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S-Nitrosylation of Cross-Linked Hemoglobins at
p-Cysteine-93: Stabilized Hemoglobins as Nitric
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The endothelium of a blood vessel contains receptors that
respond to the presence of nitric oxide and S-nitrosothiols,
inducing relaxation of the smooth muscles that constrict the vessel
in the immediate areThe discovery that a small but significant
portion of hemoglobin in red blood cells occurs as the S-NO
derivative of3-cys93 (HbSNO) suggested that this species has a
function in the transfer or release of NO groups to increase local
blood flow?~8 Scavenging of NO will thus cause local constriction

and a corresponding increase in blood pressure. Such activity has

been ascribed to cross-linked hemoglobins that are being con-
sidered as red cell replacements in transfusfo@soss-linking

of hemoglobin is necessary when this molecule is used in
circulation outside the red cell, preventing dissociation into dimers
(which pass through the kidney) and correcting the inappropriately
high oxygen affinity (effectors in the red cell promote dissociation
of oxygen)!®14 The heme irons in cross-linked hemoglobins in
circulation can bind either oxygen or nitric oxide, accounting for
their scavenging effects. While distinguishing between oxygen
and NO might solve this problem, an alternative is to have the
cross-linked hemoglobin serve as a source of NO. We have now
prepared and characterized the first S-nitrosylated cross-linked
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Schematic structures of S-nitrosohemoglohins3.
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Figure 2. C4 reverse-phase HPLC chromatogram for S-nitrosohemo-
globin 3 under dissociating conditions.

as the bis-fumaryl amide derived from th@mino groups of lys-
99 of theoa-subunits (“bis-fumaryl-Hb”) with bis(dibromosalicyl)-

hemoglobins and have demonstrated the ability of these materialsftumarate (DBSF) in the presence of inositol hexaphospfatee

to release NO at a useful rate. These can functioncasalating
cell-free source of NOto counter the vasoconstrictive effects of
cross-linked hemoglobins circulating outside the red cell.

We prepared S-nitrosylated hemogloliiand two cross-linked
S-nitrosohemoglobin® and 3 (Figure 1). Reaction of human
hemoglobin A (“HbA”) with 1,3,5-trimesoyltris(3,5-dibromosali-
cylate) (TTDS) followed by purification gave the bis-trimesyl
amide derived from the-amino groups of lys-82 of each of the
B subunits (“bis-trimesyl-Hb"}516 HbA was also cross-linked
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cross-linked hemoglobin tetramers were separated from the
reagents through a column of Sephadex G25 and purified by
anion-exchange HPLC through a column containing the ion-
exchange resin AX 308.

HbA, bis-trimesyl-Hb, and bis-fumaryl-Hb, were each con-
verted to S-nitrosyl derivatives by reaction at@ for ~15-30
min with 0.05 M S-nitrosaN-acetylpenicillamine (SNAPJ in
pH 9.0 borate (0.05 M) containing 0.005 M EDTA. The
S-nitrosylated hemoglobins were separated from SNAP using
Sephadex G25 columns. Highly pure materials were produced
as determined by HPLC metho8®¥ S-nitrosylation of the
pcys93’s were confirmed using the Savalle Assay and by ESI
mass spectrometi/Purity of the hemoglobin conjugates was
evaluated by C4 reverse-phase HPLC (Figure 2).

The NO groups are readily transferred to acceptors. The
reaction of2 or 3 with glutathione (GSH) yields S-nitrosoglu-
tathione (GSNO) (eq 1), confirming thatand3 can donate NO
to biological thiols as does native hemogloBifi.They may also
release NO directly in a redox coupled reaction with their internal
heme irore?

cross-linked
Hb(SH) + RSNO (1)

The rates of transfer of the nitrosyl group from SNAP to
oxyhemoglobin and modified oxyhemoglobins were measured

cross-linked
HbSNO + RSH=
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Table 1. Rate Constants for NO Transfdwéng from SNAP to A B cross-inker

Hemoglobin and Cross-linked Hemoglobin at 25,1 = 0.1 M ook )

(KCl) LI W

hemoglobi H Kesno M~Is K (7 & B,
emoglobin p SNO, S el W ore ST acieisy Nd

HbA?2 7.4 1.20+ 0.08 1.0 PR A L :"\»ﬁ gt CREE
bis-trimesyl-HB 7.4 (2.41£0.10)x 107t 0.2 J ;‘,I'j..."""'rx‘- o
bis-fumaryl-His 7.4 1.42+ 0.09 12 & I "‘-—}_, r
HbA® 9.0  (6.22+0.05)x 10 1.0 < {l:‘.?;:\
bis-trimesyl-HB 9.0 (9.714+ 0.09) x 10 0.15 ), /3 [
bis-fumaryl-HE 9.0 (6.83+ 0.06) x 107 1.1 : 7“} h

@ Measured using the metHb forfMeasured using the oxyHb form.  Figure 3. A is the model of2 andB is the model of3 (both R state).

spectrophotometrically with stopped-flow mixing. We follow the hemoglobin (bis-fumaryl-Hb) reacts somewhat faster than does
disappearance of the signals associated with SNAR £aB36, native hemoglobin.

or 540). The signal for SNAP was stable in the absence of the  The bioactivity of S-NO hemoglobin within the red cell differs
hemoglobin substrates. SNAP is a sterically hindered NO donor markedly from that of other NO donors in that it is linked to the
that can undergo competing oxidation reactions. Despite this, degree of oxygenation (and quaternary structure). Exposure of
S-nitrosylation of hemoglobin is achieved with limited oxidation the S-H of 8-cys93 is increased in the deoxygenated T state of
of the donor. The values for the second-order rate constantsthe protein (eq 33’ Cross-linked S-NO hemoglobins thus form
(krsno) were determined by plotting the observed rate coefficients a distinct class of synthetic NO group donors with unique
as a function of SNAP concentration. For reactions at pH 7.4, properties.

oxidation of the ferrous ions of the hemes is a kinetically

significant competing reactioff. The competitive reaction is —

avoided if the hemes are oxidized first using ferric cyanide (eq deop;l;ﬁjNO—l— GSH==deoxyHb(SH)}+ GSNO  (3)

2). The reagent was removed by centrifugal ultrafiltration prior
to the nitrosylation reaction. Thus, the rates of transfer at pH 7.4
were measured using the heme-iron oxidized proteins. Methemo- The cross-linked HbSNO'’s experience restricted motitrt?
globin has tertiary and quaternary structures that are similar or Although they are cooperative and do undergo geometric changes

isomporphous to oxyhemoglobin, depending on pH and spin state(R to T), these are less complete than in native hemogféBih.
of the Fe's?* This suggests that the R to T transition may be less important to

the relative reactivity of the cys93’s than is the positioning of
oxyHb + Fe(lll)(CN),>~ — metHb+ Fe(ll)(CN),*~  (2) the cys93’s in transient structures such as the proposed R2

structure?! Important implications for the mechanism for NO
The second-order rate constants for trans-nitrosation from release from HbSNO in the red cell arise from such a premise. If

SNAP to HbA, bis-trimesyl-Hb, and bis-fumaryl-Hb were mea- @n intermediate state, such as R2, is as reactive as the T state

sured at pH 7.4 and at pH 9.0. Those results are summarized in(implied by our data), then NO group release would be more

Table 1. sensitive to changes in partial pressure of oxygen than predicted
The pH dependence of transfer of the NO group from SNAP Previously.

to HbA (to form Hb-SNO), bis-trimesyl-Hb, and bis-fumaryl-Hb We examined the likely structures of the cross-linked S-

indicates that the transfer reactions are faster at higher pH.nitrosohemoglobins based on published X-ray structtré$>

Williams demonstrated that thiolates are the reactive species inWe see that thg-crosslinker hinders the approach to reaction

analogous trans-nitrosation reactiéat.is likely that the thiolate  at thecys93. The-cys93 side chains are located within globins

of the Scys93 side chain reacts with S-nitrosothiols according to near the interface betwegrsubunits and below the DPG binding

Scheme 1. _site (Figure 3). Chemical cross-linl_dng of t_h?esubunit_s dimin-
ishes the space between {hesubunits relative to native hemo-
Scheme 1 globin that in turn restricts access to {heys93’s. Thex-cross
H,O link is remote fromBcys93 and cannot block access. In fact, this
H,0 o 2 i ; - ;
2 Y + linkage compresses the spacing of thsubunits and increases
/,\j + HbCys93S™ — PAN — RS + N, the space between tifesubunits. This ir}creases acc_ess_ibility to
$ R Cys93Hb $ the g-cleft and tofBcys93. On the basis of these findings we
R ys Cys93Hb 1 i
“ H ys conclude that the effect of cross-linking on the dynamics of trans-
nitrosation reactions is largely steric in nature.
HbCys93SH RfH We have demonstrated that cross-linked S-nitrosohemoglobins
H+O' HO can be prepared readily and that they retain the ability to transfer

NO groups to and from the reactiyicys93 side chains. The
cross-linked S-nitrosohemoglobins thus can serve as stabilized
structural and functional analogues of HbSNO and may enhance
the clinical effectiveness of cross-linked hemoglobins as red
cell substitutes by serving as NO sources in the absence of red
cells.

Additional contributions to the differences in rates of nitrosyl
transfer at neutral and alkaline solutions may result from the
disruption of the salt bridges responsible for the alkaline Bohr
effect?! which also stabilizes the R state. This effect may lower
the K, of 5-cys93-SH as well as give greater exposurg-tys93.
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