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Abstract

The reactions of nitrite with deoxygenated human erythrocytes were examined using membrane inlet
mass spectrometry to detect the accumulation of NO in extracellular solution. In this method an inlet
utilizing a silicon rubber membrane is submerged in cell suspensions and allows NO to pass from
extracellular solution into the mass spectrometer. This provides a direct, continuous, and quantitative
determination of nitric oxide concentrations over long periods without the necessity of purging the
suspension with inert gas. We have not observed accumulation of NO when compared with controls
on a physiologically relevant time scale and conclude that, within the limitations of the mass
spectrometric method and our experimental conditions, erythrocytes do not generate a net efflux of
NO following the addition of millimolar concentrations of nitrite. Moreover, there was no evidence
at the mass spectrometer of the accumulation of a peak at mass 76 that would indicate N,O3, an
intermediate that decays into NO and NO,. Inhibition of red cell membrane anion exchangers and
aquaporins did not affect these processes.
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Introduction

There has been great interest in the reactions of nitrite with erythrocytes following the initial
reports of the reactions of nitrite with cell-free deoxyHb(Fe'!) [1]. These reactions are based
on the well known one-electron reduction of nitrite by deoxyHb(Fe!!) resulting in the formation
of metHb(Fe!'!). The fate of the resulting NO has been heavily studied, but it is certain that
most of it binds to deoxyHb(Fe'l).

deoxyHb(Fe")+NO, +H* 5 NO+metHb(Fe'™)+OH~ 1)
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deoxyHb(Fe')+NO < NOHb(Fe'") ©)

The reduction of nitrite by deoxyHb(Fe!) is a complex reaction the properties of which depend
on the ratio of nitrite to hemoglobin, showing autocatalytic behavior and ratios of NOHb
(Fe'") to metHb(Fe''") that deviate from unity under specific and well described conditions
[2-4]. The ratio of products, NOHbFe(l1) and metHbFe(111), depends on the concentration of
nitrite. Doyle et al. [1] used excess nitrite and reported close to one equivalent each of NOHbFe
(1) and metHbFe(l11), confirmed in subsequent studies under specific conditions described
therein [5,6]. However, as concentrations of nitrite decreases below about 400 uM there is an
excess of met-Fe(I11) over NO-Fe(ll), with the ratio Fe(111)/NO-Fe(ll) as great as 1.8, which
then approaches unity again at nitrite concentrations very low compared with heme [2]. We
emphasize that the reactions of nitrite with hemoglobin in this report are determined at high
nitrite concentrations, much higher than under physiological conditions. To further emphasize
this, it was reported earlier that infusion of low concentrations of nitrite into the forearm caused
increased blood flow [7]. Subsequent studies, however, show that the extent and mechanism
of nitrite bioactivity is controversial [8-10].

Based on studies showing vasoactivity of nitrite under hypoxic conditions, increased
consumption of nitrite during normoxic exercise, and positive arterial-to-venous gradients of
nitrite, it has been suggested that the interactions of nitrite with erythrocytes could be a source
of vasodilatory NO [4,7,11,12]. Prominent among explanations of the vasodilatory effect of
nitrite is the hypothesis that deoxyHb(Fe!!) in erythrocytes produces vasodilation through
mechanisms related to the reactions of nitrite with deoxyHb(Fe'!") [6,11,13]. Furthermore, it
has been proposed that the red cell membrane anion exchanger (AE-1) may help to mobilize
extracellular nitrite for intracellular utlilization [3] and that aquaporin-1 may act as a membrane
gas channel for NO permeation [14].

A significant problem with this scenario is that deoxyHb(Fe'!") avidly binds NO, and this
autocapture is expected to prevent appreciable NO from exiting the erythrocyte. This effect
may be mitigated by generation of an intermediate such as NoO3 which does not bind tightly
to deoxyHb(Fe'!) and could pass across the red cell membrane [13]. However, mass
spectrometric measurements showed no accumulation of N,O3 upon addition of nitrite to
solutions of cell-free deoxyHb(Fe'!"), and no NO above that of the uncatalyzed dismutation
[15]. Additional data are accumulating that the vasodilatory effect of nitrite in vivo arises from
nitrite reduction by the vascular endothelium and extravascular tissues. For example, studies
detecting NO by EPR and chemiluminescence showed that nitrite caused appreciable increases
in NO production in tissues such as liver and heart but only trace amounts in blood [16]. In
addition, reactions of nitrite to generate NO under anerobic conditions (in vitro) have been
demonstrated for myoglobin, xanthine oxidase, the bcq complex of the mitochondrial electron
transport chain, cytochrome P450, and endothelial NO synthase enzyme [17]. Other studies
have suggested a role of S-nitrosothiols as a source of vasodilation, since potent S-nitrosating
agents including N,O3 may be formed from nitrite [11]. Physiological concentrations of nitrite
in humans are in a range up to 1 uM. The source of nitrite includes foods, the reactions of
nitrate in bacteria in the oral cavity and Gl tract, and eNOS-mediated NO production with
subsequent oxidation which accounts for up to 70% of plasma nitrite [18].

In this report, we examine the reactions of nitrite with deoxygenated human erythrocytes using
membrane inlet mass spectrometry (MIMS) to detect the accumulation of NO in extracellular
solution [19]. This follows a study using the same methods applied to cell-free deoxyHb
(Fe')) [15]. In this method an inlet utilizing a silicon rubber membrane is submerged in cell
suspensions and allows NO to pass from extracellular solution into the mass spectrometer. This
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provides a direct, continuous, and quantitative determination of nitric oxide concentrations
over long periods without the necessity of purging the suspension with inert gas. We have not
observed accumulation of NO when compared with controls on a physiologically relevant time
scale and conclude that, within the limitations of the mass spectrometric method and our
experimental conditions, erythrocytes do not generate a net efflux of NO following the addition
of millimolar concentrations of nitrite. Moreover, inhibition of red cell membrane anion
exchangers and aquaporins does not affect these processes.

Experimental Methods

Materials

Human blood was freshly collected and then diluted in isotonic buffer consisting of 50 mM
sodium phosphate, 78 mM sodium chloride, 2.7 mM potassium chloride at pH 7.4. Cells were
washed by repeated cycles of centrifugation and dilution in isotonic buffer prior to use. The
washed packed red cells were then diluted into the same isotonic buffer described above at pH
6.7 supplemented with 2 mM of the chelator DTPA (diethylenetriamine-pentaacetic acid)
within the reaction vessel. Experiments used 2.5 ml of red cells suspensions to which was
added 0.5 pL of Antifoam A (Sigma). Degassed red cells were prepared from these samples
by bubbling of helium for 5 minutes prior to the analysis.

The anion exchange inhibitors 4-acetamido-4’-isothiocyanstilbene-2,2’-disulfonic acid
disodium salt (SITS), and 4,4'-diisothiocyano-stilbene-2,2'-disulfonic acid (DIDS) were
purchased from AnaSpec (San Jose, CA). The inhibitor 4,4'-dinitrostilbene-2,2'-disulfonic
acid, disodium salt (DNDS) was purchased from Invitrogen Corporation (Carlsbad, CA). The
aquaporin channel blocker para-chloromercuribenzene sulfonic acid, sodium salt (PCMBS)
was purchased from Toronto Research Chemicals, Inc. DIDS, SITS, and DNDS were incubated
in red cell suspensions up to 30 minutes before experiments. Red cells were incubated with
PCMBS for 10 minutes prior to experiments.

Inlet probe and kinetic measurements

Results

The membrane inlet consisted of a length of silicon rubber (Silastic) tubing attached to a piece
of glass tubing leading into a dry-ice acetone water trap and then into an Extrel EXM-200 mass
spectrometer, as described elsewhere [19]. This membrane inlet was immersed in solution
contained in a 3 ml glass reaction vessel modified for introduction of samples and inert gas,
and sealable by injection septa and Teflon screw plugs [19]. When immersed in a red cell
suspension, this inlet detects free, unbound, extracellular NO based on the magnitude of the
m/z 30 peak (or N,O3 based on the m/z 76 peak if this species is present). The reaction vessel
contained a small magnetic spinner to continuously mix the reactions. Mass spectra were
obtained using electron impact ionization (70 eV) at an emission current of 1 mA. Source
pressures were approximately 1 x 1078 torr. The resulting mass scans were well resolved with
a return of ion current (detector response) to the baseline separating each mass unit. Data
collected using the membrane inlet were calibrated by injecting solutions containing known
concentrations of NO into buffered solutions in the reaction vessel [19]. The sample preparation
involved deoxygenating the red cell suspension with helium, as described above, followed by
addition of nitrite through an injection septum.

We have used membrane inlet mass spectrometry to observe the accumulation of free, unbound,
extracellular NO caused by the addition of nitrite to deoxygenated suspensions of human red
blood cells. In this method, the membrane inlet is submerged in the suspension and uncharged
molecules of low molecular weight pass across a permeable membrane into the mass
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spectrometer. Inhibitors to block both anion exchange proteins and aquaporin were used to
investigate mechanisms.

The addition of nitrite to a suspension of red cells

We added nitrite at initial concentrations of 2— 16 mM to a suspension of deoxygenated, human
red cells (0.8% hematocrit) and used the m/z 30 peak to detect extracellular NO. The appearance
of NO after the addition of nitrite at time zero was characterized by two phases (Figures 1A,B).
Each of the two phases shows an increase in NO approaching a plateau, and the second phase
follows generally after the first phase has reached the plateau. For example, for the addition at
time zero of 8 mM nitrite, the first phase extends from time zero to about 2.5 min, the second
phase begins about 2.5 minutes (Figures 1A,B).

The first phase showed accumulation of extracellular NO forming a low-level plateau near 1.3
nM, for an initial nitrite concentration of 8.0 mM, with the plateau lasting over one minute
(Figure 1B). This initial plateau was slightly less than about 2 nM formed in the uncatalyzed
dismutation of an initial concentration of 8.0 mM (Figure 1B). The length of the initial plateau
decreased with increasing nitrite concentration. These data can be compared with the
accumulation of NO in solutions of cell-free hemoglobin (Figure 2) [15]. It is difficult to
compare these results from MIMS with studies which purge red cell suspensions with inert gas
and detect NO in the gas phase using chemiluminescence [7, 16]. These methods and conditions
are different and so are results; for example, in measuring uncatalyzed dismutation of nitrite,
MIMS allows equilibrium to establish and chemiluminescence removes NO with the inert gas
as it is formed.

After this initial steady state plateau, there was a second phase in which extracellular NO
concentrations increased and approached a higher plateau of NO concentration, one that
exceeded the concentration of NO in the uncatalyzed reaction. In this second phase, the rate
of increase of NO and level of the apparent second plateau increased with increasing
concentrations of nitrite (Figure 1A). The data shown in Figure 1 are for human red cells that
were washed three times in isotonic buffer; however, the results were identical when an
equivalent amount of blood was used without prior washing of the red cells.

The following experiments were performed to determine whether the second phase was due
to dissociation of NO from NOHb(Fe''). MAHMA NONOate (Z-1-[N-methyl-N-[6-(N-
methylammoniohexyl)amino]]-diazen-1-ium-1,2-diolate) at 25 pM was used to generate NO
in a solution containing 40 uM deoxyHb(Fe'') (heme concentration). Other conditions were as
described in Figure 1 except no nitrite was added. The solution was monitored
spectrophotometrically to observe the formation of the apparently fully nitrosylated
hemoglobin. A stream of helium gas was used to remove unbound NO, monitored by
observation of the m/z 30 peak. When this peak was near baseline, indicating the near complete
removal of unbound NO, the helium stream was stopped. MIMS showed no increase in the m/
z 30 peak over a period of 12 minutes. This is consistent with no dissociation of NO from
NOHDb(Fe'!) that could be detected.

When the pH of the external solution was decreased, we observed a decrease in the length of
the first plateau accompanied by an increase in the rate of appearance of extracellular NO and
apparent plateau level for the second phase (Figure 3). A qualitatively similar effect was also
observed in solutions of cell-free deoxyhemoglobin [15] and is related to the concentration of
HNO,, the conjugate acid of nitrite with a pK; of 3.3. As with solutions of cell-free
deoxyhemoglobin [15], the logarithm of the rates of NO accumulation in the second phase was
a linear function of pH (R? = 0.97) with rates increasing as pH decreases.
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We extended these studies to suspensions of larger hematocrit using additions of 8 mM nitrite
(Figure 4). Increasing the amount of deoxygenated erythrocytes increased the length of the
initial plateau; at the larger hematocrits (25%, 50%) this initial phase showed no accumulation
of NO. Also, increasing the hematocrit decreased the rate of extracellular NO accumulation
and the level of the plateau in the second phase (Figure 4). We did not observe in these
experiments an increase in the peak at m/z 76 that would correspond to the accumulation of
N>Os3. The limitations of MIMS to detect N,O3 was discussed in our earlier report on reactions
of nitrite with hemoglobin [15]. This species is expected to have a lifetime in solution near 1
ms and to dissociate rapidly into NO and NO» [20]. It is entirely possible that MIMS as used
in this work would not detect an initial burst of N,O3. However, if N,Og is escaping the red
cell and rapidly decomposes to NO either in the red cell suspension or in the gas phase leading
to the mass spectrometer, then we should be able to measure it by MIMS as NO. In this sense,
it does not matter what species escapes the red cell as a molecule that decays to NO, we have
not been able to detect it.

The generation of NO in conditions closer to (but clearly not) physiological was then examined.
We used human, deoxygenated erythrocyte suspensions at 50% hematocrit in isotonic buffer
at pH 7.4 and 37 °C. The suspension was then injected with an initial 1.0 mM nitrite
concentration and monitored for NO generation extracellularly. These conditions did not
generate any detectable NO for up to 30 minutes following the addition of the nitrite.

Additional experiments were performed at varying levels of oxygenation under the conditions
of Figure 1. Mixing oxygenated and deoxygenated packed red cells in different ratios was used
to produce different levels of oxygenation. Completely oxygenated red cell suspensions
showed no accumulation of NO upon addition of nitrite. Intermediate levels of oxygenation
showed the two-stage accumulation of NO as in Figure 1 with NO concentrations which were
intermediate between those observed for completely deoxygenated and oxygenated red cells.
Further experiments were performed to force the transition between the relaxed state with high
oxygen affinity and the tense state favoring deoxyhemoglobin in the red cell. The red cells
were oxygenated and then injected into doxygenated buffer in the reaction vessel (conditions
of Figure 1); at various times (up to 5 minutes) nitrite was added. The release of oxygen and
accumulation of NO was measured in the mass spectrometer. There was no indication of NO
released in a burst following nitrite addition, instead there was a slow increase of NO, much
less than in the experiments using deoxygenated cells and on a slower time scale. When air or
oxygen was bubbled into the reaction of completely deoxygenated red cells under conditions
of Figure 1 it resulted in a similar decreased generation of NO.

Effect of DIDS on NO accumulation

We tested several inhibitors of the band 3 anion exchanger (AE1) for their effect on the
accumulation of extracellular NO after introduction of nitrite to deoxygenated red cells.
Concentrations of DIDS from 0.1 uM to 1.0 mM had no effect on the accumulation of NO in
extracellular fluid, shown for four concentrations of DIDS in Figure 5. An apparent 1C50 of
0.1 uM DIDS was reported for the inhibition of the transport of sulfate by the anion exchangers
in human red cells [21]. Results identical to Figure 5 were obtained when experiments were
performed in the dark to prevent light induced isomerization of DIDS [22]. In additional
experiments, we used solutions of DIDS containing potassium bicarbonate (0.1 mM) or DMSO
(5% in final suspensions) to prevent the formation of polymeric DIDS [15]; results were
identical to Figure 5.

Experiments under the same conditions using the anion exchange inhibitors SITS and DNDS
also showed no effect in the accumulation of NO (data not shown). SITS was examined in the
concentration range from 10 uM to 100 uM. An IC 50 of 50 uM for SITS is reported for the
inhibition of the transport of sulfate by the anion exchangers in human red cells [23]. DNDS
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was used at concentrations above and below its IC50 of 2 uM for inhibition of sulfate transport
through the anion exchange protein of human red cells [21]. In control experiments, DIDS,
SITS, DNDS in the concentration ranges used here caused no change in the rate of accumulation
of NO in solutions containing deoxyhemoglobin but no erythrocytes.

Effect of PCMBS on NO accumulation

We added to our deoxygenated red cell suspensions PCMBS which is an inhibitor with complex
effects on red cells including inhibition of the aquaporin-1 channel but also inhibition of anion
exchange proteins to some extent [24]. The concentrations of PCMBS used in our studies are
in the range of the inhibition of aquaporin demonstrated by the reduction of water diffusion by
half at concentrations of 2 mM in adult human erythrocytes [25]. The reported 1C50 for the
inhibition of CO, transport through the aquaporin-1 channel in human red cells is 0.5 mM
[26] . A range of PCMBS from 25 uM to 2 mM was used in our studies; this range included
both inhibition of the aquaporin channel as well as inhibition of the band 3 anion exchanger
(ICsq near 2 mM) [24,26].

The presence of PCMBS showed no significant change in the level of NO for the initial plateau
(up to 3 minutes) after addition of nitrite (Figure 6). For the second phase, when 25 uM or 50
KM PCMBS was incubated with the red cells, there was an increase in plateau level (Figure
5). At the higher PCMBS concentration of 1 mM and 2 mM the second plateau appeared lower
than in the absence of PCMBS, which was observed in three repetitions of the experiment.
PCMBS did not affect the rate of accumulation of NO in solutions containing deoxyhemoglobin
but no erythrocytes at concentrations below 50 pM.

Discussion

In measuring the accumulation of NO in red cell suspensions by membrane inlet mass
spectrometry, the inlet itself is immersed in the suspension. Hence, the free, unbound NO in
the extracellular fluid is measured without purging the suspension with inert gas, giving a direct
and real time measure of NO concentration and accumulation in the extracellular solution. We
have observed a biphasic increase in NO measured in this manner after adding millimolar levels
of nitrite to human, deoxygenated erythrocyte suspensions (Figure 1A,B). The uncatalyzed
dismutation of nitrite observed by this method was reported earlier [19] and is shown in Figure
1B in comparison with data obtained using erythrocyte suspensions, and in Figure 2 in solutions
containing cell-free hemoglobin. The topic of the uncatalyzed dismutation of nitrite is covered
in a classic review from the 1950’s [27] which has been followed by numerous reports of the
rate constants for this complex process [28, 29].

Accumulation of extracellular NO in red cell suspensions

The very low level of NO in the initial 1 — 2 minutes after addition of nitrite to deoxygenated
erythrocyte suspensions is consistent with the tight binding of NO to deoxyHb(Fe'!) in the
reaction schemes of Egs. (1) and (2) in the interior of red blood cells. Even at the very large
concentration of initial nitrite at 2 mM and 4 mM, the levels of NO detected in the extracellular
fluid do not exceed 1 nM (Figure 1B) for at least five minutes, below the level of NO consistent
with vasodilation (in a range up to 10 nM) [30]. Figure 1B shows that for the addition of 8 mM
nitrite the concentrations of extracellular NO were somewhat lower than the control without
red cells, consistent with the suggestion that NO generated is taken up by the red cells. This is
particularly evident at the larger hematocrits shown in Figure 4 in which the concentration of
NO outside of the cells decreases significantly when there are more erythrocytes present. This
is understood as the efficient scavenging of extracellular NO by the increased number of red
cells. Increased accumulation of extracellular NO in red cell suspensions was associated with
adecrease in pH (Figure 3). The reduction in pH increases HNO, concentrations and this may
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be a predominant species entering the red cell to be reduced to NO. Moreover, the uncatalyzed
dismutation of nitrite is more rapid at lower pH [15].

In these red cell suspensions, the low-level plateau of the first phase (up to 2-3 minutes)
represents acomplex steady state in extracellular NO concentration involving several processes
including the uncatalyzed dismutation of nitrite, the flux of nitrite and HNO, into the cells
where it reacts with hemoglobin according to Egs. (1) and (2), and the diffusion of NO across
the cell membrane. There are a number of other accompanying processes such as nitrosylation
reactions, the possible role of other species of nitrogen oxides, other reactions of nitrite and
NO in the cell, and the action of metHb(Fe''") reductase.

Nitrite concentrations used at 2 to 16 mM differ greatly from physiological concentrations of
nitrite, which are near 1 uM; however, the much larger concentrations of nitrite needed to
observe NO in red cell suspensions forms part of our conclusion. Addition of 1.0 mM nitrite
under more physiological conditions did not show any accumulation of NO that we could
measure. For the membrane inlet that we have used the half-time is near 5 seconds for response
to step increases in concentration of NO. We would not be able to observe a small, rapid pulse
of NO increase occurring within seconds after the addition of nitrite.

Other cautions apply when interpreting our measurements. Detection of NO in our reaction
vessel and experimental conditions does not reproduce conditions in an arteriole, in which
flowing red cells in plasma physiologically undergo a 25-75% reduction in hemoglobin-
oXygen saturation with a simultaneous increase in the partial pressure of carbon dioxide (30 to
50 mmHg) and fall in pH (7.5 to 7.3)1 with only a minor reduction of extracellular nitrite at
concentrations below 1 uM. Although our comparison of net NO accumulation with
deoxygenated cells and uncatalyzed dismutation (Figure 1B and 4) is a direct observation, NO
accumulation using deoxygenated compared with oxygenated red cells offers further
interpretation. The results with oxygenated and deoxygenated red cells were very similar to
those with cell free oxy- and deoxyHb(Fe!') in Figure 2 where it is clear that initially NO
accumulation is greater with deoxyHb(Fe'!). The reaction of NO and oxyHb(Fe'!) is near 9 x
107 M~1s71 [31] and the value for the reaction of NO and deoxyHb(Fe'!) (Eq. (2)) is 2 x 107
M~1571[32]. These values are viewed as rather similar; hence, a major difference between oxy
and deoxy conditions appears to be the nitrite reductase activity of deoxyHb(Fe'!). In this
interpretation, the greater accumulation of NO under deoxy compared with oxy conditions
suggests efflux of NO from the cells. However, MIMS cannot detect the origin of the NO
accumulated outside the cells; a fraction may be generated by the uncatalyzed dismutation of
nitrite outside the cells and a fraction may be generated from the nitrite reductase activity of
deoxyHb(Fe!") with product NO that then exits the cell. However, direct observation shows no
net accumulation of NO in the initial phase outside the cells compared with uncatalyzed levels
of NO.

The second phase is an increase in the rate of extracellular NO accumulation that follows the
initial plateau and occurs many minutes after addition of nitrite to degassed erythrocyte
suspensions (Figure 1A,B). The cause of this second phase of increase and apparent second
plateau is unclear; but it appears not due to the dissociation of NOHb(Fe!!). One possibility is
the reaction of nitrite with forms of nitrosylated hemoglobin. The resulting progress curve in
the second phase of the accumulation of NO in extracellular solution after addition of nitrite
(Figure 1A) is very similar to that obtained by this method under similar conditions for solutions
containing cell-free deoxyhemoglobin (Figure 2) [15]. Both experiments, using deoxygenated

LA limitation in the present experiments is the necessity for an absence of carbon dioxide and bicarbonate due to the generation in the
mass spectrometer of cl8o (m/z 30) from the natural abundance of 180 masking the NO peak. We are currently exploring the use of

isotopic

N-enriched nitrite to overcome this problem.
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erythrocyte suspensions or solutions of cell-free deoxyHb(Fe''), showed an initial phase of low
levels of NO and a second phase of more rapid NO accumulation approaching a plateau.
Moreover the time scales and magnitudes of NO observed are similar for the red cell and
solution phase studies with purified hemoglobin (Figure 1, Figure 2).

Inhibition of band 3 anion exchanger of red cells

The exchange protein AE1 is a member of a family of anion exchangers that is located in the
plasma membrane of erythrocytes as well as other tissues and is involved in the transport of
CO» and bicarbonate in respiration [33,34]. Studies with intact red cells and ghosts show nitrite
uptake blocked by DIDS, an inhibitor of anion exchange proteins including AE1 [35].
However, other studies show no effect of DIDS on nitrite induced formation of met-Hb
(Fe''"y in erythrocytes [36,37]. There will be some diffusion of HNO, (pKj 3.3) across the
membrane, and studies indicate some uptake of nitrite by the sodium-dependent phosphate
transporter [37].

We observed no significant change caused by the inhibitors of anion exchange DIDS, SITS,
or DNDS in the rate of extracellular NO accumulation in this work (shown for DIDS in Figure
5). The disulfonic stilbene compounds including DIDS, SITS, and DNDS are a class of the
most potent and commonly used inhibitors of the exchange protein AEL. These inhibitors in
the concentration range of their respective 1C50 values had no effect on NO accumulation
under conditions of Figure 1. These results show that anion flux using the exchange protein
AEL is not a predominant factor in the accumulation of extracellular NO caused by addition
of large quantities of extracellular nitrite. The insensitivity to DIDS in Figure 5 indicates that
rate-limiting steps in the extracellular accumulation of NO do not involve AEL.

Inhibition of aquaporin-1 channel of red cells

Summary

Being a small uncharged molecule, NO is expected to pass readily across membranes [38], and
there is evidence that some passes through the aquaporin channel [14]. Evidence that a large
amount of CO5, fluxes out of red cells through the aquaporin channel suggests that it may be a
conduit for NO and other dissolved gases to enter or exit the red cell, although the significance
of this is uncertain [26].

PCMBS had no effect on the levels of extracellular NO in the initial plateau after addition of
nitrite (Figure 6). In addition, PCMBS at the concentrations of Figure 6 had no effect on the

accumulation of NO in solutions of cell-free deoxyhemoglobin (data not shown). These data
show that the aquaporin channel does not play a predominant role in the complex steady-state
processes that are involved in the initial response of red cells to large concentrations of nitrite.
Rather, the steady state appears dominated by the flux of NO through other pathways and of

HNO-, followed by the autocapture of NO in the red cells. The complex behavior of PCMBS
toward the second plateau in Figure 6 is unexplained at present. We can conclude however that
flux through the aquaporin channel is not a major factor for accumulation of extracellular NO
in our experiments.

Application of membrane inlet mass spectrometry showed no initial burst of extracellular NO
or N,O3 caused by addition of millimolar levels of nitrite to suspensions of deoxygenated red
cells at pH 6.7. With a sensitivity as low at 0.5 nM, this method detected no accumulation of
extracellular NO when 1.0 mM nitrite was added to red cells under more physiological
conditions of hematocrit, pH, and temperature. These data support the hypothesis that, although
the reactions of nitrite with deoxyHb(Fe'!) apply, the autocapture of NO by deoxyHb(Fe'!)
precludes efflux of NO. Inhibition of the anion exchange protein and the aquaporin channel
did not affect the accumulation of extracellular NO in these experiments; flux of nitrite and
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1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mikulski et al.

Page 9

NO across the membrane by these processes are not rate contributing towards appearance of
NO extracellularly.
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Abbreviations

MIMS membrane inlet mass spectrometry
deoxyHb(Fe'!) the ferrous form of deoxyhemoglobin
NOHDb(Fell) nitrosylated hemoglobin
m/z (m/e) is the mass-to-charge ratio detected with the mass spectrometer
AE1 anion exchanger-1
DTPA diethylenetriaminepentaacetic acid
SITS 4-acetamido-4’-isothiocyanstilbene-2,2’-disulfonic acid
DIDS 4,4'-diisothiocyano-stilbene-2,2'-disulfonic acid
DNDS 4.4'-dinitrostilbene-2,2'-disulfonic acid
pCMBS para-chloromercuribenzene sulfonate.
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Figure 1.

(A) Time course of extracellular NO accumulation obtained from m/z 30 detected by membrane
inlet mass spectrometry upon addition of sodium nitrite to a suspension degassed human red
cells at 0.8% hematocrit. At time zero, NaNO, was added at the concentrations identified on
the plot. Solutions also contained 50 mM sodium phosphate, 78 mM sodium chloride, 2.7 mM
potassium chloride, and 2 mM DTPA at pH 6.7 and 25 °C. (B) The same series of experiments
showing an expansion of the early times. The dotted line represents the NO generated by
addition of NaNO, at a concentration of 8.0 mM to the identical solution but containing no red
cells.

Free Radic Biol Med. Author manuscript; available in PMC 2011 January 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Mikulski et al.

Page 14

14
Deoxy-Hb
=
c
)
Z,
0 5 10 15 20 25
Minutes
Figure 2.

The time course of dissolved NO concentrations (obtained from m/z 30) upon addition of nitrite
to solutions containing (blue) 38 uM deoxy-Hb(Fe!"); or (red) 38 pM oxy-Hb(Fe!); or (black)
no hemoglobin. (These are heme concentrations.) At time zero, NaNO, was added to attain a
concentration of 8 mM. Solutions also contained 50 mM phosphate buffer at pH 6.8, 110 mM
NaCl, 2 mM EDTA at 23 °C. These data from ref [15].
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Figure 3.

The pH dependence of the accumulation of extracellular NO upon addition of sodium nitrite
to a suspension of degassed human red cells at 0.8% hematocrit. At time zero, NaNO, was
added at a concentration of 8.0 mM at the pH identified on the plot. Other conditions were as
described in the legend to Figure 1.
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Figure 4.

The dependence of the accumulation of extracellular NO on the amount of human, degassed
erythrocytes in suspensions. At time zero, NaNO, was added at an initial concentration of 8.0
mM to the suspension containing 25 pL, 250 pL, 625 pL, or 1250 pL packed red cell volumes
to the final hematocrits identified on the plot. Other conditions were as described in the legend
to Figure 1.
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Figure 5.

The effect of DIDS, an inhibitor of anion exchange, on accumulation of extracellular NO in
suspensions of degassed human erythrocytes at 1.6% hematocrit. In each experiment 8.0 mM
NaNO, was added at time zero to a suspension containing the designated concentrations of
DIDS: (black) 0.1 uM; (green) 1 uM; (purple) 10 pM; (red) 100 uM; and (blue) no DIDS. In
each case, DIDS was incubated with erythrocytes 10 minutes prior to addition of nitrite. The
other conditions were as described in the legend to Figure 1.
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Figure 6.

Effect of PCMBS, an inhibitor of the aquaporin channel, on the accumulation of extracellular
NO concentration (determined from m/z 30) in suspensions of human erythrocytes at 0.8%
hematocrit following the addition of an initial concentration of 8.0 mM nitrite. Suspensions
contained the following concentrations of PCMBS: (red) 25 uM; (green) 50 uM; (black) 100
puM; (blue) no PCMBS: (brown) 1 mM; and (purple) 2 mM labeled A-F respectively on the
plot. The data in grey labeled G show the accumulation of NO after addition of 8.0 mM nitrite
in solutions containing no erythrocytes. Other conditions were as described in the legend to
Figure 1.
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