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Abstract

The reaction of nitric oxide (NO) with the ferric (met) nitrite derivative of human adult hemoglobin
Hb is probed for both solution phase and sol-gel encapsulated populations. The evolution of both the
Q band absorption spectrum and fitted populations of Hb derivatives are used to show the sequence
of events occurring when NO interacts with nitrite bound to a ferric heme in Hb. The sol-gel is used
to compare the evolving populations as a function of quaternary state for the starting met nitrite
populations. The redox status of intermediates is probed using the CN™ anion to trap ferric heme
species. The emergent presence of reactive NO species such as NoO3 during the course of the reaction
is probed using the fluorescent probe DAF-2 whereas the fluorophore Chemi-fluor is used as an
indirect measure of the ability of the reaction to create S-nitrosothiols on glutathione. The results are
consistent with the formation of a stable reactive intermediate capable of generating bioactive forms
of NO. The patterns observed are consistent with a proposed mechanism whereby NO reacts with
the ferric nitrite derivative to generate N,Os.
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Introduction

Over the past several years there have been growing indications that the functionality of
hemoglobin extends beyond oxygen transport and delivery. Most significant is the compelling
evidence that Hb can function as a physiologically important vasodilator through mechanisms
that generate non-eNOS sources of bioactive NO[1;2;3;4;%;6:7:8,9,10.11.12-13.14.15.16-17:18:
19]. This proposed function is relevant not only for Hb within the red blood cell but also for
acellular Hb. Vasoactivity on the part of acellular Hb is important both for pathophysiological
states that produce red cell hemolysis[1;2;3] and for clinical situations where acellular Hb is
infused into the circulation as a blood substitute, i.e. hemoglobin-based oxygen carriers or
HBOCs[4;5:6;7;8;9;10:11:12:13.14-15-16:17:18;19].

A central question relating to this proposed functionality stems from the ability of ferrous forms
of Hb to scavenge NO. Scavenging occurs both from the strong binding of NO to deoxy hemes
and from the NO dioxygenation reaction whereby NO reacts with heme-bound dioxygen to
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produce nitrate. The NO scavenging capabilities of different Hbs are similar, as has been
observed in measurements showing that a variety of different HBOCs all deplete perivascular
NO to a comparable degree despite some HBOCs being vasoconstrictive and others
vasodilatory[20]. The general question that is pertinent both to HBOC behavior as well as to
Hb in the RBC is how, in the face of this scavenging process, does Hb generate NO or an NO
related species that can cause vasodilation. In the case of the RBC the question also
encompasses the issue of how does NO or other bioactive forms of NO potentially generated
from Hb, escape from the RBC.

The formation of an NO bearing quasi-stable Hb associated intermediate is the common theme
in the various proposed mechanisms that attempt to explain how in the face of NO scavenging
Hb can still function as a source for bioactive forms of NO. S-nitrosothiols are a promising
vehicle through which the normally reactive NO can be maintained for an extended time period
while retaining its capacity to function as a downstream vasodilator[21;22;23:24:25;26;27:2g:
29;30;31]. Thus an important biophysical question becomes, what are the Hb-based
mechanisms for the formation of such species as S-nitrosocysteine, S-nitrosoglutathione and
S-nitrosoHb (SNOHDb)-all of which are potential contributors to the overall process. NO by
itself is not effective in creating S-nitrosothiols. In contrast to NO, both NO+ and N,O3 are
potent nitrosating agents of thiol-containing peptides such as glutathione as well as the intrinsic
reactive thiols (Cys 93) on Hb[24;25]. Ford and coworkers [32;33]raised the possibility that
either inner or outer sphere electron transfer reactions could result in Hb mediated formation
of S-nitrosothiols through the production of either NO+ or N,O3. One proposed allosterically
responsive mechanism entails a quaternary structure dependent linkage between the redox state
of the B chain hemes and the sulfhydryls on the two Cys 93 residues in the presence of NO
that results in the transfer of NO from the heme to the sulfhydryl[34;35;36;37;38]. Recent
studies[39;40] have purported to have identified a possible role for the Fe(+2)-NO+ resonance
structure associated with the ferric NO derivative (Fe(+3)-NO) in a possible mechanism for
producing a heme-associated form of NO that can nitrosate thiols. An additional proposed
avenue through which Hb can produce these nitrosating agents is via nitrite-mediated reactions.

Initial studies [3;41;42;43;44;45]raised the prospect that the nitrite reductase (NR) reaction of
Hb might be a major pathway for the production of non-eNOS bioactive NO. In this reaction,
nitrite reacts with a five coordinate ferrous heme to yield an NO and an aquomet heme. The
reaction has been shown to be under allosteric control with R state ferrous five coordinate
hemes being much more reactive than those associated with the T state[42;43;45;46]. The lower
redox potential of the R state relative to the T state appears to be a significant factor contributing
to this difference in reactivity[47]. The NR reaction still leaves us with the same dilemma of
how do get from the generated NO to a long lived bioactive form of NO such as an S-
nitrosothiol. A possible but still controversial mechanism was proposed in which met heme in
the presence of both nitrite and NO can undergo a reaction that ultimately results in ferrous
NO-heme but through an intermediate consisting of NoO3 coordinated to the heme[48]. This
novel reaction has been referred to as a nitrite anhydrase reaction. Evidence that the met
derivative can be a potent participant in the process of generating bioactive NO has emerged
from a study (Cabrales and Friedman, in preparation) demonstrating that in the presence of
nitrite, the aquomet derivative of PEGylated Hbs is exceptionally effective as a vasodilator.
The present study seeks to evaluate this met Hb-based mechanism through a series of kinetic
and spectroscopic measurements involving primarily sol-gel encapsulated met Hb exposed to
both nitrite and NO. This work builds on an earlier study that utilized a trehalose glass matrix
to trap potential intermediates[49].

The use of thin films of sol-gel encapsulated Hb in this study is motivated by two
considerations. The first is that the sol-gel permits experiments where low concentrations of
reactants such as NO can be maintained in the large volume of buffer bathing the sol-gel
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encapsulated Hb potentially creating pseudo first order kinetics even at low concentrations of
substrate. In this way one can evaluate phenomena at low concentrations of the substrate but
still not be limited by a low total number of substrate molecules. Thus one can achieve
conditions where there is essentially a constant concentration of substrate despite consumption
of substrate by the reaction. In many respects that situation mimics physiological conditions
although we utilize nonphysiological concentrations to enhance specific reactions and
pathways. The second benefit of using sol-gel encapsulated Hb is that the sol-gel can be used
to trap and maintain either the T or R state populations independent of the redox or ligation
status of the heme[50;51;52;53;%4;5;%657:58:59:60]. This technique was used previously to
show the T/R difference in the rate of the NR reaction[43].

Our approach, shown in Fig. 1, is to first prepare a thin sol-gel layer lining the inside lower
third of an optical quality NMR tube that has encapsulated within its interior a population of
aquomet Hb. The sample is bathed in an excess of buffer to which substrates and ligands can
be easily added through an airtight septum. Additionally the buffer and its contents are easily
removed and replaced. The sealed tube can maintain an anaerobic environment for time periods
that greatly exceed the duration of any set of measurements.

The present study seeks to address the following: i) confirm that nitrite accelerates the
autoreduction of met HoNO and if so establish if there is a discernable intermediate; ii)
determine whether NO directly reacts with met Hb-nitrite to form a reactive intermediate; and
iii) characterize any spectroscopically detected intermediate with respect to redox status and
capacity to generate bioactive forms of NO. This study builds on our earlier study utilizing a
rigid trehalose derived glassy matrix to show that whereas NO displaces water and nitrate from
a ferric heme, it reacts with ferric heme-bound nitrite to form an intermediate that is consistent
with N,O3 coordinated to the heme[49].

Experimental procedures

Materials

Methods

Purified HbA was obtained and prepared as previously described[43;49]. Reagent grade
chemicals (TMQOS, sodium nitrite, DAF-2, KCN, K3Fe(CN)g) were purchased from Sigma at
the highest purity levels available. The thiol reactive dye (Chemfluor) was purchased from Cell
Technology, Mountain View CA.

Uv-vis absorption spectra were recorded on a Lambda 2 (Perkin Elmer, Norwalk, CT);
Fluorescence specta were recorded on a QuantaMaster Fluorometer (Photon Technology,
Ontario Can.).

Solution samples

Met Hb A—Met Hb was prepared from oxy HbA using K3Fe(CN)g, which was subsequently
removed using a spin column. The samples were then purged with Ar as were all buffer
solutions prior to preparing salt or dye solutions and solutions of NO. All solutions were
prepared anaerobically and sealed. NO solutions were prepared by bubbling purified (by
passing the gas through a concentrated NaOH solution) NO into Ar purged buffer. A
concentration of 2 mM was assumed for the gas saturated solution.

Preparation of the Sol-gel samples—The Sol-gel samples were prepared according to a
method previously published[43;61]. Briefly TMOS is hydrolyzed with acid (2 mM HCI) on
ice; purged with N gas and mixed in a 1:1 ratio with a solution of the protein in the appropriate
buffer. The final concentration of the protein is ~ 0.45 to 0.50 mM in heme. The mixture is
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spun in an optical quality NMR tube under N5 until gelation, then rinsed with buffer and stored/
aged in the cold (4° C). R state gels were prepared initially as the CO derivative of Hb, then
photolyzed under incandescent light in the presence of air to form the oxy derivative and then
treated with ferricyanide to form the R state aquo/hydroxyl met derivative at pH 7.4. T state
gels were prepared from met HbA with the inclusion of a several fold excess of L35 [62;63;
64,65;66;67]in the buffer with the protein. Immediately upon gelation the buffer was changed
to pH 6.0 with L35 (1:1 heme) and stored in the cold. Just prior to probing the reaction initiated
with nitrite and NO, the low pH buffer was changed the same pH 7.4 Tris buffer used for the
R state measurement. The relaxation time for an encapsulated T state sample to relax to an R
state sample is many days longer than the several hours required for the measurement. In the
following text, encapsulated met Hb is designated as [met Hb]. The species in the bracket is
the derivative that is initially encapsulated prior to any addition of substrate in the bathing
buffer.

Reaction Conditions

Reactions of met HbA in solution (0.45 mM in heme) or in the Sol-gel were performed
anaerobically in sealed vessels. Nitrite at the same pH as the reaction was added to the met
HbA in solution or to the bathing buffer of a Sol-gel. A solution of NO at the same pH was
added to initiate the reaction.

Cyanide experiments—The cyanide ion which binds with very high affinity to met HbA
was used in this study as a means of trapping all ferric intermediates on the reaction path as
the cyano met derivative. This approach is similar to one used by Rifkind and coworkers in
which azide was used to trap ferric species[39]. Typically KCN was added to the reaction
mixture in solution or in the Sol-gel bathing buffer during the reaction initiated by the addition
of NO to a nitrite loaded met Hb sample. The time point at which the KCN is added is
determined by the optical spectrum of the evolving sample. In some cases the KCN is added
at the point when the spectrum reflects the initial appearance of the “intermediate” and in other
cases after the appearance of features indicative of product formation, i.e. ferrous HoNO. The
control for these experiments was achieved as follows: KCN was added to [met HbA] bathed
in pH 7.4 buffer (c.f. 10 mm KCN) resulting in the preparation of the cyanomet derivative.
This sample was then treated in the same manner as the [met HbA] sample that underwent the
nitrite/NO reaction (addition of nitrite, 0.1 M, followed by addition of NO (.25 mM). An
additional control consisted of adding KCN to a met Hb solution containing 0.1 M nitrite to
evaluate whether the levels of added KCN are sufficient to convert the entire ferric sample to
the cyanomet derivative under the same conditions used to probe the redox status of the
intermediate and final populations.

DAF-2 detection

DAF-2 will react with NO+ and N,O3 to produce a species with dramatically enhanced yield
of fluorecence [49;68]. DAF-2 does not respond to nitrite or NO in the absence of dioxygen.
In this study, the dye was used to trace the possible appearance of NO+ and N,O3 during the
time course of the nitrite/NO reactions. DAF-2 was added to the bathing buffer (0.05M B-T
OAc, pH 7.4) of Sol-gel [met HbA] samples to achieve a concentration of 2.5 uM. An initial
DAF-2 emission spectrum was recorded before and after the addition of 0.1 M Na NO,™, and
then subsequently after a variable delay following the further addition of 0.25 mM NO solution
(all in the same buffer). A second sample was prepared in the same manner without the addition
of the dye. The UV-vis absorption spectrum was used to track the evolution of populations for
both samples. The sample with dye was also tracked in fluorescence emission. When both
samples approached the same point in the reaction (based on the absorption spectrum), the
same concentration of dye was then added to the dye-free sample and the fluorescence
monitored in time. The fluorescence was measured using a 90° scattering geometry in sol-gel
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containing NMR tubes but with the tubes inverted to avoid interference from the absorption
of the encapsulated Hb. With the tube inverted, the excitation and emission is generated in
what is essentially an optically clear solution (there is a weak absorption due to the DAF-2).
Control Hb-free samples in similar sealed NMR tubes containing DAF-2 in the presence of
nitrite and/or NO were also prepared and monitored. The excitation conditions were as
previously reported[49].

Chemfluor is a fluorescent probe used to monitor free reactive sulfhydryl groups. In this study
we use this probe to compare the change in the number of accessible SH groups in a population
of glutathione (GSH) subsequent to the addition of L-Cysteine that had been exposed to [met
Hb] during the nitrite/NO reaction. The basic concept behind this measurement is that the
formation of the reactive S-nitrosothiol derivate of L-Cys during the Hb reaction would then
provide a potent nitrosating source for the GSH. A sample of [met HbA] was treated with nitrite
(0.1M) and NO (0.25 mM ) as described above; a second control sample was treated with KCN
(10 mM) as described above. Then, L-cysteine was added to both samples (5 mM final
concentration). At a late point in the nitrite/NO reaction an aliquot was removed from both the
reacting sample and the control cyanomet sample and then these aliquots were added to
solutions of GSH. The two solutions were then allowed to react with the thiol detecting dye
and were compared with respect to the resulting fluorescence intensity from the fluorophore.

Mathematical methods

Results

The absorption spectrum of samples (gel or solution) were repetitively scanned at regular time
intervals (30-90 s, longer intervals for the gel samples). Each spectrum was deconvoluted using
a basis set consisting of Fe(11)NO, Fe(I11)NO, ™, aquo and hydroxyl met, Fe(I111)NO which were
prepared individually. The subtraction of each spectrum of pure component from the unknown
sample data yielded a unique spectrum that was not resolved with any of the potential
components in the reaction mixture. This unique spectrum was observed in several sets of data.
As a result this unique component was used as an intermediate in subsequent fits with better
results. The theoretical curves and the difference between the actual sample spectrum and the
theoretical fit were greatly improved.

The mathematical expression used for the fitting was a program within Mathcad (version 14.0,
PTC Needham MA). The spectral analysis basically consists of a summation of data points
that yields a theoretical curve calculated from the input spectra. The theoretical fit is overlayed
with the unknown data curve, and the residuals (the difference between the actual data and the
fit), were calculated and were 1072 or less for each data point. The fit required the use of the
unique intermediate spectrum to reproduce the sample data and to minimize the residuals.

Nitrite accelerates autoreduction of ferric NOHb

Fig. 2 shows the evolution with time of the absorption spectrum of sol-gel encapsulated samples
of metHbA designated as [metHbA] when exposed to an excess of solution containing in one
case (Panel A) 0.25 mM NO and 0.20 mM nitrite and in the other case (Panel B) just the 0.25
mM NO. Although the subsequently described measurements were all conducted at pH 7.4,
the present results were obtained using a buffer at pH 6.5 in order to enhance the difference
between the + nitrite result. The corresponding result for the pH 7.4 samples (see Figures 1s
and 2s in the on line supplementary section) is similar to what is shown but with less of
difference in rate or formation of ferrous NO derivative. Both the nitrite and pH enhancement
of the autoreduction reaction were described in earlier work[32;33].
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It can be seen that both samples originate with prominent peaks at 535 and 565 nm that are
characteristic of ferric NOHbA. The sample containing the NO and the nitrite shows a clear
time dependent shift of the absorption peaks to higher wavelengths over a time course where
the other sample shows little or no evolution. The arrows in the figure show that at the end of
an hour period the o and g components of the Q band are at 540 and 570 nm for the Panel A
sample and at 535 and 566 nm for the Panel B sample.

Fitting of the spectra requires introducing an intermediate

In trying to fit the sequence of spectra of the kind seen in Panel A of Figure 2 as well as spectra
associated with the subsequent measurements, it is found that the best fit requires the addition
of an intermediate spectrum that is distinct from the basis set spectra that include aquo met Hb,
hydroxy met Hb, ferric NOHDb, ferrous NOHb (R and T state forms), and nitrite met Hb. The
best fit is typically achieved with the inclusion of a spectrum that is similar to that of the ferrous
NOHb species but with the Q band peaks being blue shifted (see Methods). The intermediate
spectrum has Q band o and 3 peaks at ~ 538/539 nm and ~ 569/570 nm respectively. The
corresponding equilibrium ferrous NOHbA peaks are at ~ 545 nm and 573/574 nm
respectively; whereas, the ferric NOHb species has sharp peaks at 535 nm and 565 nm with a
prominent valley between the two Q band peaks. The nitrite met Hb spectrum has two Q band
peaks; one at 538 nm and much weaker one at 568 nm. Both aquo met Hb and nitrite met Hb
have an additional band at ~ 630 nm. The intermediate spectrum differs from the nitrite met
Hb in that the B peak of the Q band is comparable in intensity to the o band and there is no
clearly discernable 630 nm peak. The intermediate and its properties will be discussed further
in subsequent sections.

Build up of theintermediate precedes the appearance of ferrous NOHb when nitrite is present

with NO

Fig. 3 shows how for [met HbA] bathed in a solution at pH 6.5 containing ~ 2 mM NO, the
addition of nitrite drastically alters the evolution of the ferric NOHb population. In the absence
of added nitrite (Panel B), the ferric NOHb population slowly autoreduces to directly form
ferrous NOHb. In contrast, the addition of 20 mM nitrite with the NO, results in a much faster
loss of the ferric NOHb population. In this case, instead of directly evolving into the ferrous
NOHb spectrum, the initial population first evolves to form the intermediate which initially
builds up and then decays as the ferrous NOHb population builds up.

The formation of the intermediate from nitrite metHb

At the concentrations used in the above discussed measurements, the starting sample consists
of a mixed population of met Hb derivatives. To directly probe the evolution of the nitrite
metHb species at physiological pH, we have chosen to use high nitrite concentration to insure
that the starting population in the subsequent experiments is overwhelmingly nitrite metHb.
In Fig. 4 is shown the evolution of a [metHbA] sample bathed in buffer at pH 7.4 containing
0.1 M nitrite to which is added 0.25 mM NO at time zero. In the absence of added NO, the met
nitrite population is stable for days. The arrow in Fig. 4 indicates the time point at which a
second aliquot of NO containing buffer was added. It can be seen that there is an initial very
rapid loss of the nitrite metHb population with a concomitant build up of the intermediate. With
the addition of a second aliquot of NO, there is again a rapid loss of the remaining nitrite metHb
population and a further build up of the intermediate. When the population of the intermediate
reaches an amplitude close to 90%, there is then a loss of the intermediate population and a
corresponding build up of ferrous NOHb. A similar but not identical pattern is observed for
Hbs that have the SH groups on the two Cys p93 residues modified with maleimide reagents
(to be presented and discussed in a future manuscript). Fig. 5 shows that similar behavior occurs
in solution. It can be seen that with increasing additions of NO to a sample that is initially
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nitrite metHb, there is first a build up of the intermediate and only when the population attains
an excess of intermediate (> 80%) does there appear to be formation of the ferrous NOHb
species. This pattern of a build up of intermediate followed by the formation of the ferrous NO
population has been seen repeatedly and consistently in numerous sol-gel and solution phase
measurements.

Quaternary structure dependence

Fig. 6 depicts the difference in the evolution of sol-gel encapsulated met nitrite HbA upon
addition of NO for two different sol-gel preparative protocols at the same pH of 7.4. In Panels
A and B, the sol-gel protocols were designed to trap the T and R state population of met HbA
prior to the addition of either the nitrite and NO (see Methods for details regarding the
preparative protocols). It can be seen that in both cases, as described for the above samples,
the intermediate first builds up and then decays as the ferrous NO population increases in
amplitude. Although both samples follow the same general pattern, there is a clear difference
in the kinetics and amplitudes for the different populations. In comparing the T to R state
samples it can be seen that the build up of ferrous NO occurs earlier. The net effect is that the
population of the intermediate is more persistent for the R state. Preliminary results on high
oxygen affinity PEGylated Hbs that are being evaluated as potential blood substitutes (HBOCSs)
show similar R state behavior.

Properties of the intermediate population: redox state of the heme iron

The addition of NO to the met Hb-nitrite samples initiates a progression of changes in the Q
band absorption. The initial changes include the loss of the 630 nm peak and an increase in the
intensity of the p peak of the Q band relative to the a peak. There is also a slight red shift in
the wavelengths of the o and p Q band peaks. The question arises as to when during the
evolution from the ferric heme associated with the met-nitrite population to the ferrous heme
associated with the ferrous NO product does the heme undergo the ferric to ferrous heme
transition. The initial spectrum of the intermediate is suggestive of a ferrous like species but
is clearly not at the wavelengths for the final ferrous-NO product. To evaluate the redox state
of the intermediate at various time points during the ferric to ferrous evolution, we add KCN
to the evolving sample and monitor the resulting spectra. The CN anion, a very strong ligand
for the ferric heme, will displace any of the anticipated ferric ligands participating in this
reaction and form met HbCN. If an excess of CN is present, the added CN will convert all the
ferric hemes to the CN derivative and any remaining population that is not met HbCN can be
assigned as a ferrous species. In Fig. 7, the spectra labeled from 1 to 5 represent the changes
taking place starting with the met Hb-nitrite population and following the changes occurring
over approximately the first 20 minutes after NO (.25 mM) is added to the population of met
Hb-nitrite. Atapproximately 20 minutes, KCN is added to the solution (1 mM in CN). Spectrum
a is the stable resulting composite spectrum of solution after the addition of the CN. Spectrum
b is the composite stable spectrum minus the spectrum of met HbCN and spectrum c is the
composite spectrum just prior to the addition of CN minus the spectrum of met Hb-nitrite. The
same experiment but without any added NO, results in the complete conversion of the initial
met nitrite population into a cyanomet population. Fig. 8 shows the evolution of the different
populations occurring after the addition of NO (at t=0) and after the addition of CN. The same
experiment conducted without the addition of NO but with the addition of the 1 mM KCN
resulted in the entire sample being converted to met HbCN. From both figures it can be seen
that at the point at which CN is added there is a ferrous population that resembles ferrous HboNO
but with both o and 3 peaks of the Q band blue shifted relative to the final HoNO peaks (see
next figures). Figures 9 and 10 show the spectra and the time dependence of populations for
met Hb-nitrite solution samples to which is added NO (top panel-.125 mM NO, bottom panel .
25 mM NO) followed by the addition of 10 mM KCN after allowing the sample to evolve. For
these samples compared to the previous one (Figures 7 and 8), the ten fold higher addition of
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CN results in a faster response and a greater conversion of the population over to the met HboCN
species. It can be seen that for the sample with the lesser amount of added NO, the resulting
subtracted spectra are similar to the “intermediate” ferrous spectra shown in Fig. 7. In contrast,
the subtracted spectra as well as the plot of the evolving populations show that for the sample
with the higher amount of added NO, the remaining ferrous population subsequent to addition
of the CN contains a substantial amount of the ferrous HoNO end product. Similar plots for
two sol-gel encapsulate samples (with .125 and .25 mM added NO followed by 10 mM added
KCN) are shown in Figures 11 and 12. Here again, the sample with the lower amount of added
NO vyields subtracted ferrous spectra resembling the ferrous intermediate whereas for the
sample with the higher amount of added NO, the subtracted ferrous population is a mix of
intermediate and ferrous HbNO.

The nature of the ferrous intermediate: DAF-2 fluorescence

Fig. 13 shows the change in DAF-2 fluorescence intensity with time for two different samples.
In one case DAF-2 is present in the buffer bathing the sol-gel encapsulated met Hb-nitrite
samples from the start when NO is added to the met Hb-nitrite sample. In the other case the
DAF-2 is added after the NO containing sample has evolved to a level where the absorption
spectrum indicated a build up of the intermediate. In both cases the DAF-2 fluorescence
increases with time but with a larger increase for the sample that has the DAF-2 added after
the appearance of the intermediate. Similar samples with only nitrite show no such increase
over a much longer time interval. Additionally, when samples of nitrite (0.1 M) with DAF-2
in the same sealed tubes used for the above measurements are flushed with NO and left
overnight, there is only a small initial increase in DAF-2 fluorescence with no further change
over the ensuing 12 hour period.

Generation of S-nitrosothiols

The DAF-2 results indicate that a source of NoO3/NO+ is being generated during the NO
reaction with met Hb-nitrite. If that is indeed the case then the reaction should also be capable
of nitrosating the sulfhydryls of peptides and amino acids such as GSH and cysteine
respectively. To test this possibility, L-cysteine was added to the buffer bathing two different
sol-gel samples. In one case the encapsulated Hb was met HbCN and in the other case it was
met Hb-nitrite. In both cases the bathing buffer had 0.1 M nitrite and 0.25 mM NO. After, the
spectrum of the met Hb-nitrite samples showed spectral evidence for the build up of the
intermediate, an aliquot of the cysteine containing buffer was withdrawn from the tube
(anaerobically) and added to a solution containing GSH. The same protocol (with respect to
time and volume) was carried out for the met HbCN sample as well. The GSH samples were
evaluated and compared with respect to reactive —SH groups by using an —SH reactive
fluorophore. It can be seen in Fig. 14 that the eluant from the cyanomet sample has a greater
number of free SH groups than the sample undergoing the NO induced reaction with met Hb-
nitrite. Attempts at using amperometric detection of SNO formation were ambiguous due to
issues relating to the inherent instability of the compound and sensitivity of the instrument.

Discussion

The presented results are consistent with earlier studies that show that nitrite accelerates the
autoreduction of MetHb(Fe(111)-NO) to Hb(Fe(11)-NO)[32;33]. The present results also
indicate that the nitrite-mediated process occurs through an intermediate that forms prior to
the formation of the ferrous nitroso derivative of Hb. By starting with an excess of nitrite, it is
possible to follow the sequence starting with the MetHb nitrite derivative. The progressive
addition of NO first produces a spectroscopically distinct population that continues to grow
until approximately 80% of the initial MetHb nitrite population has been converted into the
intermediate. At that point, continued addition of NO results in the appearance of the end point
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population-Hb(Fe(11)-NO). It is clear from the evolution of the populations that the formation
of the Fe(11)-NO hemes occurs at the expense of the intermediate and that the formation of the
intermediate is associated with loss of the Met-nitrite hemes. Whereas the build up of
intermediate at the expense of the Hb-nitrite population is straightforward to explain in terms
of added NO interacting with the heme bound nitrite, it is not obvious as to why the population
of the intermediate has to build up prior to the relatively precipitous NO-induced collapse of
the intermediate population with a concomitant build up of the ferrous NO product. This
behavior will be revisited after the discussion of the nature of the intermediate.

The nature of the intermediate population

The CN and NO titration experiments show that the intermediate population can be pushed
towards either of two relatively inert products. The addition of the CN results in a substantial
but not total conversion of the intermediate population to the MetHb(Fe(l11)-CN) product
whereas the same intermediate population can be driven entirely to the Hb(Fe(I1)-NO) product.
Once the Fe(l1)-NO heme is formed as in the case when higher amounts of NO are added prior
to the addition of CN, the CN can no longer convert that heme to a Fe(I11)-CN derivative. These
results suggest that the intermediate population is poised in a balance between ferric and ferrous
hemes. This balance is achievable if there is a dynamic equilibrium between Fe(l11) and Fe(ll)
heme species with both types of heme having a ligand that can be displaced or replaced by a
stronger ligand such as CN or NO for ferric and ferrous heme respectively.

The DAF-2 results can be explained by a build up in either N,O3 or NO* that is concomitant
with the build up in the intermediate. This DAF-2 result is similar to results reported previously
[49]for glass-embedded samples of MetHb-nitrite exposed to NO. The formation of either of
these two reactive derivatives of NO can generate S-nitrosothiols which would explain the
capacity of the L-cysteine containing eluant from the sol-gel encapsulated population of
“intermediate” to generate GSNO.

The formation of NO™ has been proposed to occur as part of the autoreduction mechanism for
Fe(l11)-NO[39;40]. The key aspect of this mechanism is the formation of the resonance pair
Fe(111)-NO«sFe(11)-NO*. It was proposed that the presence of excess NO can result in the
displacement of the NO* by NO leading to the formation of Fe(l1)-NO. Under the conditions
of the present study where there is an excess of nitrite relative to NO, the NO* mechanism is
not likely to be dominant. A more plausible mechanism is one based on a heme reaction termed
nitrite anhydrase[48]. In this reaction, nitrite and NO combine within the distal heme pocket
of Hb to form N,O3 coordinated to a ferrous heme. This mechanism builds on the EPR-
supported claim that Met heme-bound nitrite can exist as an equilibrium population consisting
of:

Fe (Il) - NO,~ & Fe (I) — NO,°.

NO" then reacts with the ferrous bound radical to form Fe(11)-N,O3. The NO titration data is
consistent with NO displacing the N,O3 from the Fe(11)-N,O3 heme resulting in the formation
of the highly stable Fe(l1)-NO heme. The seeming autocatalytic behavior that occurs once the
population builds up to over 80% may be in part the result of two factors: i) the rate of NO
reacting with the heme bound nitrite being faster than that of the NO displacement of heme-
bound N,O3; and ii) the NO displaced N,O3 dissociating into NO and NO5, thereby sustaining
and accelerating the reaction with the intermediate with continued production of NO.

The scheme shown in Fig. 15 summarizes the proposed reactions that account for the observed
results. The key feature attributed to the intermediate that accounts for the CN and NO titration
is the proposed dynamic equilibrium between ferric heme with nitrite bound to the iron and an
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uncoordinated NO residing within the distal hemepocket in close proximity to the heme-bound
nitrite (represented by a curly bracket in the figure) and ferrous heme with N,O3 bound to the
ferrous iron. Our earlier results [49]obtained on Hb embedded in a trehalose-derived glassy
matrix is consistent with there being a requirement for a conformational change within the
distal hemepocket in order to stabilize the Fe(11)-NOye

Quaternary structure dependence

Previous studies demonstrated that the nitrite reductase reaction between a ferrous five
coordinate heme and nitrite in hemoglobins is quaternary - structure dependent with the rates
being significantly faster for the R state. In an earlier study, sol-gel encapsulation was used to
trap T and R forms of fully deoxygenated HbA in order to directly compare the NR activity of
HbA under similar solution conditions. In the present study, the same approach is used to
compare T and R state forms of MetHb at the same pH with respect to the reaction of added
NO in the presence of excess nitrite. In both the R and T state samples there is a comparable
build up of intermediate; however, the formation of the nitroso ferrous derivative is faster and
more pronounced for the T state sample whereas for the R state the intermediate persists longer.
The R/T difference in the NR activity can be used to explain this R/T difference in the reactivity
of MetHb-nitrite towards NO. The R-T difference in NR rates injects itself into the Met-nitrite
reaction at the level of the intermediate. Assuming the intermediate is the Fe(I1)-N,Os3 species,
then upon dissociation of the N,Og3, the ferrous five coordinate heme has two other possible
substrates: nitrite and NO. Under the present condition where there is an excess of nitrite
relative to the NO, one can consider the competition between the two substrates/ligands. The
rate of binding of NO to the ferrous heme is essentially the same for the R and T state species,
hence it is proposed that the variation in the NR rates that determine the different outcomes.
For T state Hb, the lower rate for NR favors NO binding over the nitrite reaction; whereas, for
the R state, the NR reaction can now compete with the NO binding. In the presence of high
concentration of nitrite, the R state scenario leads to a self sustaining reaction in that the NR
reaction results in the formation of ferric heme which can then bind nitrite and again form the
intermediate. This proposed scheme is shown in Fig. 16 where it can be seen how the R state
pathway leads to greater production of N,O3 compared to the T state pathway.

Physiological implications

Non-physiological levels of nitrite are used in the present work to clearly identify reactions
associated with the Met nitrite derivative of HbA. Despite the high levels of nitrite, the
presented results have implications with respect to the proposed in vivo reactivity of Hb with
respect to vasoactivity. The results support the appearance of a relatively long lived Hb
intermediate derived from the presence of both NO and nitrite that has properties implying the
production of N,Og, a potent generator of S-nitrosothiols. This finding supports the claims that
Hb can function as catalyst for the formation of S-nitrosothiols[30] which are more likely to
function as a long lived bioactive source of NO than the free NO produced by NOS. The
mechanism that emerges from this study is very similar to the nitrite anhydrase mechanism
proposed by Gladwin and coworkers[30;48] and consistent with the prediction by Ford and
coworkers that such mechanisms could result in the production of S-nitrosothiols[32;33]. This
N,O3 based mechanism, if active under physiological conditions can account for the formation
of SNO-Hb as well as S-nitrosothiol derivatives of cysteine and glutathione. The quaternary
structure dependence of this reaction, may explain why certain acellular Hb formulations (most
notably certain PEGylated Hbs) are vasodilatory instead of being vasoconstrictive as would
be expected based on the NO scavenging capacity of most potential HBOC candidates. The
vasodilatory properties of PEGylated Hbs are likely attributed to a PEGylation platform-
induced increase in the stability of the R state as reflected in the increased oxygen affinity.
This increase in the propensity of these PEGylated Hbs to adopt the R state conformation would
resultin an increased rate for the nitrite reductase reaction which in turn would result in a higher
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production of bioactive forms of NO through the N,O3 generating pathway associated with
the Met derivative. This Met Hb-based hypothesis is strongly supported by the observation
(Cabrales et al, submitted) that infusion of the Met derivative of a PEGylated Hb was
substantially more effective than the corresponding ferrous derivative with respect to reversing
vasoconstriction due to NO scavenging.
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Figure 1.
Schematic of sol-gel encapsulated Hb samples as a thin layer (~ 1 mm) on the inner wall of an

optical quality 10 mm diameter NMR tube.
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Time evolution of the Q band absorption spectrum of sol-gel encapsulated met Hb ([met Hb]
bathed in pH 6.5 buffer, subsequent to the addition of NO (0.25 mM final concentration) in
the presence (top panel) and absence (bottom panel) of nitrite (20 mM final concentration).
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Figure 3.
Time evolution of populations of Hb derivatives subsequent to the addition of NO (0.25 mM
final) to encapsulated met Hb at pH 6.5 in the presence (A) and absence (B) of 20 mM nitrite.
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Figure 4.

Time evolution of populations subsequent to the addition of NO (time t=0) followed by a second
addition noted by the arrow at time ~ 6300 seconds to [met Hb] at pH 7.4 in the presence of
0.1 M nitrite.
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1duosnuely Joyiny vd-HIN

Time evolution of populations subsequent to the addition of NO (time t=0) (final concentrations
as noted) to a solution of met Hb in the presence of 0.1 M nitrite at pH 7.4.
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[HbA met] +0.1M NO, + 0.25 mM NO
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Figure 6.
Time evolution of populations subsequent to the addition of .25 mM NO (time t=0) to [met
Hb] at pH 7.4 in the presence of .1 M nitrite for T and R state [met Hb] samples.
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Figure 7.

The evolution (1 5) of the Q band absorption spectrum of a solution phase pH 7.4 met Hb
sample (~ 0.45 mM in heme) in the presence of nitrite subsequent to the addition of NO (0.25
mM). After spectrum 5 was obtained (22 minutes post addition of NO), KCN (1 mM) is added
(Spectrum a). Spectrum b is the result of subtracting the cyanomet reference spectrum from
Spectrum a. Spectrum c is the result of subtracting the initial met nitrite spectrum (Spectrum
1) from Spectrum 5.
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Figure 8.

Evolution of populations from the experiment shown in Fig. 7.
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Figure 9.
Same type of experiment as in Figure 7 but with 10 mM instead of 1 mM KCN added. The
two panels show the results two different concentrations of added NO.
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Figure 10.

Evolution of populations from the experiments shown in Fig. 9.
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Same type of experiment as in Figure 9 with 10 mM KCN added but using a sol-gel sample
([met Hb]) instead of a solution phase sample. The two panels show the results two different
concentrations of added NO.
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Figure 12.

Evolution of populations from the experiments shown in Fig. 11.
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Figure 13.
Increase in DAF-2 fluorescence intensity, see text for details.
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Fluorothiol GSH test
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Figure 14.

Fluorescence assay to compare the relative concentration of free sulfhydryls on GSH for two
different experimental protocols (see text for details).
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Figure 15.
A proposed scheme to account for the observed results in the presence and absence of CN and
NO.
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Figure 16.
A proposed scheme to account for the difference between T and R state [met Hb] with respect
to the response to added NO in the presence of excess nitrite.
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