blood Bank,
Memphis, TN. The sample was centrifuged at 2000 X g for 1 minute in 1.5 mL microcentrifuge tubes, and
supernatant plasma was carefully removed. RBCs were washed 3 times with 1 volume PBS (Gibco)
containing 0.1 mM EDTA, by gentle vortexing and centrifugation at 2000 X g for 1 minute. RBCs were
lysed by adding 2 volumes of water containing 0.1 mM EDTA, and vortexed at maximal speed for 1
minute. The lysate was centrifuged for 15 minutes at 20000 X g, and the supernatant was saved as RBC

spin columns.
Mouse RBCs. Mice were housed in specific pathogen free housing with ad libitum access to food and
water with 12:12 light cycle, and included both C93 control and C93A mice, where the mouse alpha- and
beta-globin genes are replaced by the wildtype human alpha and beta+gamma globin genes (C93 control
strain); in the C93A strain, human beta globin also is mutated Cys93Ala to prevent S-nitrosylation at this
site (Isbell et al., 2008); 1-3% residual Cys93 is present in fetal and other Hb’s (Premont and Stamler,
2020). All procedures were performed under protocols approved by the CWRU IACUC. Blood was
collected following euthanasia from the inferior vena cava, using both male and female mice at 3-4
months of age. Each assay used blood from only a single individual animal. Mouse blood (~0.7-1.0 mL)
was centrifuged at 1500 X g for 2 minutes in 2 mL microcentrifuge tubes. When control (C93) and C93A
mutant Hb were compared, the blood samples were adjusted to equal volumes before processing. The
pellets were resuspended by gently inverting the tubes several times. Lysis and gel filtration were
performed as for human RBCs.
2. Determination of oxyHb and metHb. All measurements were performed using absorbance scans
between 500 and 700 nm in disposable plastic cuvettes. Due to variability among individual plastic
cuvettes, the absorbance at 700 nm was subtracted from all readings. OxyHb and metHb concentrations
-1

-1

in lysates were calculated using the absorbances at 576 (ε576 = 14.6 mM * cm ) and 630 nm (ε630 = 4.4
-1

-1

mM * cm ), respectively. Hb tetramer concentration was calculated using 4 heme per tetramer. Heme
content of the RBC lysates was determined in a 200-fold dilution and used to prepare 100 µM heme (25
µM Hb tetramer) samples for analysis by photolysis/chemiluminescence or Saville assay. A second
absorbance reading of the 100 µM heme samples was used to confirm the concentration. For
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measurement in intact RBCs, oxyHb and metHb concentrations were calculated using the [oxyHb] = 66 *
A577 – 80 * A630 and [metHb] = 279 * A630 – 3.0 * A577 formulas as outlined by Winterbourn (Winterbourn,
1990). Where metHb levels were below the limit of detection (calculations yielded negative values), data
are plotted as “0” (i.e., basal level of metHb in Figure 5B).
3. SNO determination
Saville assay. The assay (Saville, 1958) was performed by mixing 0.1 mL 0.1% N-(1-Naphthyl)ethylenediamine in 0.5 N HCl with 0.1 mL 1% sulfanilamide in 0.5 N HCl in the presence or absence of 1%
HgCl2. After addition of 0.1 mL standard or sample, the sample was incubated at room temperature for

concentration was calculated as the difference between the readings without and with HgCl2.
Hg-coupled Photolysis/chemiluminescence. Determination of SNO and FeNO was as described (Stamler
et al., 1992; Hausladen et al., 2007; Zhang et al., 2015). NO is released from Hb by photolysis
(Technosoft Innovations) and detected by ozone-coupled chemiluminescence (TEA800, Ellutia Ltd.).
SNO-Hb is distinguished from FeNO-Hb by pre-treatment of the sample with 1 mM HgCl2. The response
is proportional to the volume injected, and linear from 10 nM to 5 µM (100 µL injections). Neither nitrite
nor nitrate are detected.
4. Synthesis of SNO-Hb in RBC lysates. SNO-Hb synthesis in RBC lysates is based on the method
described by McMahon and Stamler (McMahon and Stamler, 1999). The treatment (0.5 mM heme) is
performed in 0.1 M borate, 0.1 mM EDTA, pH 9.2 after buffer exchange of the lysates in PD-10 columns
(GE Healthcare). A 10-fold excess (over thiol) of S-nitrosocysteine is added while rapidly mixing. After 20
minutes, the reaction is terminated by gel filtration on a PD-10 column equilibrated in PBS containing
0.1 mM EDTA. Note that the recommended sample size for PD-10 columns is 2.5 mL, but to allow
complete separation of SNO-Hb from CysNO, only 1 mL samples were loaded onto these columns. In
repeat experiments, the ratio of SNO per Hb tetramer in human RBC lysates was between 1.6 and 2.3
(equating to ~2 βCys93/tetramer), and metHb formation was between 5 and 25% (determined by
absorbance at 630 nm). By decreasing the incubation time to 10 min, heme oxidation can be kept <5%
and SNO stoichiometry at ~1-1.5 per tetramer. The same protocol (20 min incubation) was followed for
mouse RBC lysates, but SNO per Hb tetramer ratios were more variable (0.6 to 2.7), and metHb
formation was higher (18-45%).
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5. Preparation of RBC suspensions. Whole blood was separated into packed RBCs and plasma by
spinning 2 minutes at 1500 X g, and the RBC pellet washed 3 times in PBS/EDTA. The final RBC pellet was
resuspended in an equal volume of PBS (50% dilution). When PBS/EDTA at pH 7.8 was used for SNOtreatment, all washing steps and dilutions were performed in this buffer. Preliminary experiments
established that a blood sample of at least 0.2-0.25 mL is required for photolysis/chemiluminescence
detection. Therefore, for comparison of different parameters (time, concentration, dilution), the 50%
suspension after the washing steps (starting with 0.7-1.0 mL blood) was divided into 4 aliquots and
treated at different conditions.

borate buffer to promote the Hb R-state for effective S-nitrosylation. Therefore, experiments were first
performed in PBS/EDTA pH 7.1, and then at pH 7.8. The pH of PBS was adjusted by slowly adding 1 N
NaOH. At this concentration, only a very small volume of NaOH is needed for pH adjustment, leading to
minimal dilution of PBS. Initial experiments were performed using human RBCs. Optimized parameters
were then evaluated for mouse RBCs and compared side-by-side to human RBCs. SNO-donor
concentration and time of treatment were evaluated for maximum SNO yield and minimal metHb
formation. More dilute RBC suspensions were also tested in order to keep SNO-donor concentrations
low while increasing the ratio of donor per heme target. Details for each optimization assay are
provided in the appropriate figure legend. Intact mouse RBCs required different conditions than human
RBCs. SNO per Hb tetramer ratios were consistently lower and metHb level higher for mouse RBCs. The
SNO yield in intact RBCs was much lower than in lysates, for both human and mouse, and is therefore
reported as SNO per 1000 Hb tetramer (i.e. nM SNO per µM Hb), instead of SNO / Hb tetramer (i.e. µM
SNO / µM Hb) as in lysates.
SNO treatment. Equal volumes 100 mM cysteine or cysteine ethyl ester in 0.1 N HCl were mixed with
100 mM sodium nitrite in H2O to generate fresh SNO-donor CysNO or EtCysNO, respectively. This stock
solution was immediately diluted in PBS/EDTA to the desired concentration for treatment. The SNOdonor was added while gently mixing to avoid high local concentrations. Untreated controls underwent
the same mixing/washing steps as the treated samples.
Treatment time. Precise timing of the treatments in intact RBCs is limited by inability to stop the
reaction. All treatment times are reported as the time when the first centrifugation of the RBC
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suspension started (followed by 2 washing steps to completely remove the SNO donor). These wash
steps were performed as quickly as possible, and samples measured or assayed immediately.
Cell dilution. To test the effect of cell dilution, aliquots of the 50% cell suspension were transferred to
15 mL centrifuge tubes for further dilution. Initial experiments used a serial 2-fold dilution of the 50%
suspension to 25%, 12.5%, and 6.25%. The 6.25% dilution led to the highest SNO loading and was then
used for all subsequent experiments.
7. Preparation of RBCs for bioassays. Optimized parameters for mouse RBCs were used to prepare
samples for bioassays. Control (C93) and mutant (C93A) blood samples were adjusted to equal volumes

tubes to achieve 6.25% cell density. Ethyl ester CysNO (EtCysNO, 2 mM) was added to a final
concentration of 200 µM while gently mixing. After 5 minutes, the suspension was centrifuged and
washed twice (5 minutes, 1500 X g) with 8 mL PBS/EDTA pH 7.1. The final cell pellet was resuspended to
50% dilution and used immediately for bioassays. The remaining unused cells were then used for SNOHb determination by photolysis/chemiluminescence. For the experiment assessing SNO-overloading,
EtCysNO treatments with 600 µM or higher required 10-minute treatments to further increase SNO
content. To maintain pH and cell dilution in these assays, more concentrated stock solutions of ethyl
ester cysteine and nitrite were used to prepare EtCysNO, and cell suspensions were washed 3 times
after treatment.
8. Aortic tone bioassay. C57BL/6J mice (male, 8-12 weeks) were euthanized using isoflurane, the
thoracic aorta isolated, and 3 mm aortic rings (two per mouse) were strung on pressure transducers
immersed in an organ bath (Radnoti Instruments) containing Krebs buffer at 37°C bubbled with 1%
O2/5% CO2 in nitrogen or 20% O2/5% CO2 in nitrogen as indicated. Transducers were connected to a
Powerlab 3/20 data system running LabChart software (ADInstruments, v7.3), as described previously
(Jia et al., 1996; Diesen et al., 2008; Zhang et al., 2015). The system consists of 4 baths, and experiments
were performed in parallel using paired RBC treatments (human vs mouse, or C93 vs C93A) such that
aorta rings from one mouse were exposed to each treatment. Baths were equilibrated to the desired
oxygen level, and aorta rings precontracted with phenylephrine (1 μM), and contraction adjusted to 1g
tension. Baths were treated with L-NMMA (1 mM) to inhibit nitric oxide production 10 min prior to RBC
addition, and glutathione (100 μM) was added 1 min prior as a SNO carrier; neither treatment had effect
on aortic tension. RBCs were added as quickly as possible after preparation, to a final concentration of
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0.4% hematocrit. Tension was recorded through the entire pretreatment period and for 5 min after RBC
addition. Vasoactivity was measured at the time of peak response, or at 2 min after RBC addition when
responses were too low to call a peak. Any aorta/treatment combination was tested using only one O2
concentration.
9. Data analysis and statistics. During the method optimization phase of this study, experiments were
performed in an exploratory manner (n=1) under numerous conditions, and select results were then
expanded by additional experiments to n=3 or more as indicated. Analysis and plotting were done using
Prism v9 (Graphpad, Inc). Data are plotted as mean±SD showing individual data points, and lines were fit

was set to p<0.05.

11

Downloaded from jpet.aspetjournals.org at ASPET Journals on January 9, 2023

using simple linear regression. For comparing two samples, Student’s t-test was used and significance

JPET Fast Forward. Published on May 5, 2022 as DOI: 10.1124/jpet.122.001194
This article has not been copyedited and formatted. The final version may differ from this version.

Results
SNO-Hb synthesis in human RBC lysates. The method of SNO-Hb synthesis in RBC lysates using CysNO
donor follows the procedure described by McMahon and Stamler (McMahon and Stamler, 1999),
optimized for SNO-formation with minimal metHb formation. The high SNO concentrations achieved in
this synthetic SNO-Hb allowed comparing photolysis/chemiluminescence with the independent, but less
sensitive Saville method (Saville, 1958). Figure 1A shows that the Saville assay (1.7 ± 0.5 SNO per Hb
tetramer) gave similar results to photolysis/chemiluminescence (1.6 ± 0.2 SNO per Hb tetramer), which
is close to the theoretical maximum of 2 per tetramer for SNO bound at the most reactive Hb cysteine,

reported stoichiometry of 1.8 SNO per tetramer using this method with human RBCs (McMahon and
Stamler, 1999). Figure 1B shows that synthetic SNO-Hb contained 13 ± 10% metHb. Note that the values
for synthetic SNO-Hb are >1000-fold higher than those normally found in native blood samples (i.e., the
values are reported as SNO per Hb tetramer, instead of SNO per 1000 tetramer as shown in later
figures). Using the concentration determined by the Saville assay, we then prepared SNO-Hb standards
in the concentration range used by photolysis and compared the photolysis signal to matching GSNO
standards. Both GSNO and SNO-Hb standard curves were linear with similar slope (Figure 1C). Hence the
GSNO standards used for calculation of SNO content in our Hb samples give a reliable measure of the
SNO per Hb stoichiometry.
Linearity of the photolysis method was further established by repeated injection of serial dilutions of
SNO-Hb. Absorbance spectra of samples diluted 10- to 100-fold (Figure 2A) and photolysis traces (Figure
2B; paired samples) showed good linearity between SNO/FeNO concentration and heme content (Figure
2

2C; r > 0.99 for both lines). Hb-FeNO in these samples was 20% ± 4.5% of total NO content (Figure 1C).
Note that the photolysis method does not detect nitrite (Hausladen et al., 2007). In sum, conditions
suggest selective S-nitrosylation at βCys93 with sufficiently low heme oxidation/nitrosylation to allow
for Hb allosteric transition with oxygenation/deoxygenation.
SNO-Hb synthesis in mouse RBC lysates. The stoichiometry of ~2 SNO per Hb tetramer shown above
for human Hb, which is dependent on R-state Hb (Jia et al., 1996; Stamler et al., 1997), is consistent with
βCys93 as the predominant site of S-nitrosylation in hemoglobin. To further establish the role of βCys93
in Hb as an NO carrier, we used the humanized-Hb mouse model, where the native mouse HbA and HbF
were replaced by human HbA and HbF by gene replacement, with HbA either containing the normal β-
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globin Cys93 residue, or the C93A mutation (Isbell et al., 2008; Premont et al., 2021). SNO-Hb synthesis
using both control (C93) and C93A mutant Hbs was first assessed in RBC lysates, and then extended to
intact RBCs.
Initially, we used the same method for generating human SNO-Hb in the humanized mouse RBC lysates
as we did in human RBC lysates, i.e., 10-fold excess of CysNO at alkaline pH. Figure 3 compares SNO
formation in control (C93) and mutant (C93A) Hb in 4 independent experiments. The photolysis
recording in Figure 3A shows a representative recording of signals for a GSNO standard, control C93 Hb
and C93A Hb in the absence or presence of 1 mM HgCl2, corresponding to 95% SNO in C93 and 76% SNO

with FeNO being 7% ± 1% of total NO, compared to only 0.1 ± 0.02 SNO/tetramer in C93A Hb (Figure
3B). Thus, the control Hb showed 17-fold higher S-nitrosylation than did the C93A mutant Hb. Taken
together, these results establish that βCys93 is indeed the primary site of S-nitrosylation in human
hemoglobin, and in the absence of the Cys93 residue, alternative sites do not readily substitute under
these conditions. Notably, however, metHb formation was higher in both control (C93) lysates from
mouse RBCs (~30% metHb) than in human RBC lysates (13% metHb) (Figure 3C; compare to Figure 1B).
Since the SNO per tetramer ratios were similar in human and mouse RBC lysates, the higher metHb in
mouse lysates is likely due to differences in metHb reductase activity versus human RBCs or other
differences in the ability of mouse proteins to interact with human Hb, and this difference between
mouse and human was also observed when S-nitrosylation was performed in intact RBCs instead of RBC
lysates (see below). Greater metHb levels may interfere with O2 responsivity of RBCs (Perutz et al.,
1974).
SNO-Hb synthesis in intact human and mouse RBCs. Mouse RBCs differ from human RBCs in several
ways (see (Premont and Stamler, 2020; Premont et al., 2021)), particularly in the mechanism of
vasodilation in traditional bioassays in vitro (Diesen et al., 2008; Premont et al., 2021). It is therefore not
surprising that conditions required for efficient SNO-Hb synthesis in intact RBCs might differ between
human and mouse RBCs. We consequently evaluated several parameters for controlled SNO-Hb
formation in both human and mouse RBCs. SNO-Hb synthesis in humanized mouse RBCs has previously
been reported at one concentration (400 µM CysNO and 400 µM heme or 4x CysNO/tetramer,
equivalent to 40mM CysNO) at high cell dilution (2% hematocrit). Duration or pH of reaction were not
reported, nor were the resulting ligation and oxidation states of the tetramer. These conditions resulted
in ~10 and ~5 SNO / 1000 heme for control (C93) and mutant (C93A) RBCs, respectively (Sun et al.,
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in C93A Hb. In four independent experiments, the control C93 Hb contained 1.7 ± 1.1 SNO/tetramer
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2019), suggesting that while C93 may be the predominant site, just as much SNO also was found on nonCys93 thiols. The rationale for selecting these conditions was not provided. Likewise, a previous study
using rat RBCs showed that treatment with 10 mM CysNO at 50% RBC dilution produced ~6 SNO / 1000
heme, but again heme oxidation state, NO ligation state and rationale for conditions were not provided
(Crawford et al., 2004). Here, we compared the effects of SNO-donor concentration, time of treatment,
and cell dilution on SNO formation in intact RBCs to establish controlled conditions for optimal SNOloading of humanized mouse (and human) RBCs.
We first lowered concentrations from those reported previously to ensure that oxidation and NO

were treated with 50 µM ethyl ester CysNO, a 3.5-fold increase in SNO-Hb formation over untreated
control was observed (Figure 4A). However, the same conditions using mouse RBCs resulted in no SNO
loading over basal (Figure 4A). MetHb was not detected in any samples, and no significant increase in
Hb-FeNO (0.30 – 0.46 Hb-FeNO / 1000 tetramer) was found, suggesting physiological loading. Thus,
loading with low SNO donor concentrations can avoid both excessive metHb and HbFeNO formation, but
only human RBCs are SNO loaded effectively under these conditions.
One strategy to improve SNO yield for mouse RBCs would be to increase the SNO-donor concentration,
but this would be expected to be accompanied by even higher metHb formation, negating allosteric
regulation. Therefore, we changed the ratio of SNO-donor to Hb by diluting the suspensions of RBCs.
Initial experiments with human RBCs used serial two-fold dilutions of the initial 50% RBC suspension to
25%, 12.5%, and 6.25%. These preliminary studies showed that upon treatment with 50 µM EtCysNO,
SNO-Hb formation in human RBCs increased as RBCs were diluted (data not shown). The highest dilution
(6.25%) was then chosen to compare the effect of dilution between human and mouse RBCs. Using 50
µM EtCysNO, a pronounced increase in SNO-Hb was found in both mouse and human RBCs compared to
50% dilution, although loading in the mouse RBCs remained much lower than in the human RBCs (Figure
4B). In human RBCs, FeNOHb also increased upon dilution from 50% to 6.25%, in proportional to the
SNOHb increase (3.4-fold for SNOHb and 3.3-fold for FeNO; data not shown). MetHb content increased
1.3-fold from 12.8±0.3% at 50% dilution to 16.5±0.2% at 6.25% dilution. In mouse RBCs, no significant
increase in HbFeNOwas found, and metHb was below the detection limit (data not shown). It should be
noted that higher formation of metHb in mouse RBCs was only found after EtCysNO treatment above
100 µM concentrations (see Figure 5, below).
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Time courses between 1 and 20 minutes showed that the reaction is complete after 5 minutes (data not
shown). Therefore, subsequent treatments were performed for 5 minutes, unless noted otherwise. We
also compared CysNO with EtCysNO, but both SNO donors showed similar effects (data not shown).
SNO-Hb formation in intact C93 and C93A RBCs. Formation of synthetic SNO-Hb in lysates is performed
at alkaline pH, which promotes the R-state structure necessary for effective S-nitrosylation (Jia et al.,
1996; McMahon and Stamler, 1999). We therefore compared control and mutant RBCs at an alkaline pH
(pH 7.8) that is compatible with PBS buffer, using a range of EtCysNO concentrations and dilutions, at
the 6.25% dilution established above. Increasing SNO donor from 0 to 400 µM EtCysNO led to increasing

compared to C93 RBCs (Figure 5A). Notably, increasing SNO donor concentrations also increased metHb
content (Figure 5B). No metHb was detectable in untreated RBCs, and 15-25% metHb was found in 200
µM EtCysNO treated RBCs, with no difference between control and C93A mutant (Figure 5B). At 400 µM
EtCysNO, metHb increased to 25-35%, which would disfavor allosteric control. However, while HbFeNO
concentration also increased with increasing SNO donor concentration, the percentage of total HbNO
(SNO + FeNO) actually decreased due to preferential loading on Cys over Fe. No difference in HbFeNO
was seen between control and C93A RBCs. Considering all parameters tested, we selected 6.25%
dilution, pH 7.8, 200 µM EtCysNO, and 5 minutes treatment time as the optimum combination for
highest SNO yield with acceptably low metHb/FeNO formation in intact mouse (and human) RBCs.
Vasorelaxation bioactivity of optimally loaded vs SNO-overloaded RBCs. To demonstrate directly that
careful loading with a SNO donor is critical to meaningful assessment of RBC-mediated hypoxic
vasodilation, we compared the ability of SNO-loaded RBCs to induce aortic vasorelaxation in vitro over a
range of SNO donor concentrations from unloaded (basal) to optimally loaded to overloaded. Aortic
rings from wildtype C57 mice were contracted with phenylephrine, and (in separate experiments) tested
for the ability of SNO-loaded RBCs to induce vasorelaxation under hypoxic conditions (1% O2) or under
normoxia (20% O2). First, we compared human RBCs with mouse RBCs bearing wildtype human Hb,
loaded under our optimal conditions, with shown amounts of SNO (Figure 6A) and metHb (Figure 6B).
Mouse and human RBCs produced vasorelaxation under 1% O2 at all donor concentrations; peak
vasorelaxation occurred at the optimal 200 µM EtCysNO concentration and plateaued at higher donor
concentrations (Figure 6C). Human RBCs produced more hypoxic vasorelaxation than did the humanized
mouse RBCs at all tested donor concentrations, consistent with less effective SNO loading in the mouse
cells. In contrast, human and mouse RBCs produced vasoconstriction when tested under normoxia (20%
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O2) across a wide range of EtCysNO concentrations, showing preservation of Hb allosteric function
(Figure 6D) (Stamler et al., 1997). At high EtCysNO, however, SNO-overloading and high Hb oxidation
induced a vasodilatation response at 20% O2 (Figure 6D). As in other measures (SNO and metHB), mouse
RBCs lag behind human RBCs, and appear to require even higher SNO overloading to switch to notable
vasorelaxation under normoxia (because hypoxic vasodilation was already lost in human RBCs loaded
with 1000 μM SNO-Cys, we did not waste mice to test even higher overloading). Thus, hypoxic
vasodilation responses are clearly evident in both human and mouse RBCs when SNO loading is
optimized to maintain allosteric control. As we have argued previously (Palmer et al., 2008; Stamler et
al., 2008; Reynolds et al., 2019), excessive SNO loading into human and mouse RBCs clearly masks the

of allosteric SNO release. These results formally demonstrate that appropriate SNO loading of RBCs
produces hypoxia-dependent vasodilation responses, while excessive loading masks the effect of
hypoxia by releasing SNO indiscriminately to induce vasorelaxation.
Finally, we compared hypoxic vasodilation between C93 mouse and C93A mouse RBCs with optimum
SNO loading (Figure 7). Preparations of C93A RBCs showed reduced SNO-loading compared to C93 RBCs
across a lower range of ECysNO concentrations (Figure 7A); however, high to excessive amounts of
metHb formed at EtCysNO > 200 µM (Figure 7B), as shown in more detail in Figure 5. RBC preparations
then were used to assess hypoxic vasodilation in bioassays. C93A mutant RBCs loaded optimally with
200-400 μM ECysNO demonstrated a loss in ability to vasodilate under 1% oxygen, compared to paired
C93 RBCs (Figure 7C). When 200 µM versus 400 µM EtCysNO treatments were compared by ANOVA,
significant increases were seen in SNO-Hb (C93 only) and metHb (C93 and C93A), but not in hypoxic
relaxation, suggesting that increases in metHb may have impaired allosteric regulation. Moreover,
vasodilation by βCys93-SNO is typically a non-linear function (Singel and Stamler, 2005). In sum,
vasodilation under hypoxia that is allosterically controlled by Hb is mediated by βCys93. We conclude
that 200 μM ECysNO under these reaction conditions is an optimal concentration of SNO donor for
assessing RBC hypoxic vasorelaxation activity that is mediated through Hb allostery and recapitulates
physiological regulation (Zhang et al., 2015; Zhang et al., 2022).
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Discussion
Mammalian hemoglobins possess multiple Cys residues (Premont et al., 2020) that may bind NO (Zhang
et al., 2015; Premont and Stamler, 2020), but only one, β-globin Cys93 (βCys93), is invariant (Nagai et
al., 1985). This Cys is linked functionally to Hb’s allosteric transition and subserves S-nitrosylation that
regulates tissue oxygenation (aka autoregulation of blood flow) (Doctor et al., 2005; Premont and
Stamler, 2020). Blood flow to working muscle is inversely proportionate to degree of Hb desaturation
(not pO2) (González-Alonso et al., 2001; Singel and Stamler, 2005; Premont et al., 2020). So, while SNO
on any Cys residue in Hb can be released to induce vasodilation, only vasodilation by SNO released

ability to S-nitrosylate βCy93-Hb selectively (and without oxidation of hemes that interferes with
allostery) is a key requirement for evaluation of RBC-mediated hypoxic vasodilation (McMahon and
Stamler, 1999; Pawloski et al., 2001), which is impaired in multiple clinical conditions (Premont et al.,
2020). In this study, hypoxic vasodilation in mouse vs. human RBCs is optimized through selective
βCys93 S-nitrosylation with CysNO (a commonly used nitrosylating agent). We find that murine RBCs
load SNO poorly compared with human RBCs and are more susceptible to heme oxidation; loading
conditions must therefore be individualized for different species and NO donors. Our work highlights
also a common misperception: that SNO-mutant Hb-containing RBCs should lose vasodilation under
hypoxia, which is only true to the extent that alternative SNOs do not form in RBCs (McMahon et al.,
2000; Premont et al., 2021). Thus, our methods for controlled SNO synthesis can distinguish
‘vasodilation under hypoxia’ (any SNO) (Hobbs et al., 2002) from ‘vasodilation requiring hypoxia’ (SNOβCys93-Hb) (McMahon et al., 2000), which subserves tissue oxygenation in vivo (Zhang et al., 2015;
Zhang et al., 2022).
SNO-Hb yield in human and mouse RBC lysates was near-stoichiometric (~2 SNO/Hb), consistent with
binding primarily at the two highly reactive β-globin Cys93 residues per tetramer (Jia et al., 1996;
Premont and Stamler, 2020). Loss of S-nitrosylation in lysates containing mutant C93A Hb demonstrates
that little S-nitrosylation of other thiols occurs under these conditions. Reaction at pH 9.2 to promote
the R structure in Hb provided optimum conditions for S-nitrosylation by CysNO, while gel filtration also
eliminated glutathione and membrane (AE-1) thiols as alternative targets. The SNO yield in mouse
lysates was more variable (1.7 ± 1.2 SNO/Hb) than in human RBC lysates, and the metHb/nitrosylHb
yields were higher (13% in human (Figure 1B) vs 29% in mouse (Figure 3C)). Thus, human RBC lysates
contained primarily 2SNO-Hb[FeIIO2]4 and 2SNO-Hb[FeIIO2]2/3[FeIII]2/1, while mouse lysates likely
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included a significant amount of 1SNO-Hb[FeIII]4 and 1SNO-Hb[FeIINO]x[FeIII]y, which are unresponsive
to pO2 (Singel and Stamler, 2005). Overall, our results in RBC lysates demonstrate unequivocally that
βCys93 is the primary site of S-nitrosylation in hemoglobin.
By contrast, SNO loading of intact RBCs with CysNO is more challenging, as it precludes the use of high
pH to control Hb conformation and occurs in the presence of intracellular thiols, including glutathione.
This change in conditions, together with the needed cellular uptake of the exogenous SNO-donor (vs
release of NO extracellularly), resulted in a SNO-Hb yield that was far lower than that in RBC lysates, and
a metHb/nitrosylHb yield that was much higher. Moreover, SNO loading of mouse RBCs was less

content leads to loss of Hb allostery, it masks the role of SNO-Hb in hypoxic vasodilation. Also, some
vasodilation from non Cys93 SNOs, including membrane SNOs, is inevitable using CysNO as a loading
agent. Thus, careful titration of SNO loading under distinct conditions in mouse vs human RBCs is
needed to produce a clear difference between C93 and C93A RBCs. These caveats notwithstanding,
reaction conditions were successfully optimized for selective Cys93 S-nitrosylation in mouse and human
RBCs, which complements the highly selective targeting of βCys93 with solutions of NO (ratios of NO/Hb
< 1:100 and NO <1 μM (Pawloski et al., 2001) that preserve hypoxic vasorelaxation.
Prior work has shown that the activity of SNO-Hb is dependent on the oxidation and ligation state of
accompanying hemes within the tetramer (Singel and Stamler, 2005). Accordingly, measuring RBC
function requires knowledge of the disposition and amount of NO in Hb, including SNO, FeNO and
metHb. There have been notable controversies concerning the suitability and comparability of methods
for quantifying SNO in Hb (Doctor et al., 2006; Gow and Singel, 2006; Wang et al., 2006; Hausladen et
al., 2007; Reynolds et al., 2019) as reactivity of SNO-Hb populations vary with heme ligation and
oxidation state, including Fe(II)NO and Fe(III)NO (Singel and Stamler, 2005; Hausladen et al., 2007). In
physiological situations, most NO in Hb is in form of SNO/Fe(III)NO (Singel and Stamler, 2005; Angelo et
al., 2006; Salgado et al., 2011), which cannot be detected by usual methodologies, including EPR and
standard chemiluminescence (Hausladen et al., 2007; Salgado et al., 2011). At the high concentrations of
synthetic SNO-Hb achieved here, Saville assay and photolysis/chemiluminescence give equivalent results
for SNO-stoichiometry, validating these methods. However, only photolysis/chemiluminescence can
measure both FeNO/SNO accurately in intact RBCs (Hausladen et al., 2007).
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Our bioassay data are extremely helpful in explaining differences in results among groups. Three factors
emerge: 1. Differences between human and mouse RBCs in SNO loading (human RBCs load more
readily); 2. Different amounts of metHb and nitrosylHb (more in mouse), which determine Hb
conformation and reactivity; 3. Different amounts and forms of SNOs depending on loading conditions
(mouse and human). Generally, with lower levels of loading (Pawloski et al., 2001), SNO-βCys93 Hb
predominates, whereas with higher loading, additional SNOs form that do not show allosteric regulation
by pO2, including non Cys93 SNOs in Hb (Pawloski et al., 2001; Hobbs et al., 2002; Reynolds et al., 2019),
membrane SNOs, and S-nitrosoglutathione (GSNO) (Premont et al., 2021). At high donor concentrations,
RBCs may also export/leach residual NO donors used in loading. The functional consequences of

vasodilate in proportion to hypoxia, reflecting liberation of SNO in T-state only (Stamler et al., 1997;
Pawloski et al., 2001; McMahon et al., 2002). All other SNOs exhibit equivalent potency at high and low
pO2. Thus, SNO-Hb is actually less potent than alternative SNOs, except at very low pO2 where
equivalence is achieved, or where excessive metHb is formed as SNO-HbFe(III) is a potent vasodilator at
both high and low pO2 (Jia et al., 1996).
In this regard, it is frequently suggested that replacing βCys93 (with alanine) should eliminate hypoxic
vasodilation by RBCs. However, since mutant RBCs redistribute SNO to other thiols, including
glutathione to generate GSNO (Isbell et al., 2008; Zhang et al., 2015), mutant RBCs may exhibit
essentially equivalent vasodilation under hypoxia; what should change is responsivity to pO2 at higher
HbO2 saturations, as previously shown (McMahon et al., 2000; Lipton et al., 2001; Pawloski et al., 2001;
McMahon et al., 2002), which translates to graded vasodilation across oxygen gradients in vivo (Zhang
et al., 2015). Another misconception has been to assume that all ‘hypoxic vasodilation’ is of the same
form and function, when in fact there are many types (e.g., beta adrenergic, hyperemic, auto-regulatory,
ATP-mediated). Human RBCs faithfully recapitulate SNO-Hb-mediated hypoxic vasodilation in bioassays,
while mouse RBCs depend more on ATP (Diesen et al., 2008; Premont et al., 2020), despite ATP’s lesser
relevance to in vivo physiology (González-Alonso et al., 2001). Specifically, the SNO-Hb mediated form of
vasodilation is implicated in classical autoregulation of blood flow, which is directly dependent on the
allosteric transition in Hb, and which subserves oxygenation of tissues in the respiratory cycle (Premont
et al., 2020; Premont and Stamler, 2020). We speak to no other form.
In sum, RBCs with high SNO loading and high metHb vasodilate under both high and low pO2, replicating
effects of SNO-metHb (Jia et al., 1996), which vasodilates independently of Hb allostery. Reports of
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“failure” to demonstrate hypoxic vasodilation by RBCs should be interpreted in this light (reviewed in
(Premont et al., 2021)). By contrast, RBCs loaded with lower, physiologically relevant amounts of SNO
that limit metHb/FeNO only produce vasodilation in hypoxia, confirming earlier reports (Pawloski et al.,
2001; McMahon et al., 2002; Diesen et al., 2008; Zhang et al., 2015). Together with our demonstration
that C93A mouse RBCs, under both basal and optimally loaded conditions, have significantly reduced
ability to effect hypoxic vasodilation compared to C93 mouse RBCs (Figure 7) (Zhang et al., 2022), these
results provide rigorous genetic evidence for the hypoxia-dependent function of βCys93 in releasing
SNO.
Downloaded from jpet.aspetjournals.org at ASPET Journals on January 9, 2023
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Data Availability
All data is shown in the figures; no data points were discarded. As noted in the Methods, where basal
metHb was below the detection limit, values are plotted as “0”. Raw data is available upon request to
JSS.
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Figure Legends

Figure 1: Stoichiometry of SNO-Hb synthesis using CysNO in human RBC lysates. (A) Quantitation of
SNO-Hb. The Saville assay (1.7 ± 0.5 SNO/tetramer; n=3) and photolysis/chemiluminescence (1.6 ± 0.2
SNO/tetramer; n=3) yield equivalent results for S-nitrosylated Hb, consistent with SNO residing primarily
at βCys93. No significant difference by t-test. (B) Synthetic SNO-Hb contains 13% ± 10% metHb (n=4). (C)
The SNO-Hb concentration determined by the Saville assay was used to prepare SNO-Hb standards for
comparison to GSNO standards. Both SNO-Hb and GSNO standard curves show equivalent photolysis
signal peak areas over a range of concentrations.

Figure 3. SNO loaded on hemoglobin is primarily on Cys93 in humanized-mouse RBC lysates. (A)
Representative photolysis signals (of n=4) of a GSNO standard, and synthetic SNO-Hb in control (C93)
and mutant (C93A) RBC lysates ± HgCl2. (B) Stoichiometry of SNO and FeNO (combined, XNO) per Hb
tetramer in control (C93) and βC93A mutant Hb after treatment (n=4; *, p<0.05 by t-test)). (C) Heme
concentrations used in assays, and (D) metHb formation after treatment (n=4; no significant differences
by t-test)

Figure 4. S-nitrosylation of hemoglobin in intact human RBCs and humanized-mouse (C93) RBCs. All
treatments were for 5 minutes with EtCysNO in PBS, pH 7.8. (A) Treatment of a 50% RBC suspension
with 50 µM EtCysNO shows increased S-nitrosylation in human RBCs (n=6), but not in humanized-mouse
RBCs under the same conditions (n=6; *, p<0.05 by t-test). (B) Dilution of RBCs from 50% to 6.25%
improves SNO yield in human RBCs treated with 50 µM EtCysNO (n=4), and also in humanized-mouse
RBCs but to a lesser degree (n=6; *, p<0.05 by t-test).
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Figure 2. SNO and heme-NO quantification in human SNO-Hb[Fe]NO. (A) Absorbance scans of serial
dilutions of CysNO-treated Hb, representative of 3 assays. (B) Overlay of photolysis signals from the
serially diluted Hb samples shown in panel (A). Each trace shows sequential injections of a GSNO
standard, followed by SNO-Hb, and SNO-Hb in the presence of 1 mM HgCl2 (=FeNO concentration).
Representative of 3 assays. (C) The calculated Hb tetramer concentration from assays as in panel (A)
plotted against the calculated total NO concentration (XNO; SNO+FeNO) from panel (B). SNO-Hb is
calculated as the difference between the untreated sample (total NO) and HgCl2-treated sample (FeNO).
SNO-Hb is 80% ± 4% of total Hb-NO at all tested dilutions. n=3; SNO – Hb and FeNO – Hb correlations
p<0.0001; SNO vs Hb, r2=0.8832; FeNO vs Hb, r2=0.8765.
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Figure 5. Optimizing EtCysNO concentration for S-nitrosylation in humanized-mouse RBCs. RBCs at
6.25% dilution in PBS, pH 7.8 were treated for 5 minutes with the indicated concentrations of EtCysNO
(n = 6-14). (A) SNO-Hb formation increased with increasing EtCysNO concentration, but the increase
was significantly higher in C93 control than in C93A mutant RBCs at every EtCysNO concentration. *,
p<0.05 by t-test. (B) metHb formation increased with increasing EtCysNO concentration, but there was
no significant difference between C93 and C93A RBCs at any concentration (by t-test).

Figure 7. SNO-loaded C93 and C93A RBCs differ in hypoxic vasodilation. (A) SNO-Hb formation
increases with increasing EtCysNO concentration in C93 and C93A RBCs but is less in C93A RBCs. (B)
MetHb formation increases similarly with increasing EtCysNO concentration in both C93 and C93A RBCs,
but is excessive above 200 μM. (C) Optimally SNO-loaded RBCs (200 μM ECysNO) promote vasodilation
under hypoxia (1% O2) in proportion to their amount of SNO-Hb. C93A mutant RBCs generate
significantly less vasodilation than do C93 RBCs, consistent with lower amounts of SNO. *, p<0.05 by ttest. †, p<0.05 by one-way ANOVA across doses, with post-hoc Šidák multiple comparison test.
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Figure 6. SNO-loaded RBCs induce hypoxia-specific vasodilation, but SNO overloading promotes high
metHb formation and loss of hypoxia-specific vasodilation. (A) SNO-Hb formation increases with
increasing EtCysNO concentration.
(B) MetHb formation increases with increasing EtCysNO
concentration, and is higher in mouse than in human RBCs. (C) SNO-loaded RBCs promote vasodilation
under hypoxia (1% O2). Human RBCs produce significantly more vasodilation than mouse RBCs at every
EtCysNO treatment dose, and the vasodilation effect plateaus at 200 μM EtCysNO. (D) High SNO loading
mediates loss of vasoconstriction by RBCs in room air and induces aberrant vasorelaxation by human
and mouse RBCs under normoxia (20% O2). For all panels, n=4, except for mouse 2000, 5000 μM-treated
RBCs (SNO-Hb and metHb) where n=2; *, p<0.05 by t-test.
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