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The role of 93 Cys in the inhibition of Hb S fiber formation
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Abstract

Recent studies have suggested that nitric oxide (NO) binding to hemoglobin (Hb) may lead to the inhibition of sickle cell fiber formation and
the dissolution of sickle cell fibers. NO can react with Hb in at least 3 ways: 1) formation of Hb(II)NO, 2) formation of methemoglobin, and 3)
formation of S-nitrosohemoglobin, through nitrosylation of the 393 Cys residue. In this study, the role of 393 Cys in the mechanism of sickle cell
fiber inhibition is investigated through chemical modification with N-ethylmaleimide. UV resonance Raman, FT-IR and electrospray ionization
mass spectroscopic methods in conjunction with equilibrium solubility and kinetic studies are used to characterize the effect of R93 Cys
modification on Hb S fiber formation. Both FT-IR spectroscopy and electrospray mass spectrometry results demonstrate that modification can
occur at both the 393 and «104 Cys residues under relatively mild reaction conditions. Equilibrium solubility measurements reveal that singly-
modified Hb at the 393 position leads to increased amounts of fiber formation relative to unmodified or doubly-modified Hb S. Kinetic studies
confirm that modification of only the 393 residue leads to a faster onset of polymerization. UV resonance Raman results indicate that modification
of the «104 residue in addition to the 393 residue significantly perturbs the a3, interface, while modification of only 393 does not. These results
in conjunction with the equilibrium solubility and kinetic measurements are suggestive that modification of the «104 Cys residue and not the p93
Cys residue leads to T-state destabilization and inhibition of fiber formation. These findings have implications for understanding the mechanism of

NO binding to Hb and NO inhibition of Hb S fiber formation.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Sickle cell disease is a genetic disorder caused by a single
point mutation at the p6 position of hemoglobin (Hb) (p6
Glu— Val), which creates a hydrophobic patch on the surface of
the molecule that, under deoxygenating conditions, leads to the
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formation of long fibers [1—3]. Nitric oxide has been implicated
as a potential treatment for sickle cell disease (SCD), either by
increasing the oxygen affinity of sickle cell erythrocytes or by
vasodilation [4—7]. In addition, a common treatment for SCD,
hydroxyurea (HU) stimulates production of Hb F and potentially
leads to formation of NO. Long term effects of HU therapy are
attributed to Hb F production, while shorter term effects were
attributed to NO production [8—10]. At present, the mechanism
of NO action with hemoglobin particularly with respect to
inhibition of sickle cell fiber formation is unknown.

The reactions of NO with Hb are complex and can proceed
by at least three competing pathways: formation of S-
nitrosohemoglobin (SNO-Hb), oxidation of the heme iron
(Fe** —Fe*"), and formation of nitrosylhemoglobin (HbNO).
Partially liganded NO samples can result in the formation of a-
nitrosylhemoglobin, in which the molecule retains a T- or deoxy
quaternary state structure. Partially liganded HbS-NO does not
significantly increase fiber solubility, as it does not stabilize or
promote the formation of the R quaternary state [11]. These
results call into question mechanisms, which require increased
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O, affinity as a consequence of HbNO formation. Other
investigators have determined that limited exposure of deoxy
Hb to NO leads to nitrosylation of B-subunit hemes and
subsequent oxygenation leads to the formation of SNO-Hb [12].
Formation of SNO-Hb primarily occurs when NO binds to the
P93 Cys residues [13—15] and the S-nitroso form of
hemoglobin has been observed to exhibit increased O, affinity
[16]. A recent model for NO action, proposed by Stamler and
co-workers [17,18] suggests that Hb quaternary state, and thus
0, affinity, is mediated by the allosteric transfer of NO from the
heme irons to the 393 Cys residues. This model stems from the
observation that SNO-Hb formation is favored when Hb is in
the R- or fully liganded state, while HbNO formation is favored
when Hb is in the T-state [17]. In this model, NO transport is
related to oxygen tension, which implies that a detectable
concentration of NO exists in the blood, and that NO activity is
preserved by binding to Hb [19]. The inhibitory effect in SCD is
attributed to the formation of SNO-Hb, which stabilizes the R-
state and increases HbS fiber solubility. Delivery of NO to the
vasculature is achieved by changes in allosteric state and is
dependent on the degree of O, saturation.

The work of Gladwin and co-workers did not find evidence for
the allosteric cycling of NO from the heme iron to the 393 Cys
residues and they determined that generation of Cys-modified Hb
did not influence the reaction kinetics [20—22]. These experiments
were not supportive of the allosteric cycling model, and suggested
that 393 Cys plays a minor role in the regulation of NO activity by
Hb. These and other findings have led to an alternate model, in
which Hb acts as a nitrite reductase and nitrite is a storage pool for
NO. In this model deoxy R-state hemes exhibit greater reductase
activity than deoxy T-state hemes, leading to maximal rates of NO
production when Hb is partially saturated with O, to a level of 40—
60% [22-25]. Release of NO under these conditions leads to
vasodilation; thus, NO release and vasodilation are intrinsically
coupled to the allosteric state of Hb. Exposure to nitrite also leads
to the formation of measurable amounts of SNO-Hb and an arterial
to venous gradient of nitrite [24]. The organ chamber bioassay
experiments of Stamler and co-workers, however, are suggestive
that the reaction of nitrite and deoxy Hb does not relax blood
vessels unless SNO-Hb is formed [26] and that SNO-Hb formation
involves a Fe(III)NO precursor [27]. One significant difference
between the two models lies in the role of SNO-Hb as an
intermediate in the process of NO delivery. At present, the function
of the 393 Cys residue in the regulation of NO activity, blood flow
and dissolution of Hb S fibers remains a point of debate [28].

In this study, formation of the nitrosothiol as an inhibitor of
sickle cell fiber formation is addressed by chemical modifica-
tion with N-ethylmaleimide (NEM). The choice of NEM as the
modifying agent stems from its specific reactivity with Cys
sulthydryl groups under conditions of neutral pH [29]. In
addition, previous work had indicated that only the 93 Cys
residues were reactive out of the six Cys residues present in an
Hb tetramer [30—32]. Chemical modification of 393 Cys
simulates SNO formation at 393 without the possibility of other
reactions, such as formation of HbNO or methemoglobin. This
study specifically examines how NEM modification at 393 Cys
affects Hb structure and sickle cell fiber formation.

The structure of the NEM-modified Hb is analyzed using UV
resonance Raman spectroscopy, which has been used exten-
sively to characterize the structure of Hb quaternary states and
Hb S fibers [33,34]. The choice of UVRR spectroscopy stems
from the fact that it has proven to be an extremely versatile
method for studying Hb structure and dynamics. Spiro and co-
workers have previously identified spectral features diagnostic
of the critical a3, interface [33], which are monitored as a
function of quaternary state and fiber formation. In addition,
Phe signals, reflective of local environment, increase in
intensity with fiber formation, and are used as monitors of the
fiber state [34,35]. Thus, one advantage of UVRR spectroscopy
over other spectroscopic techniques is the ability to selectively
probe both the o3, subunit interface, and the intermolecular
'3,-2p, interaction that promotes Hb S fiber formation.

The current work supports a model in which NEM
modification occurs at the a104 Cys residue in addition to 393,
as demonstrated by FT-IR, electrospray ionization mass spec-
troscopy and reversed-phased liquid chromatography/tandem
mass spectrometry (LC-ESI-MS/MS). Equilibrium solubility and
kinetic data indicate that modification of only 393 enhances Hb S
fiber formation while o104 modification counteracts that effect.
UVRR measurements of the structure of NEM-modified samples
are indicative of weaker H-bonding at the o |3, interface, in the
doubly-modified samples, which destabilizes the T-state, when
compared to native Hb S. These effects are discussed in light of
Hb S fiber formation and inhibition.

2. Materials and methods
2.1. Hemoglobin preparation

Hb S was isolated from the blood of SS and AS patients,
following the procedure as described [36].

2.2. Thiol modification

All chemical modifications of the —SH residues of Hb A and
Hb S were performed using NEM (Sigma), in 0.1 M potassium
phosphate buffer, pH 7.1, at room temperature [29,37]. Thiol
modification of hemoglobin was accomplished by 2 different
procedures, hereafter referred to as NEM low (NEM-L) and
NEM high (NEM-H). Hemoglobin was reacted with NEM at a
2:1 NEM:Hb ratio for 3 h in the NEM-L modification method
[33,34], and a NEM:HbD ratio of 5:1 for 4 h in the NEM-H
method [37]. The concentration of protein ranged from 1.5 mM
Hb to 3.5 mM Hb. Protein concentrations are reported with
respect to tetrameric Hb for all experiments. Following reaction,
excess NEM was removed via gel filtration on a G-25 column
(Pharmacia) and the samples were dialyzed overnight at 4 °C
against a 0.1 M potassium phosphate buffer, pH 7.1.

2.3. Reactive thiol quantitation
The extent of thiol modification was determined using PMB

[38], and by a Thiol and Sulfide Quantitation Kit (Molecular
Probes, OR) [39]. The concentration of reactive Cys residues
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was determined following the procedure of Park et al. [40].
Quantitation measurements were performed in a 0.1 M
potassium phosphate buffer, pH 7.1, on HbCO, NEM-L Hb
and NEM-H Hb at room temperature. The absorbance at 250 nm
(Boyer method), and 412 nm (Thiol Quantitation Kit), was
measured using a Beckman DU 650 spectrophotometer (Beck-
man). The concentration of active Cys residues was determined
by comparison with a standard curve constructed with known L-
Cys concentrations. Quantitation of reactive thiols in unmod-
ified and modified Hb A and Hb S was done on at least 3
independent samples. Within the accuracy of the experiment,
Hb A and Hb S behaved exactly the same with respect to Cys
reactivity.

2.4. Fourier transform infrared spectroscopy

FT-IR analysis was performed on Hb A, NEM-L Hb A, and
NEM-H Hb A. Samples were prepared in 0.1 M potassium
phosphate buffer, pH 7.1, and concentrated to approximately
6 mM Hb, using 30,000 MWCO Centriprep concentrators
(Amicon). Samples were maintained in the CO form by purging
samples thoroughly with CO during concentration. FT-IR
spectra were obtained using a Bruker FT-IR spectrophotometer
equipped with a MCT liquid nitrogen-cooled detector and Opus
NT programming spectra software (spectrophotometer was
made available to us courtesy of Prof. Sean Decatur, Mt.
Holyoke College). The optical bandpass for the experiments
was 4000 to 200 cm ™ '. Sample data were collected using a
demountable cell holder with 0.5 mm pathlength CaF,
windows, at a constant temperature of 10 °C. A total of 512
interferograms from each sample were averaged. Spectra were
initially obtained as percent transmittance and converted to
absorption. A buffer spectrum was subtracted from each sample
spectrum. All spectral analyses were performed with GramsAlI
spectral analysis software (ThermoGalactic, Salem, NH).

2.5. Mass spectrometry

One-dimension electrospray ionization mass spectrometry
(ESI-MS) was performed on a TOF analyzer mass spectrometer
(Keck Biotechnology Resource Laboratory, Yale University,
New Haven, CT). Samples of NEM-L Hb, NEM-H Hb and Hb
A were prepared in a 0.1 M potassium phosphate, pH 7.1 buffer,
at a concentration of 10 pM Hb. For reversed-phase electro-
spray ionization tandem mass spectrometry (LC-ESI-MS/MS)
NEM-L and NEM-H samples at a concentration of 2 mM Hb
were denatured with 8 M urea in the presence of 1 mM L-Cys
overnight. Following denaturation, the samples were diluted to
100 uM in 20 mM Tris, 5 mM EDTA buffer, pH 8.3. Samples
were simultaneously digested with 20 uM sequencing grade
trypsin (Promega, Madison, WI), and 20 uM sequencing grade
chymotrypsin (Roche Diagnostics, Indianapolis, IN) for 24 h at
37 °C. Following digestion, the samples were purified using
C18 Ultramicrospin columns (Nest Group, Southborough,
MA). Reversed-phase microcapillary liquid chromatography
followed by tandem mass spectrometry was performed as
described [41] with the following modifications. All samples

were loaded onto manually pulled fused silica microcapillary
columns (0.75 pm ID) using a pressure cell (Brechbuhler,
Houston, TX). A precolumn was not used, and the column resin
was exclusively 200A C18 resin. Three CID (collision-induced
dissociation) scans were alternated with each survey scan over a
90 minute gradient of acetonitrile from 5% to 35%, followed by
a 10 minute gradient from 35% to 80% acetonitrile. Data
analysis and identification of peptide fragments were performed
using the Sequest and Bioworks software (Thermo Electron
Corporation, Waltham, MA), and Microsoft Excel (Microsoft
Corporation, Seattle, WA).

2.6. Equilibrium solubility

Equilibrium solubility measurements were performed on Hb
S, NEM-L Hb S, and NEM-H Hb S. Deoxy Hb S samples at a
concentration of approximately 1| mM Hb were prepared from
HbCO by photolysis under an N, atmosphere at4 °C,ina 1.0 M
potassium phosphate buffer, pH 7.1, with 10 mM sodium
dithionite. Samples were photolyzed for at least 2 h to ensure
complete deoxygenation. Formation of deoxy Hb was confirmed
by visible absorbance at 555 nm (e555=12.5 mM 'em ).
Deoxygenated samples were transferred into N, purged vials
through an N,-purged cannula needle. Because of some
evaporation during photolysis, concentration determinations
were done after photolysis by transferring a 10 pL aliquot of
each sample into 1000 pl of CO-purged buffer, in an N,
atmosphere, and fitting the resulting absorbance spectrum with
HbCO, deoxyHb, and metHb basis spectra [42]. Deoxy samples
(=95%) were incubated for 24 h at room temperature. After 24 h,
the samples were centrifuged at 10,000 xg for 3 h, followed by
filtration through a 0.2 pum filter (Pall Corporation), to remove
any unpelleted aggregates [43]. Following centrifugation and
filtration, the total Hb concentration of the supernatant was
determined following the procedure described above. Super-
saturation ratio was determined as follows, S=7;* Cinigal/Vs *
Csoluble- Activity coefficients for Hb S were taken from Ross and
Minton [44] and the same ones were used for NEM-H and NEM-
L. Reported ratios are the average of at least 4 independent
experiments.

2.7. Kinetics of Hb S fiber formation

Deoxy samples, prepared as above, were transferred via an
N,-purged cannula needle into N,- purged 1.0 mm pathlength
glass cuvettes. Fiber formation was initiated by a temperature
jump from 10 to 35 °C, and absorbance at 700 nm was
monitored at 30 s intervals for a total of 6000 s. The initial 15%
of the progress curves were fit to the following equation, which
results from the integration of the linearized rate equations of
the double nucleation mechanism [45,46]:

A(t) = Ao + (Ar*(Amax—Ao))*(cosh(Bt) — 1) (1)
where Ay and A,,,, are the initial and final absorbances, and A4

and B are the shape and rate parameters used to define the initial
portion of the polymerization curve. Reported values result from
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an average of at least 3 independent experiments. Absorbance
curves were also fit to a sigmoidal equation:

A=A,

14 e(‘;o)

Ar) = +4; (2)

Where A; and A, are the initial and final absorbance and x,
is the point at which 50% of the total absorbance change has
occurred; a time which reflects both the delay time and rapid
gelation stages [47].

2.8. UV resonance Raman Spectroscopy

A Q-switched, Nd:YLF pumped Ti:sapphire laser system
(Quantronix, New York) was used to generate the excitation
wavelengths, by frequency quadrupling the IR output of the Ti:
sapphire laser using two BBO crystals, as previously described
[48]. All spectra were collected with an acquisition time of
15 min, and the spectra shown represent at least 3 h of averaged
data. Samples were held in a continuously spinning, gastight,
aluminum disk with a polished sapphire window (Esco Products
Inc., NJ). Deoxy samples were prepared as for solubility
experiments. Hb S fiber samples were prepared by temperature
jump from 10 °C to 35 °C, and fiber formation was monitored
by increasing sample turbidity at 700 nm. Hb S tetramer
samples at a concentration of 1.0 mM Hb were continuously
cooled with N, gas passed through a dry ice/2-propanol bath,
while Hb S fibers at a concentration of either 3.0 mM Hb in
0.1 M phosphate or 1.0 mM Hb with 1.0 M phosphate were
examined at room temperature. Sample position was adjusted
every 15 min, and the entire sample volume was changed after
1 h of laser exposure. The Phe band occurring at 2020 cm ™',
was used to perform spectral subtractions, as previously
described [34]. Data manipulation and analysis were performed
using GramsAl spectral analysis software (ThermoGalactic,
Salem, NH).

3. Results

3.1. NEM modification of Hb: quantitation of extent and
location

To investigate the mechanism of 393 modification in the
dissolution of Hb S fibers, NEM modification of the Cys
residues in Hb was performed. Since nitrosylation can occur at
either the heme iron or at the Cys residues, and can lead to
metHb formation, NEM modification was used as a model for
NO binding to the B93 Cys residue. A distinct advantage of
chemical modification is that the direct effect of Cys
modification can be examined without formation of HbNO or
metHb.

Two modification procedures were utilized to compare the
effects of Cys modification with high and low levels of NEM;
these procedures are referred to as NEM-H and NEM-L,
respectively. The NEM-L modification protocol was developed
by monitoring the decrease in NEM absorbance at 305 nm [29]
(data not shown), while the NEM-H protocol was taken from

Table 1
Reactive Cys residues per Hb tetramer
Boyer? L-BAPNA®

Hb A 22+04 2.5+0.5
Hb S 1.71+£0.3 2.4+0.3
NEM-L Hb A 1.74£0.5 1.5£0.7
NEM-L Hb S n/a 1.8£0.4
NEM-H Hb A 0.82+0.1 09+0.4
NEM-H Hb S n/a 1.2+0.1

? Average from 3 independent measurements.
® Average from 4 independent measurements.

Ho and co-workers [37]. Cys reactivity under these conditions
was examined by both the Boyer method [38] and through a
papain-based assay, in which a disulfide-inhibited derivative of
papain is stoichiometrically reduced in the presence of thiols
and enzyme activity is measured spectrophotometrically with L-
BAPNA [39]. Both methods indicated that Cys reactivity for Hb
A and Hb S was the same within error and slightly greater than
the expected value of 2 reactive Cys/Hb tetramer (Table 1).
Overall, these results demonstrated that Cys reactivity was
reduced upon reaction with NEM, and the number of reactive
thiols decreased with longer reaction times and increased
reagent as expected; nevertheless, for both the NEM-L and the
NEM-H modification procedures these quantitation results were
suggestive of incomplete modification of 393 Cys residues
(Table 1).

3.2. FT-IR spectroscopy

Given the relatively high error associated with the determi-
nation of Cys reactivity by both the Boyer and L-BAPNA
methods (Table 1) and to ensure complete modification of the
R93 Cys residue, FT-IR spectroscopy was employed to measure
both the extent and location of NEM modification. The IR
spectra obtained are consistent with those previously reported
[49,50] (Fig. 1) in which three S—H absorption bands are
observed at 2566, 2553, and 2588 cm™ !, and are assigned to the
R112, «104, and R93 Cys residues, respectively. The S—H band
at 2588 cm” ' assigned to B93 was not observed in either the
NEM-H Hb or NEM-L Hb spectrum (Fig. 1), indicating that
complete modification of the 393 Cys was accomplished by
both modification protocols, in contrast to the concentration of
reactive —SH determined by the Boyer and L-BAPNA methods.

Analyses of modified and unmodified Hb FT-IR spectra with
respect to peak area, height, and width were performed to
determine whether Cys residues other than 393 were also
modified, and if the extent of Cys modification was dependent
on the concentration of NEM and the reaction time. Previous
work had suggested that the other Cys residues should not be
modified by the relatively mild reaction conditions used in this
study [15,29,37,51-53]. The peak areas of the «140 and B112
S—H absorption bands, as determined from the fitting of the
data, were compared and the ratio was found to be similar for
Hb A and NEM-L Hb A (Fig. 2). However, analysis of the
NEM-H Hb spectra consistently indicated a decrease of 25% in
the «104/3112 S—H band peak area ratio, when compared with
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Frequency (cm’')

Fig. 1. FT-IR spectra of the S—H stretching region. FT-IR spectra of Hb A (top),
NEM-L Hb A (center) and NEM-H Hb A (bottom) in the 2500-2700 cm™ ' S—H
stretching region are shown. Sample concentration was 6—7 mM Hb, ina 0.1 M
potassium phosphate buffer, pH 7.1. Curve fits were performed using a mixed
Gaussian/Lorentzian peak fitting function and are shown with dotted lines.
Spectra have been arbitrarily displaced vertically.

either Hb A or NEM-L Hb, respectively (Fig. 2). The source of
the decreased peak area ratio could either result from a decrease
in the absorbance of the 104 Cys residues, an increase in the

4.00
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Area c104/B112

1.50

1.00

0.00

Hb S
NEM-L
NEM-H

Fig. 2. Modification at other Cys residues from FT-IR peak area absorbance.
Ratio of the 104 to 3112 FT-IR absorption bands in terms of peak area are
shown. The intensity and width of the fitted curves were used to calculate peak
area. Original data is shown in Fig. 1.
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= Hb A
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= NEM-H
y T
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— N

B-chain
15,867 D

o-chain
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Fig. 3. Histogram of the percentage of chain labeling as determined by ESMS.
Percentages were determined relative to unmodified Hb A. Samples of NEM-L
Hb, NEM-H Hb and Hb A were prepared in a 0.1 M potassium phosphate, pH
7.1 buffer, at a concentration of 10 pM Hb. Data is also shown in Table 2.

p112 Cys absorbance, or both. The ESI-MS results, as
described below, suggest that the «104 Cys residues are the
source of the peak ratio decrease. We chose to examine a peak
area ratio rather than an absolute intensity because of the
baseline corrections and buffer subtractions applied to the
spectra. Peak height and peak width ratios of the «104 and 3112
S—H bands yield the same qualitative results (data not shown).

3.3. Electrospray ionization mass spectrometry

To further examine the number of sites of NEM modification
per Hb chain, ESI-MS was used, since it can sensitively
differentiate mass changes as a result of NEM modification [14].
In both NEM-H Hb and NEM-L Hb samples, a peak was
observed at 15,993 Da, corresponding to the mass of a 3 chain
with one NEM molecule. In some preparations, a low intensity
peak at 15,867 Da, corresponding to the mass of an unmodified
{ chain, was observed for NEM-L (Fig. 3). The percent intensity
of this peak is within the error level for the measurement (12+
16). A peak corresponding to the mass of unmodified 3 chain
was not observed for NEM-H Hb samples (Table 2). Thus, both
the ESI-MS and FT-IR data consistently indicate that the 393
Cys residue is completely modified by the NEM-H protocol, and
almost 90% modified by the NEM-L protocol, in contrast to the
Boyer and L-BAPNA methods of quantitation.

Table 2
ESMS determination of o and 3 chain molecular weight

« chain?®  chain? « chain modified® B chain modified?®
15,125 Da 15,867 Da 15,252 Da® 15,992 Da‘

Hb A 100 100 — -

NEM-L 88+7 12+16 12+7 88+17

NEM-H 67+8 0 33+11 100

* Percentage of chain present relative to total.
® MW=1 a chain+1 NEM.
¢ MW=1 B chain+1 NEM.
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In the ESI-MS spectra, the unmodified « chain is the dominant
species present in all samples, however, a peak at 15,253 Da,
corresponding to an a chain with one NEM group, was present in
the NEM-H Hb samples. The peak intensities of individual species
were compared, and these analyses revealed that 33+11% of the
total o chain intensity of NEM-H Hb corresponds to modified o
chain, while only 12+7% of the total o chain intensity of NEM-L
Hb can be assigned to modified o chain (Table 2). Modification of
the a-chain was considered to occur at the o104 Cys residue only
because of the selective reactivity of the NEM group for Cys
residues under the reaction conditions used [29-32].

3.4. Reversed-phase liquid chromatography electrospray
ionization tandem mass spectrometry (LC-ESI-MS/MS)

To verify the site of NEM modification, LC-ESI-MS/MS was
performed. The three most intense peptide ions in each MS'
survey scan of eluting peptides were selected for collision-
induced dissociation to generate MS? spectra. Sequest software
was then used to match the resulting MS? mass spectra with all
possible theoretical peptides from the human hemoglobin
sequence (PDB accession: 2hbs), using a dynamic search that
identifies peptides with unmodified cysteine residues and those
containing NEM-modified cysteine residues (Cys+125.13 Da).
Analysis of Hb 3 chains confirms that the 393 Cys residue is the
primary site of NEM modification. By this method, a small
amount of modification is observed at the 3112 Cys residue. The
ESI-MS results are suggestive that modification at this site is less
than 5% (see above). Analysis of Hb « chains confirms that
modification is occurring at the o104 Cys residues. For both Hb o
and B chains, NEM modification at sites other than Cys residues
was not observed. Thus, FT-IR, ESI-MS, and tandem MS results
consistently indicate complete modification of 393 Cys by the
NEM-L and NEM-H modification methods. In addition, these
results point to partial modification of the 104 Cys residue with
little to no modification of Cys 3112 by the NEM-H method.

3.5. How does NEM modification affect Hb S fiber formation?

3.5.1. Equilibrium solubility

To determine the effect of NEM modification on Hb S fiber
formation, equilibrium solubility measurements were per-
formed. Solubility is described as the concentration of deoxy
Hb S present in the supernatant after fibers are allowed to form
and sedimented by centrifugation. The ratio of initial concen-

tration (Cy) to the soluble fraction (Cg) is known as the
supersaturation ratio and can be expressed as: S=Cy/C; [54].
The solubility and the supersaturation ratio are a measure of the
relative propensity of Hb molecules to form fibers. These
measurements were performed in a 1.0 M phosphate buffer to
minimize the amount of sample used. Fiber formation in high
phosphate buffers has been characterized extensively [55] and
thus, provides a good comparison point for our measurements.
Measurements were performed on Hb S, NEM-L Hb S and
NEM-H Hb S samples at a concentration of approximately
1 mM Hb (6.4 g/dl). Preparation of deoxy Hb causes a slight
increase in sample concentration because of evaporation;
therefore, measurements were performed on solutions at slightly
higher concentrations (Table 3). Under these conditions, our
supersaturation ratio for Hb S is consistent with previously
reported values obtained under similar conditions [55]
(Table 3). The overall solubility of NEM-L Hb S is considerably
lower than Hb S (0.72 mM vs. 1.11 mM). These findings are
indicative of a greater degree of fiber formation in the NEM-L
samples with respect to Hb S. In contrast, the solubility of
NEM-H is equivalent to that of deoxy Hb S; although the
supersaturation ratio is lower than that observed for Hb S (1.33
vs. 1.55 — Table 3). The larger supersaturation ratio determined
for NEM-L Hb relative to NEM-H Hb is suggestive that
modification at 393 enhances fiber formation, whereas the
additional NEM modification at o104 renders the protein more
soluble.

Calculated values for homogeneous and heterogeneous
nuclei, i* and j*, respectively, using S [45,46,56] are also
consistent with the determined delay times (Table 3), in which
the smallest nucleus sizes are observed for NEM-L. Specifical-
ly, if the solubility is decreased, the tendency to aggregate
increases and this is reflected in a smaller nucleus size [46].

3.5.2. Kinetic studies

The difference in behavior of NEM-L Hb and NEM-H Hb
was further explored by monitoring the progress curves of fiber
formation using sample turbidity. For all three Hbs, the curves
are characterized by an initial period, in which little to no fiber
formation is observed, followed by a period of rapid fiber
formation (Fig. 4). From these curves it is apparent that NEM-L
Hb S exhibits the fastest onset to fiber formation, followed by Hb
S and NEM-H Hb S. The data were analyzed through
consideration of the double nucleation model [45,46], in
which a hyperbolic function, the linear solution to the rate

Table 3
Nucleation and polymerization parameters determined from equilibrium solubility experiments and kinetic progress curves
Co (mM Hb) Cs (mM Hb) S *P J*e C (mM Hb) Tq 15% (s) Tq 50% (s) Ay (mM) B ")

Hb S 1.44+0.14 1.11+0.13 1.55 322 34.5 1.2+0.11 886+79 1286+105 1.8x10°° 0.20
NEM-L 1.32+0.12 0.72+0.11 2.58 14.9 16.0 1.1+£0.10 294467 473+113 6.1x10°° 0.25
NEM-H 1.24+0.10 1.12+0.15 1.33 49.1 52.5 1.2+0.12 1589+93 17814128 1.4x10°° 0.14

# S is the supersaturation ratio; S=(7¢Co)/(sCs) [54]; 7 values taken from Ross and Minton [44].

b /* is the size of the homogeneous nucleus; i*=—(4RT+3upc)/RT In S where §; describes the fraction of intermolecular bonds in the nucleus relative to the

infinite polymer, ppc is the chemical potential contribution to the infinite polymer from the bonding free energy between molecules. Both of these parameters are taken

from Ferrone et al. [46].
¢ j* is the size of the heterogeneous nucleus; j*=i*+(1/In S) [46].
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Fig. 4. Kinetic progress curves of Hb S, NEM-L and NEM-H polymerization.
Protein concentration was 1.0 mM Hb in 1.0 M potassium phosphate, pH 7.1.
Polymerization was initiated by temperature jump from 10-35 °C, and
absorbance was measured every 30 s.

equations, is used to describe the initial portions of the progress
curves. The initial 15% of the progress curves yielded excellent
fits to this model (not shown), demonstrating that this model
adequately describes the data. Delay times were also determined
considering the sigmoidicity of the curves, in which a T, time
corresponds to the time at which 50% of the fibers are formed
[47]. Either form of analysis qualitatively yields the same results,

Exc. 215 nm T-T
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Fig. 5. Comparison of 215 nm-excited T—T difference spectra. NEM-Ly Hb- Hb
St (top), NEM-Ht Hb -Hb St (center) and NEM-Lr Hb-NEM-Ht Hb (bottom)
difference spectra are shown. T-state samples were 1.0 mM Hb, in a 1.0 M
potassium phosphate buffer, pH 7.1, and were prepared as described in Materials
and Methods.

in which the shortest delay times are observed for NEM-L and
the longest delay times are observed for NEM-H (Table 3).

Differences in Hb and phosphate concentrations and the
amount of the temperature jump prohibit exact comparisons of
delay times, nevertheless we find that our delay times are
generally consistent with those determined previously for Hb S
[55]. These progress curves (Fig. 4) and associated delay times
(Table 3) correlate well with the equilibrium solubility
measurements and are suggestive that NEM-L Hb accelerates
fiber formation, while NEM-H inhibits it.

3.6. Structure of NEM-modified Hb S probed by UVRR
spectroscopy

Given these differences in physical properties of the NEM-H
Hb and NEM-L Hb modified samples, we elected to elucidate the
structural differences using UVRR spectroscopy. These measure-
ments were performed under conditions of low and high
phosphate concentration and we find that the same structural
effects are observed under both conditions. We employ an
excitation wavelength of 215 nm to selectively enhance contribu-
tions from Phe and Tyr residues, and an excitation wavelength of
230 nm to enhance the signal from Tyr and Trp residues. When an
excitation wavelength of 215 nm is used, the spectroscopic signal
consists of an average of all the Phe residues; therefore, to resolve
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Fig. 6. Comparison of 215 nm-excited UVRR F-T difference spectra. F-T
difference spectra of Hb S (top), NEM-H Hb (center) and NEM-L Hb (bottom),
were obtained with 215 nm excitation. T-state samples were 1.0 mM Hb, in a
1.0 M potassium phosphate buffer, pH 7.1. Fiber samples were 1.0 mM Hb, in a
1.0 M potassium phosphate buffer, pH 7.1. Fiber formation was initiated by a
temperature jump from 10 to 25 °C.
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Fig. 7. Comparison of 230 nm-excited UVRR T-R difference spectra. T-R
difference spectra of Hb S (top), NEM-H Hb (center) and NEM-L Hb (bottom),
were obtained with 230 nm excitation. T- and R-state samples were 1.0 mM Hb,
in a 1.0 M potassium phosphate buffer, pH 7.1.

the signal from those residues that experience a change in
environment or structure upon quaternary state change or fiber
formation, we generate difference spectra between the states.

3.6.1. The 'B,—B, interaction: local environment of the 85
Phe in the T-state

The 215 nm-excited spectrum (Supporting information:
Fig. 1) is dominated by Phe and Tyr ring-stretching modes in
the 1585—1614 cm™ ' spectral region [34,57]. In the 215 nm-
excited T-R difference spectra, negative peaks are observed at
1605 and 1585 cm™ !, which correspond to the Y8a, F8b and
F8a vibrational modes of Phe and Tyr residues (Supporting
information: Fig. 2). An additional negative band is observed at
1550 cm ™', which arises from the W3 mode of Trp residues.
The decreased intensity of Tyr and Trp modes is consistent with
T-state H-bond formation, as has been previously reported [58].
The intensity decrease of Phe modes in the T-state probably
results from an increase in the solvent exposure of one or more
Phe residues, since the intensities of some Phe vibrational
modes are diagnostic of local environments, where a higher
intensity is indicative of a more hydrophobic environment
[34,35]. X-ray crystal structure determinations have suggested
that the 385 Phe is more solvent exposed in the T-state, and the
change in intensity is mainly attributed to that residue [3,59,60].

In general, Hb S, NEM-H Hb and NEM-L Hb yield similar
T—R difference spectra, and the similarity is suggestive that the

overall structures of the T- and R-states, as monitored by Phe
vibrational modes, are similar for NEM-modified and unmod-
ified Hb S. Subtle differences in local environment are
determined from a comparison of the T-states, which reveal
that the Phe environment in NEM-L Hb is more hydrophobic
than NEM-H Hb or Hb S, as shown by the positive peaks at
1587 (F8b) and 1607 cm ' (F8a) in T—T difference spectra
(Fig. 5). In the NH1—St spectrum negative peaks are observed
at 1587 em ™ ! and 1607 cm™ !, which is indicative that the Phe
environment in NEM-H Hb S is more solvent exposed relative
to Hb S. Thus, based on the UVRR results, the ordering of the
relative hydrophobicity of Phe residues in the T-state for the
different Hb molecules is NEM-L Hb S>Hb S>NEM-H Hb S.
This ordering is consistent with the relative propensity to form
fibers as determined from the equilibrium solubility and kinetic
measurements (see above).

3.6.1.1. The fiber state. ~Changes in the fiber state are probed
by generating fiber-T-state (F—T) difference spectra for Hb S,
NEM-H Hb, and NEM-L Hb (Fig. 6). When an excitation
wavelength of 215 nm is used, the F—T spectra are dominated
by large positive peaks at 1603 and 1585 cm™ ', suggestive of an
increase in Phe signal intensity upon fiber formation [34]. A
comparison of the relative intensities of the F8b band, with
respect to the 1000 cm™ ' Phe F12 band reveals that the relative
intensity of the F8b band of NEM-L Hb is 64+3% higher than
Hb S, and 59+3% higher than NEM-H Hb. The intensity
increase is indicative of a more hydrophobic local environment
for NEM-L Hb Phe residues, relative to either Hb S or NEM-H
Hb.

3.6.2. The a3, interface: perturbation of H-bonds in the NEM-H
T-state

The vibrational modes enhanced at 230 nm correspond
primarily to the Tyr and Trp residues in hemoglobin (Supporting
information: Fig. 3) and the difference spectra monitor the
hydrogen bond interactions at the a3, interface. In the T-R
spectrum of Hb S (Fig. 7), the double sigmoidal feature seen at
high frequency (>1500 cm™ ') is attributed to Tyr Y8a and Y8b

25
Wl T state
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Y8a Frequency Shifts (cm ])
' "
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?////A
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Fig. 8. Comparison of frequency shifts of Tyr vibrational modes. Frequency
shifts of the Tyr Y8a vibrational mode of Hb S, NEM-L Hb and NEM-H Hb
upon formation of the T- and fiber states are shown. Frequencies were
determined from parent spectra obtained with 230 nm excitation (Supporting
information: Fig. 3), and measured relative to R-state spectra. Sample conditions
are as described in Fig. 7.
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Fig. 9. Comparison of 230 nm-excited UVRR F-R difference spectra. F—R
difference spectra of Hb S (top), NEM-H Hb (center) and NEM-L Hb (bottom),
obtained with 230 nm excitation. Samples were 1.0 mM Hb, in 1.0 M potassium
phosphate buffer, pH 7.1. Fibers were formed by initiating a temperature jump
from 10-35 °C.

modes. These modes are known to shift to higher frequency
upon T-state formation, as a result of the formation of the
ad2Tyr-p99Asp and a140Tyr—a93Val hydrogen bonds in the
T-state [33,61,62]. In the NEM-H Hb T-R spectrum (Fig. 7),
the Tyr high frequency double derivative shape is significantly
diminished. The negative peak detected at 1608 cm™ ' in the Hb
S T-R difference spectra is not observed in NEM-H spectra,
because of the smaller frequency shift, which is indicative of
weaker Tyr H-bonds. The Y8a frequency shift is largest in Hb S
(1.2 cm™ ') and smallest in NEM-H Hb (0.4 cm ™ ') (Fig. 8). The
Y9a band also does not exhibit a frequency shift upon formation
of the T-state in NEM-H Hb, as shown by the absence of the
derivative shape in the difference spectrum, and the detection of
the peak frequency at 1177 cm™ ' as opposed to 1182 cm™'
where it is observed for NEM-L Hb and Hb S (Fig. 7). These
observations consistently point to a disruption of Tyr H-bonds
in NEM-H Hb.

In addition to the smaller frequency shifts, the NEM-H Hb T-R
difference spectra also exhibit a decrease in intensity at 1550 cm™ !
(Fig. 7). This peak arises from the W3 Trp vibrational mode and in
previous work the intensity increase was attributed to formation of
the intersubunit 3,37 Trp- ;94 Asp H bond [33]. This peak is
clearly resolved in both the Hb S and NEM-L Hb T—R difference
spectra; however, it appears as a shoulder in the NEM-H Hb T-R
difference spectra. The reduced intensity is indicative of a weaker

intersubunit H-bond. Thus, the UVRR difference spectra are
suggestive that the NEM-H Hb T-state, particularly the o,
interface, is perturbed relative to Hb S and NEM-L Hb, potentially
because of the «104 Cys modification.

3.6.2.1. The fiber state. The Hb S, NEM-H Hb and NEM-L
Hb F-R difference spectra obtained with 230 nm excitation
(Fig. 9) are consistent with those previously reported [34].
Increased frequency shifts and higher intensities of the Tyr and
Trp modes respectively, are reflective of stronger o3,
intersubunit H-bonds in the fiber state, relative to either the
R- or the T-state (Supporting information: Fig. 3). Smaller Tyr
frequency shifts are observed in the fiber state for the NEM-H
Hb sample (1.0 cm ™ ") relative to Hb S (2.1 cm™ ') and NEM-L
(2.0 ecm™ ). In addition, the W3 peak at 1550 cm™ ' is not
observed in the NEM-H Hb F-R difference spectra, which is
suggestive of considerable weakening of the critical p37-094 T-
state H-bond. These results imply that the o3, interface in the
T- and fiber states of NEM-H Hb is significantly perturbed
relative to Hb S and NEM-L Hb. Since NEM-H Hb is modified
at the 104 Cys residue in addition to the 393, we suggest that
modification at o104 is more perturbing to the overall T-
quaternary state structure than modification at the 393 Cys only.

4. Discussion
4.1. The al04 Cys residue is modified by NEM

In this investigation, as a model for the effect of S-nitrosothiol
formation, Cys residues are chemically modified and the effect on
Hb S polymerization is monitored. A variety of different methods,
including FT-IR spectroscopy, ESI-MS and tandem MS, indicate
NEM modification occurs at both 393 and «c104 Cys residues and
that the o104 residue is moderately reactive under relatively
standard conditions [37]. Previously, modifications at Hb Cys
residues other than 393 were only observed at high concentra-
tions of modifying reagent [14,15,31]. Benesch and co-workers
[31] observed that titration with an 100-fold molar excess of PMB
results in the observation of 7.5 reactive —SH groups per mole of
Hb, while lower PMB concentrations yield a value of 2.4 reactive
—SH groups per mole of Hb. More recently, Ferranti and co-
workers [14] demonstrated by ESI-MS that a 100-fold excess of
NO relative to Hb leads to S-nitrosothiol formation at the o104
and P112 Cys residues. An important observation from the
current work is that under conditions previously thought to only
lead to R93 modification [37], modification of the 104 Cys
residue also occurs (Fig. 10). Furthermore, the physical and
structural properties of the doubly-modified Hb are considerably
different from Hb S and 393-modified Hb.

4.2. NEM modification of 93 Cys promotes Hb S fiber formation

Equilibrium measurements reveal that the solubility of NEM-
L Hb S is reduced relative to deoxy Hb S and NEM-H Hb S.
Kinetic measurements confirm that the onset of fiber formation
of NEM-L Hb S is faster than either Hb S or NEM-H Hb S. In
contrast to the current work, previous studies [52] observed that
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Fig. 10. The a3, interface. The o3, interface is depicted, with the a104 Cys
highlighted in light pink, and the 393 Cys highlighted in dark pink. The residues
forming intersubunit H-bonds (a42 Tyr and 399 Asp) and (337 Trp and «94
Asp) are highlighted in green and blue respectively. The 385 Phe and 88 Leu
residues of the 'p,—2p, donor—acceptor interaction are shown in purple. Heme
groups and coordinating His residues are shown in dark red. The Ca-Ca
distance from the «104 Cys to the a42 Tyr (16.6 A) is shown in green. Diagram
was made using WebLab ViewerPro and the coordinates from the deoxy Hb S
X-ray crystal structure (2HBS.PDB). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

the delay times for polymerization of deoxy Hb S modified by
NEM were approximately 1.5 times longer than that of native
deoxy Hb S. Additionally, Garel et al. [51] observed inhibition of
erythrocyte sickling in NEM-modified Hb, as measured by an
increase in P50 and by equilibrium solubility. In both instances,
the inhibition of the sickling effect was attributed to a
destabilization of the T-state and consequent increase in oxygen
affinity [51]. These solubilities and the increased delay times
obtained for NEM-modified Hb S [51,52,63] are consistent with
the values obtained by us for NEM-H Hb S. NMR investigations
of glutathione-modified Hb detected a disruption of the «42-299
H-bond at the a3, interface and a localized perturbation of this
interface [64]. These findings, which correlate well with current
UVRR results on NEM-H Hb S, in conjunction with the
solubility and kinetic studies, are strongly suggestive that the
doubly-modified Cys species was present in the earlier work, in
which inhibition of polymerization was observed.

We propose that the differences between our observations and
those reported previously, stem from differences in the level and
location of Cys modification. The modifying conditions used by
Ho and co-workers [37] correspond to those used for the NEM-H
Hb sample, in which approximately 33% of the a-chains are
modified. In contrast, less than 10% of the a104 Cys residues are
modified in the NEM-L Hb samples. Thus, we suggest that in
many of the earlier studies in which only modification of the 393
residues was considered, in fact some modification of the o104
Cys residues was also occurring, and leading to the observed T-
state destabilization and increased O, affinity.

Comparisons of NEM-L Hb and Hb S UVRR spectra are
not indicative of large structural perturbations because of the

93 modification and particularly, the o P, interface is not
perturbed. Because UVRR spectra do not specifically monitor
His residues, the presence of the 3146 His—394 Asp interaction
cannot be determined; although NMR and X-ray crystallogra-
phy measurements have suggested that this critical salt bridge is
disrupted in thiol-modified Hb [13,37,64].

The UVRR spectra obtained with 215 nm excitation are
indicative of an increase in hydrophobicity of the local
environment of the 385 Phe residue in NEM-L Hb S. We
attribute the increase in relative hydrophobicity to the NEM
modification, which is in close proximity to this residue. This
increase in local hydrophobicity potentially leads to the
increased amounts of fiber formation observed in our solubility
determinations. In previous studies other thiol-modifying agents
have been shown to enhance polymerization and this enhance-
ment results in part from the effect the reagent has on the
intermolecular interactions in the Hb S polymer [65]. Thus, the
enhanced fiber formation observed for the P93 only modified
Hb S is attributed to stronger intermolecular interactions of
individual Hb tetramers because of the modifying group. Earlier
studies had suggested that in the formation of fibers, the
location of the modified 393 residue with respect to the 36 Val
involved in the donor—acceptor interaction determined whether
it would have an inhibitory effect [63,66,67]. Interestingly, the
inhibition of fiber formation was attributed to modified 393
residues located cis to the 6 Val residue which disrupts a-
chain intermolecular contacts in the double strands involving
the 40, a45 and a47 residues [66,67]. The UVRR measure-
ments specifically probe the R85 Phe residue in the acceptor
pocket and thus, these results are suggestive that modified 393
residues located frans to the 36 Val residue are responsible for
the fiber enhancement effect observed in this work.

In previous work where only NEM modification of 93
residues was observed, the level of modification was usually
50% or less [15,16]. In the current work, ESI-MS data are
indicative of greater than 85% modification of the 393 residues.
In the earlier studies with low levels of 393 Cys modification
[15,16], we speculate that the inhibitory effect detected for
modification at the cis position dominates over the enhancement
effect at the trans position.

4.3. NEM modification of the 0104 Cys destabilizes the T-state
and inhibits fiber formation

Equilibrium solubility and kinetic measurements of NEM-L
Hb S demonstrate that fiber formation is increased relative to
Hb S, as shown by an increased supersaturation ratio, lower
solubility and shorter delay time (Table 3). However, the
additional modification at the a104 Cys residue appears to
counteract the effect of the modification at the 393 Cys residue
alone, as shown by the similar solubilities and supersaturation
ratios of Hb S and NEM-H Hb S. UVRR measurements
potentially provide a molecular basis for understanding the
source of this inhibition. Specifically, these studies reveal that
critical a3, intersubunit H-bonds, formed by Trp p37 and
Tyr ad2, are significantly weaker or disrupted in NEM-H Hb
(Fig. 7) and these changes are propagated in the fiber state
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(Fig. 9). Thus, NEM modification of a104 Cys appears to
mediate long-range interactions that destabilize the T-state
and inhibit fiber formation, since fiber formation requires the T-
state (Fig. 10). In earlier studies [37,51,52], which examined
the modification effects of NEM and other thiol reagents
on Hb stability and Hb S fiber formation, the increase in O,
affinity and inhibition of fiber formation was attributed to T-
state destabilization. We suggest that these effects mainly
result from the additional modification at ae104. Modification
at 93 could contribute to the effects observed in NEM-H
Hb; however, our measurements on samples with primarily
93 modified and not «104 do not show any evidence for
perturbation of the o, interface.

A previous UVRR study, which examined the effect of NEM
modification on Hb structure, had concluded that the modifi-
cation perturbs the “switch” region Asp F99—Tyr a42 H-bond
[68]. These findings are consistent with the current UVRR
observations for NEM-H Hb, where the frequency shift
associated with this H-bond is considerably reduced. We
suggest that the modification procedures used in the previous
study also led to some modification of the 104 Cys residues.
Interestingly, in the previous study Cys modifications were also
performed with polyethylene glycol-maleimide based reagents,
which did not show the same perturbation of the a3, interface.
This finding is similar to what is observed in the current
work for the NEM-L Hb in which only the 393 Cys residues
are modified, and suggest that the bulkier mixed disulfide
reagents containing polyethyleneglycol were only able to mo-
dify the 93 Cys residues and not the more buried «104 Cys
residues. Thus, the current findings are completely consistent
with earlier work and further, provide a molecular explanation
for the structural differences observed for the different
modifying groups.

4.4. Implications for NO binding and reactivity

The role of the 393 Cys residue in the regulation of NO
delivery and Hb S fiber formation has been the focus of
considerable study. Bonaventura and co-workers have observed
that S-nitrosylated Hb A and unpolymerized Hb S exhibit an
increase in oxygen affinity, and that the presence of 30% SNO-Hb
S decreases Hb S polymerization, even at high Hb S concentra-
tions [15]. Formation of SNO-Hb has been linked to vasodilation
[5], as well as increased oxygen affinity [ 16] both of which would
indicate S-nitrosylated Hb S has potential to be an effective
treatment for sickle cell disease. The current results suggest that a
complex interplay of competing effects is potentially associated
with thiol modification in Hb, in which the level and location of
Cys modification need to be explicitly considered. Nevertheless,
the current study is suggestive that modification at the a104
residue may have a potent inhibitory effect and therefore, may be
a good target for anti-sickling agents.

Undoubtedly, the differences in physical and chemical
properties between NEM and NO need to be considered in
any assessment of the effects of Cys modification. The larger
size and hydrophobicity of the NEM group may lead to more
pronounced effects as compared to NO, particularly with

respect to the increased amounts of fiber formation observed for
the p93 only modified samples. S-nitrosylation of Cys residues
is primarily observed under conditions where the concentration
of NO is significantly smaller than Hb [18] and thus, the current
results are suggestive that S-nitrosylation would primarily occur
at 393. However, the smaller size of NO relative to NEM
suggests that it may be more reactive than NEM at the o104
position; although NEM may be more perturbing as a modifying
group. The current findings, which demonstrate that o104
modification disrupts the o3, interface and inhibits Hb S
polymerization, in conjunction with previous reports that SNO-
Hb increases O, affinity, are suggestive that o104 may be a site
of NO action in addition to 393. Future studies will examine the
effect of S-nitrosylation at 104 with respect to Hb allostery
and ligand binding.
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