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Hemoglobin (Hb) E (�-Glu26Lys) remains an enigma in terms
of its contributions to red blood cell (RBC) pathophysiological
mechanisms; for example, EE individuals exhibit a mild chronic
anemia, and HbE/�-thalassemia individuals show a range of
clinical manifestations, including high morbidity and death,
often resulting from cardiac dysfunction.The purpose of this
study was to determine and evaluate structural and functional
consequences of the HbE mutation that might account for the
pathophysiology. Functional studies indicateminimal allosteric
consequence to both oxygen and carbon monoxide binding
properties of the ferrous derivatives of HbE. In contrast, redox-
sensitive reactions are clearly impacted as seen in the following:
1) the �2.5 times decrease in the rate at which HbE catalyzes
nitrite reduction to nitric oxide (NO) relative toHbA, and 2) the
accelerated rate of reduction of aquometHbE by L-cysteine
(L-Cys). Sol-gel encapsulation studies imply a shift toward a
higher redox potential for both the T and RHbE structures that
can explain the origin of the reduced nitrite reductase activity of
deoxyHbE and the accelerated rate of reduction of aquometHbE
by cysteine. Deoxy- and CO HbE crystal structures (derived
from crystals grown at or near physiological pH) show loss of
hydrogen bonds in the microenvironment of �Lys-26 and no
significant tertiary conformational perturbations at the allo-
steric transition sites in the R and T states. Together, these data
suggest amodel inwhich theHbEmutation, as a consequence of
a relative change in redox properties, decreases the overall rate
of Hb-mediated production of bioactive NO.

Hemoglobinopathies are inherited disorders of hemoglobin
that arise from globin gene mutations, with over 90% due to
point mutations. More than 1451 hemoglobinopathies and
thalassemias have been identified and are listed in the HbVar
database (1). Many of these mutations give rise to diverse

molecular diseases, with unique pathogenesis (2). Although
many hemoglobinopathies arise from altered oxygen-carrying
properties and/or tetramer instability, there are also several
hemoglobin variants that do not fall into any of the obvious
standard categories. In such cases, the molecular basis for the
pathophysiology is at best ambiguous.
The most common worldwide Hb mutation is HbE (�-Glu

26�Lys). This �E-globin allele imparts a selective advantage for
resistance to malaria as does HbS and HbC (3, 4). Renewed
interest in the mechanisms of HbE diseases and HbE/�-thalas-
semia originated with the wave of migration from Southeast
Asia to Europe and North America (5). HbE hemoglobinopa-
thies, including HbE/�-thalassemia, manifest a heterogeneous
clinical spectrum, from asymptomatic to severe. HbEE
homozygotes are asymptomatic with a very mild chronic ane-
mia and microcytosis. This clinical presentation has been
attributed to the minimally reduced expression of �E messen-
ger RNA (6, 7) that originates from the generation of an alter-
native splice site created in the reading frameby themutation of
a single nucleotide substitution (GAG3AAG). The conse-
quence of a reduction in �E-globin expression would lead to a
small percentage of free � chains, known to be highly unstable.
In contrast to the mild clinical manifestations both of HbEE

homozygotes, HbAE traits, and of �-thalassemia trait individ-
uals (e.g. HbA/�-thalassemia), the heterozygous condition of
HbE/�-thalassemia is probably the most common severe
hemoglobinopathy worldwide, and it presents a diverse clinical
spectrumwith variations in anemia, growth, development, hep-
atosplenomegaly, and transfusion requirements (8–11). At
birth, infants are asymptomatic, which is attributed to highHbF
levels (12). Secondary morbid clinical manifestations arise, in
part, as a result of ineffective erythropoiesis and iron overload
that resemble those of untreated�-thalassemiamajor (13). The
molecular mechanisms giving rise to the variable pathophysi-
ology of HbE/�0-thalassemia are still largely undetermined
(14). Contributions to the phenotype also include the following:
(a) the co-existence of �-thalassemia (which diminishes the
�/� chain imbalance) (15); (b) the presence of the C3Tmuta-
tion in position�158 from �G resulting in an increased synthe-
sis of HbF that seems to ameliorate the disease (7, 16); and (c)
genetic modifiers that alter the HbE/�0-thalassemia phenotype
(17, 18).
A major unanswered question is as follows. How does the

HbE mutation contribute to the �0-thalassemia-dependent
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spectrumof pathophysiologies inHbEdisease?Oxygen binding
properties of HbE appear to be similar to that of HbA; the HbE
tetramer is reported to exhibit normal oxygen binding in the
presence of phosphates and at physiological ionic strength (19)
but with an increase in oxygen affinity under conditions of low
salt concentration (20). Biochemical studies in vitro established
a decreased stability of HbE attributed to the positively charged
substitution at the site of mutation located near the �1�1 inter-
face (21–24) that has yet to be linked to in vivo RBC alterations
and pathophysiology (13). It has been proposed that this insta-
bility may only play a role during febrile episodes (25). Regard-
less, to date, there is no known molecular mechanism or func-
tional consequence of the HbE mutation that accounts for the
pathophysiology of HbE diseases.
In this study, structural and functional properties of HbE are

compared with those of HbA. High resolution x-ray crystallog-
raphy and solution phase circular dichroism are used to exam-
ine the structural properties of HbE. Oxygen affinity measure-
ments for solution phase samples and CO recombination
kinetics for T and R state derivatives encapsulated in sol-gel
matrices are used to compare the ligand binding reactivity of
the ferrous derivatives of HbE and HbA. The nitrite reductase
(NR)3 activity of HbE and HbA is also compared.
The NR reaction is of potential significance in that it yields

nitric oxide (NO), a molecule vital for the integrity of the endo-
thelium and cardiac function. Recently, normal hemoglobin
function has been broadened beyond that of an oxygen carrier
to include a role as a physiologically significant source of bioac-
tive nitric oxide (26–39). One of several proposed NO-gener-
ating reactions of hemoglobin is the nitrite reductase reaction
inwhich the five coordinate ferrous heme reacts with the nitrite
ion yielding anNOmolecule and amet (ferric)-heme. The reac-
tion rate has been shown to be quaternary structure-dependent
(36, 40, 41) with evidence supporting the idea that the quater-
nary state sensitivity arises from the higher redox potential of
the T quaternary state versus the R quaternary state (42). The
role of redox potential in this reaction has been questioned (43).
This study also aims to address this issue with respect to HbA
and HbE.
In this investigation, HbA and HbE are compared with respect

to nitrite reductase reactivity at pH 7.0 and 7.4. The higher pH is
used to enhance the contribution of R state intermediates in the
reaction. The pH 7.4 measurements also include the effect of a
potent allosteric effector L35 (2-[4-(3,5-dichlorophenylureido)-
phenoxy]-2-methylpropionic acid) (44), which is used to stabi-
lize T state species and thus provide a means of clearly separat-
ing T and R state NR kinetics at pH 7.4.
The reduction of aquomet-heme to ferrous five-coordinate

heme L-Cys (45) is protein-dependent (45, 46) and sensitive to
the heme redox potential (47). L-Cysteine-mediated reduction
of aquometHb to deoxyHb, both in solution and in a sol-gel
matrix, is used in this study as ameans of evaluating differences
in the redox activity of the two proteins for both the T and R
state. This comparison is used to help evaluatewhether changes

in the NR activity of HbE might arise from an alteration in the
redox properties of the heme.
Overall, this study reveals, for both the T and R states of HbE

and HbA, substantial differences in the rates of the nitrite
reductase reaction and the L-Cys-mediated reduction of
metHb. These findings are consistent with the HbE mutation
causing an increase in the redox potential of both the T and R
states for this Hb. This in vitro finding raises the interesting
possibility that a decreased overall rate of HbE-mediated pro-
duction of bioactive NO is a factor in exacerbating the �-thala-
ssemia-induced inflammation. A model is presented regarding
the role of HbE as a contributing factor to the HbE/�-thalasse-
mia clinical picture.

EXPERIMENTAL PROCEDURES

Hemoglobin Purification

Human HbE was purified from red blood cells (RBC)
obtained from transgenic mice expressing human HbE as
described earlier (48). Human HbE purified from transgenic
mouse RBC contains solely HbE, lacking contamination from
HbA2 as occurs in human red blood cells. Because HbA2 and
HbE have a very similar isoelectric point, separation is not fea-
sible. The structural correctness of human HbE expressed by
transgenic mice is verified by a variety of techniques, HPLC,
mass spectrometry, isoelectric focusing, and absorption spec-
trophotometry (48).
The hemoglobins were separated and purified from the

mouse hemolysates using a DE52 anion exchanger column
equilibrated in a 0.2 M glycine buffer adjusted to pH 7.8 with
saturated KOH (developer A). A gradient was created with the
starting buffer (developer A) and (developer A � 0.005 N NaCl
(0.293g/1000 ml)). The eluant was then concentrated and dia-
lyzed for further purification on a CM52 cation exchanger (10
mM potassium phosphate, pH 6.5). After HbE separation and
purification, the sample was concentrated and brought to equi-
librium in the desired buffer by passage through a Sephadex
G-25 column. The sample was then concentrated and further
dialyzed against the experimental buffer. Purified human HbE
was verified by mass spectrometry, HPLC, and isoelectric
focusing as described previously (48). HumanHbAwas purified
as described earlier (41, 49).

Crystallography

Carbonmonoxy (CO)HbECrystal Growth—Solutions of oxy-
HbE were converted to COHbE by exposure to CO gas without
bubbling. Complete conversion, and the absence of metHbE,
was confirmed by the visible absorption spectra at 500–700
nm. The CO liganded form was chosen for study, rather than
the oxy form, because of the following: (i) hemoglobin is more
stable in the CO form, being less prone to oxidation (50, 51),
and (ii) only minor local differences exist between the crystal
structures of R state COHbA and oxyHbA (51).
Crystals were grown at ambient temperature by a modifica-

tion (52) of the batch method (53, 54). The largest and best
crystals grew in either 1.65 M potassium phosphate, pH 7.35,
2.5% purified HbE, or 1.60 M potassium phosphate, pH 7.35,
3.0% purifiedHbE and diffracted to 1.8ÅTheHb stock solution
was gently exposed to CO gas without bubbling, added to the

3 The abbreviations used are: NR, nitrite reductase; BisTris, 2-[bis(2-hydroxy-
ethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; PDB, Protein Data Bank.
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CO-precipitating phosphate buffer, and then exposed to CO
again. Large crystals (�1 mm) grew by the next day. The
COHbE crystal used for diffraction data collection was formed
in 1.6 M potassium phosphate (“high salt”) at pH 7.35. Diffrac-
tion from these crystals is consistent with the tetragonal space
group P41212 with unit cell dimensions a � b � 53.5 Å, c �
192.0 Å, � � � � � � 90°, and half of the HbE tetramer in the
asymmetric unit.
Low ionic strength crystallization conditions were derived

from the Crystal ScreenHTP (Hampton Research). In this case,
1 �l of 25mg/ml HbE (�-Glu26Lys) was mixed in a sitting drop
with 1�l of reservoir solutioncontaining0.1MNa-HEPES,pH7.5,
10% isopropyl alcohol, 20% polyethylene glycol 4000, and samples
were equilibrated against reservoir solution at 21 °C for 3 weeks.
Before sealing, trays were incubated inside the CO-filled box to
convertHbE into the carbonmonoxy form.Diffraction from these
crystals is consistent with the space group P212121 with unit cell
dimensions a� 60.6 Å, b� 96.0 Å, c� 101.4 Å,� � � � � � 90°,
and one HbE tetramer in the asymmetric unit.
DeoxyHbE Crystal Growth—Crystallization of purified HbE

(using a stock solution of HbE in 0.05 M HEPES, pH 7.35) was
performed using the Perutz method (52) and as described in
detail in Ref. 55 with minor modifications. The buffers and
solutions were all deoxygenated in sealed containers with N2.
Final mixing (Hb solution with the high salt buffer and iron
citrate) was done in an anaerobic chamber. Prior to mixing,
deoxygenated sodium dithionite was added to each solution for
a final concentration of 3 mM according to Ref. 52. A crystalli-
zation well plate was used to obtain diffracting crystals by the
vapor diffusion method. 1 �l of 26.5 mg/ml HbE in 50 mM

HEPES, pH 7.35, wasmixed with 1 �l of reservoir solution con-
taining 1.8 M ammonium phosphate and ammonium sulfate,
pH 6.5, 2 mM iron citrate, with 3 mM sodium dithionite and
equilibrated against reservoir solution for a week. The crystals
belong to a space group P21 with unit cell dimensions a� 53.26

Å, b � 79.63 Å, c � 62.35 Å, and � � � � 90°, � � 98.66°, and
one HbE tetramer in the asymmetric unit.
X-ray Data Collection and Refinement—Before data collec-

tion, protein crystals of COHbE were soaked for a few minutes
inCO-saturatedmother liquor containing 20%glycerol as cryo-
protectant. Then crystals were flash-frozen in liquid nitrogen,
and diffraction data were collected with CuK� radiation (� �
1.54 Å) using in-house RaxisIV�� detector coupled with
RU300 rotating anode generator (Rigaku, Woodlands, TX).
Crystals of deoxyHbE were transferred (inside N2 incubator) to
the mother liquor containing 20% glycerol as the cryopro-
tectant and then flash-cooled in liquid nitrogen. Diffraction
data were collected at the X3A beamline (BrookhavenNational
Laboratory, Upton,NY) using 0.979Å radiation and aMarCCD
165-mm detector (MarResearch, Hamburg, Germany). Inten-
sities were integrated using the program HKL2000 (56) and
reduced to amplitudes using the program TRUNCATE (57).
(See Table 1 for statistics.) The structures were determined by
molecular replacement with PHASER. Model building and
refinement were performed with the programs REFMAC
and COOT (58, 59). The quality of the final structure was
verified with composite omit maps, and the stereochemistry
was checked with the programs WHATCHECK (60) and
PROCHEK (61). The LSQKAB and SSM algorithms (56) were
used for structural superimpositions (57, 62). The refinement
statistics and unit cell parameters are shown in Table 1.
Protein Data Bank Entries—The COHbE structures were

deposited with the Protein Data Bank under entry codes 1YVQ
(low salt conditions) and 1YVT (high salt conditions), and the
deoxyHbE structure was deposited under entry code 3DUT.

Solution Preparation

Samples for solution studies (0.22 mM heme) were prepared
as deoxy in an oxygen-free glove box by exhaustive purgingwith
argon, and adding a modest excess dithionite (�1:1 dithionite/

TABLE 1
Data collection and refinement statistics for the HbE crystal structures

COHbE low salt COHbE high salt Deoxy

PDB entry 1YVQ 1YVT 3DUT
Data collection
Beamline Raxis-IV�� Raxis-IV�� BNL X3A
Wavelength 1.54 Å 1.54 Å 0.979 Å
Space group P212121 P41212 P21
Resolution range 1.8–30.0 1.8–30.0 Å 1.5–30.0 Å
Observed reflections 145,673 263,258 297,197
Unique reflections 47,533 26,762 75,929
Completenessa 85.2% (84.3%) 99.7% (100.0%) 92.2% (68.8%)
I/�I 12.1 (3.5) 10.9 (3.5) 12.2 (3.5)
R-merge (I)b 0.044 (0.198) 0.112 (0.432) 0.039 (0.348)

Structure refinement
Resolution range 1.8–20.0 Å 1.8–20.0 Å 1.5–20.0 Å
Rcryst

c 0.166% 0.175% 0.214%
Rfree

c 0.218% 0.214% 0.245%
Protein nonhydrogen atoms 4575 2190 4574
Water molecules 701 224 488
Average B-factor 19.4 Å2 22.8 Å2 15.6 Å2

Root mean square deviations from ideal value
Bonds 0.012 Å 0.011 Å 0.012 Å
Angles 1.24° 1.21° 1.41°
Torsion angles 14.9° 15.1° 15.8°

a Values in parentheses indicate statistics for the high resolution bin.
bRmerge � �� j�Ij(hkl) � �I(hkl)��/��j��I(hkl)��, where Ij is the intensity measurement for reflection j, and �I� is the mean intensity over j reflections.
c Rcryst/(Rfree) � � �Fo(hkl)� � �Fc(hkl)�/� �Fo(hkl)�, where Fo and Fc are observed and calculated structure factors, respectively. No � cutoff was applied. 5% of the reflections
were excluded from refinement and used to calculate Rfree.
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heme) as necessary. Samples used to prepare sol-gels were pre-
pared similarly. The thin film nature of the sol-gel preparation
requires a higher concentration of Hb than for the solution
phase studies resulting in a higher OD for the sol-gel samples
comparedwith the solution phase studies. The visible to near IR
optical absorption spectra of samples in BisTris buffer, pH 7.0
and 7.4, were scanned to establish the ligation and redox status
of the heme. COHb samples were prepared by exposing the
deoxy samples to buffer-saturated CO gas, until the absorption
spectrum revealed complete conversion to COHb derivative.
Aquomet samples were prepared by oxidizing Hb using
K3Fe(CN)6, which was subsequently removed using a spin col-
umn prepared from G-10 Sephadex using the same buffer.

Sol-Gel Preparation

Hemoglobinwas encapsulated in a thin film of silane-derived
sol-gel according to published procedures described previously
(41). Basically, tetramethylorthosilicate, hydrolyzed using 2mM

HCl, was mixed in a 1:1 ratio with protein solubilized in 0.05 M

BisTris OAc buffer, pH 7.0. The resulting solution was spun in
a 1-cm-wide NMR tube until gelation occurred, creating a thin
filmof anHb-containing gel on the bottom fourth of the tube. A
final concentration of 0.45mM in heme for the encapsulatedHb
is required to produce a high optical quality thin film. After the
sol-gel is allowed to age for several days to ensure that poly-
merization was complete (2–6 days), the bathing buffer of the
sol-gel is then changed as needed to suit the specific
measurement.
AquometHbT state sol-gel samples were prepared by encap-

sulating the deoxyHb derivative and, after the aging step, oxi-
dized to the ferric (met) redox state using K3Fe(CN)6. The fer-
ricyanide was flushed out of the sol-gel using several washings
once conversion to met was complete. The bathing buffer was
then replaced with PBS, pH 7.4. R state aquomet samples were
prepared by first encapsulating the CO-ligated Hb derivatives
which, after the aging process, were then photolyzed in the
presence of oxygen to remove and replace the CO, then purged
with argon to remove any residual oxygen, and then oxidized to
met using the same technique described for the deoxy samples.
Samples encapsulated as the O2-ligated Hb were purged with
argon to remove any oxygen before treating with dithionite to
form the R state deoxy derivatives. In all cases, optical absorp-
tion spectra were used to confirm the ligation and redox status
of the encapsulated Hb species. Sol-gel encapsulated R and T
state COHb derivatives of HbA and HbE were prepared as
described previously in 0.05 M BisTris OAc, pH 7.0, as the bath-
ing buffer (41, 63, 64). The R state COHb samples were pre-
pared by encapsulating the CO derivative directly. The T state
samples were prepared by first encapsulating the deoxy deriva-
tive. After the sample was allowed to age in 0.05 M BisTris OAc,
pH 7.0, it was flushed extensively with CO to form the ligated
protein.

Circular Dichroism

Circular dichroism measurements on solution phase sam-
ples of deoxy and CO derivatives of HbA and HbE were per-
formed on a Jasco J-815 CD spectrophotometer (Jasco Corp.,
Tokyo, Japan) in a 1-mm cuvette.

CO Recombination in Sol-gel Encapsulated Hb

CO recombination traces from encapsulated R and T state
COHb derivatives were generated as described previously (63,
65, 66). Photodissociation of the CO from the heme is triggered
using a 7-ns pulse at 532 nm from a Nd:YAG laser. The recom-
bination trace over several decades in time was generated from
a change in absorption using the several milliwatt 442-nm out-
put of a continuous wave HeCd laser as a probe of the evolving
populations undergoing CO recombination. The recombina-
tion traces are displayed on a log-log plot of normalized absorb-
ance versus time as described previously (67–70).

Nitrite Reductase Activity, pH 7.0

Deoxygenated hemoglobin samples were prepared in solu-
tion at pH 7.0 in 0.05 M BisTris, 0.24 mM in heme as described
previously (41) with the exception that an excess of dithionite
was added to a concentration of 1 mM. Nitrite was added in a
slight excess of 1.1:1 to deoxyhemoglobin (Hb) to initiate the
reaction. Under these conditions, the nitrite reductase reaction
was modified in that the met (Hb�) product generated from
Reaction 1

Hb � NO2
� � H� 3 Hb� � NO � OH�

REACTION 1

which was reduced back to deoxyHb by the excess dithionite.
The deoxyHb binds NO yielding the ferrous NO derivative of
Hb (NOHb). As a result, the observed reaction consists over-
whelmingly of the loss of deoxyHb and the formation of NOHb
as described previously (71). Dithionite at this concentration
does not reduce nitrite to NO (42, 71).
The change in absorption was monitored on a Lambda 2

spectrophotometer (PerkinElmer Life Sciences) as a function of
time at 430 nm (Sôret band for deoxyHbA). The choice of the
430-nm band to follow the initial rate of decay of the starting
deoxy species in solution was based on the relatively large
extinction coefficient for deoxyHb at that wavelength,
�133,000 M�1 cm�1 as compared with NOHb, �8400, and
metHb, �4000.
The higher optical density of sol-gel samples at 430 nm com-

pared with the solution phase samples precluded the use of the
Sôret band to monitor the reaction in the sol-gels. For these
samples, the Q-band spectral region (480–650 nm) was
scanned at regular 60-s intervals. The data were base-line-cor-
rected at each wavelength, and the change in absorption was
plotted as a function of time. The initial linear portion was used
to calculate initial rates.
For the sol-gels, the scanned Q-band spectra were also

deconvoluted into populations of products using authentic
standard basis sets and a program in Mathcad, version 14.0
(Parametric Technology Corp., Needham, MA). The resulting
deoxy population was plotted as a function of time to assess the
initial reductase rate.

Nitrite Reductase Activity, pH 7.4

TheNR reactionwas alsomonitored at pH7.4 to enhance the
R state contribution to the kinetics. Based on the known allo-
steric properties of metHb and partially liganded Hb, the vari-
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ous intermediates (found in theNR reaction)will switch fromT
to R more rapidly at the higher pH (72). These R state partially
liganded species are purported to be of physiological relevance
(73). Deoxygenated hemoglobin samples were prepared in
solution at pH 7.4 in 0.05 M BisTris, 0.24 mM in heme with
excess dithionite as described for the pH 7.0 measurements.
The reaction was conducted in the absence and in the presence
of the allosteric effector L35 (2-[4-(3,5-dichlorophenylureido)
phenoxy]- 2-methylpropionic acid) (44) at different nitrite/
heme ratios. The L35, a gift from Drs. Iraj and Parvis Lalezari,
was introduced into the reaction mixture in slight excess of the
heme (1:1.1, heme/L35). The L35 was added to enhance the
contribution of the T state population and thus allow for a clear
distinction between the T and R state NR kinetics at pH 7.4. For
this experiment, L35 has the advantage over inositol hexaphos-
phate and diphosphoglycerate as a T state stabilizer in that it
remains a potent effector at the higher pH (74). The NR reac-
tion in solution was followed at 430 nm as described above for
the pH 7.0 samples. The sol-gel T and R state samples were
prepared in the same manner as at pH 7.0 with the exception
that the bathing buffer was changed to pH 7.4.

Reduction of AquometHb by L-Cys

Solution Studies—met-Hb prepared from oxyHbA as
described above, was purged with argon as were all buffer solu-
tions. The reactions were performed anaerobically. The thiol
stock solution (L-Cys) was prepared in the same buffer (PBS, pH
7.4) prior to addition to the protein. An aliquot of L-Cys (2 mM)
was added to themet solution (0.38mM heme), and the absorp-
tion was scanned at regular timed intervals using a 1-mm
cuvette. The kinetic data were fit (Origin version 7.5) using the
change in the unique 630-nmmetHbband as a function of time.
In all instances, the starting aquometHb sample was reduced

by the added thiol to form deoxyHb. The conformation-sensi-
tive Q band (�555 nm for T and �558 nm for R) and near IR
Band III (�758 nm for T and � 760 nm for R) were used to
confirm both the appearance of the ferrous five-coordinate
deoxy derivatives and the quaternary structure status of the
resulting deoxy population.
Sol-gel Studies—Reduction by L-Cys of encapsulated samples

was performed in PBS, pH 7.4, using 10 mM L-Cys prepared in
the same argon-purged buffer. After oxidizing the T state or R
state samples of HbE or HbA and flushing out K3Fe(CN)6 as
described above, the buffer was changed to PBS, pH 7.4. An
aliquot of L-Cys was added to initiate the reaction, and the
change in absorbance was monitored as a function of time. As
noted above for the solution phase samples, the Q band at 555
nm and near IR band at 758 nm were used to monitor both the
formation of the ferrous product and the quaternary status of
the products.

RESULTS

Structural Studies

High Resolution Crystal Structures at or Near Physiological
pH—Data collection and refinement statistics for the deoxy-
HbE structure are shown inTable 1. The asymmetric unit of the
low salt COHbE crystals contains one full heterotetramer. The
overall structure of the tetramer is fairly similar to the previ-

ously reported low salt COHbA structure (PDB code 1BBB) and
CNHbE structure (PDB 1NQP) with root mean square devia-
tions of 0.36 and 0.21 Å between all tetramer C� atoms (0.19
and 0.13 Å when � subunits are superimposed separately).
Higher overall root mean square deviation between tetramers
as opposed to � subunits alone indicate that COHbE and
CNHbE are slightly closer in tertiary structure than COHbE
and COHbA.
Structural superposition of the COHbE structures (under

crystallizing conditions of high and low salt concentrations)
and the deoxyHbE (crystallized under high salt concentration)
structure with the respective HbA structures (derived from
crystals grown under similar conditions) indicates that�Lys-26
is not involved in specific interactions with nearby residues,
neither from the same subunit nor from the neighboring � sub-
units (Fig. 1, top panel). Nonetheless, the �Lys-26 side chain
protrudes into the bulk solvent and interacts with solvent mol-
ecules. Because solvent structure varies in the three presented
HbE structures and the crystal environment differs for dif-
ferent HbE subunits, the �Lys-26 side chain conformation as
well as conformations of neighboring �His-117 and �Glu-22
all show a high degree of variability. The orientation of the
�2His-116 (different from that of a cyanmetHbE structure
(75)) and the �2His-117 side chains, as well as �2Lys-22, are
clearly altered in the COHbE structure (PDB 1YVQ) com-
pared with COHbA (PDB 1BBB) (Fig. 1, bottom panel).
These findings help illuminate the reported in vitro HbE
instability (see “Discussion”).
In contrast, the position of the �Glu-26 side chain in HbA

is stabilized through the hydrogen bond with the guani-
dinium group of �Arg-30, which in turn is positioned
directly at the �� chain interface and forms a hydrogen bond
with �Phe-117 carbonyl oxygen (Fig. 1, bottom panel). The
imidazole ring of �His-116 forms a hydrogen bond with the
�Pro-114 carbonyl oxygen.

Evaluation of the extent of local and global structural conse-
quences of �-Glu26Lys mutation was achieved through super-
positions between various human HbA and human HbE struc-
tures in the R and T states. The �1 subunits of each pair of
structures were superimposed, and relative shifts of heme irons
in each subunit of the tetramer were measured (Table 2).
Apparently, the smallest shifts (0.2–0.5 Å) occurred when the
equivalent Hb states crystallized under similar conditions (high
salt or low salt) were compared. These numbers suggest back-
ground root mean square deviations between the equivalent
structures are caused by experimental errors, slight differences
in crystallization conditions, and crystal packing. The compar-
isons point to the known significant influence of salt concen-
tration on Hb tertiary structure, especially in the CO (R state)
structures. Hence, structural superpositions between HbE and
HbA under equivalent conditions do not reveal statistically sig-
nificant differences (i.e. no significant conformational changes)
at the allosteric transition sites, heme, and central cavity upon
comparing these static structures.
CircularDichroism, a SolutionPhaseComparison ofHbEand

HbA—CD reports on the microenvironment of the heme as
well as the secondary structure of the globin. The 285-nm CD
region is sensitive to R/T-specific differences at the �1�2 inter-
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FIGURE 1. Structural superposition of the human (h) HbE structures in the vicinity of �Lys-26. Top panel, structural environment of �Lys-26 (K26) in the
high salt HbE superimposed onto the experimental omit electron density map. � chain is shown in light green, and � chain is shown in gray. Conformations of
�Lys-26 and nearby residues in high salt (gray), low salt (two subunits, salmon), and deoxy (two subunits, blue) HbE structures are shown. Bottom panel,
structural superposition between the COHbA and COHbE structures in the area of �-Glu26Lys mutation. � chain is shown in light green, and � chain is shown
in gray. Water molecules in the COHbA structure are shown as red spheres. Side chains corresponding to the COHbA structure are depicted in pink. Note
hydrogen bond between �Glu-26 (E26) and �Arg-30 (R30).
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face, specifically �Trp-37 and �Tyr-42, whereas the Sôret
bands (410–450) and the 500–600-nm region reports on
changes in the heme environment (76). The R/T-sensitive
regions of the CD spectra are superimposable such that there
was no discernable difference between HbE and HbA for both
the deoxy and CO derivatives (data not shown). Very small
differences in the heme absorption region (450–700 nm), seen
in some comparisons for both derivatives, appear to be insig-
nificant as they are within the range of the very small variation
seen from sample to sample for the same protein. The CD
results were consistent with there being little if any difference
betweenHbA andHbEwith respect to tertiary structure within
either the T or R quaternary states.

Functional Studies

Oxygen Binding Properties—A limited series of oxygen affin-
ity measurements conducted at high and low salt concentra-
tions in phosphate buffer, pH 7.4, revealed the same minor dif-
ferences in the P50 and Hill coefficient between HbA and HbE
as reported previously (19, 20). Overall, the results are consis-
tent with earlier reports that HbE oxygen binding is similar to
HbA (19).
CO Recombination in Sol-gels—Fig. 2 shows the evolution of

recombination traces for the T and R state forms of sol-gel
encapsulated HbE and HbA. There was minimal variation as a
function of hemoglobin species between the kinetic traces for
CO recombination, following photolysis of CO for the sol-gel-
encapsulatedCOHbderivatives trapped asT state species. Both
appear to display functional characteristics previously observed
for T state geminate recombination and solvent phase kinetics
(63, 64, 77). Once the CO binds to the sol-gel-encapsulated T
state deoxyHb derivative, the protein population slowly (days)
evolves from the nonequilibrium T state distribution of COHb
conformations toward the R state equilibrium distribution of
conformations associated with the COHb derivative (64, 69,
70). This CO binding-induced evolution from the T to R state
distributions can be followed in the sol-gel where the greatly
slowed conformational relaxation allows for facile monitoring

of the evolution of the CO recombination trace from theT state
pattern to that of the R state. Fig. 2 shows that the rate at which
the initially generated nonequilibrium T state population of
COHb converts to the equilibrium R state COHb population is
very similar for HbE and HbA. This observation indicates sim-
ilar relative T/R state conformer stability for the two hemoglo-
bins. (Stability, as used here, refers to stabilization of the allo-
steric T and R structures and not to the intrinsic integrity of
the tetramer.) The similar rate of evolution is consistent with
the observation that allosteric parameters for HbE and HbA
were very similar, consistent with that seen in the comparison
of the crystal structures. We have observed that the CO bind-
ing-induced T to R transition in the sol-gel under these condi-
tions can be greatly accelerated or slowed depending on the
relative stabilities of the T and R structures in a wide range of
chemically and mutagenically modified hemoglobins.4 As a
consequence, it can be concluded that the similar rates of con-
formational evolution seen for HbA and HbE are a good indi-
cation that the relative stability of the T and R states of these
two Hbs is comparable.
Sol-gel samples of HbA and HbE encapsulated after satura-

tionwithCO served as functional six-coordinate ferrous R state
end points for both proteins (Fig. 2). In this case, there were
minor R state differences both in geminate yield and in solvent
phase recombination, with HbE manifesting a slightly lower
geminate yield and slower solvent phase recombination than
HbA. These differences are well within the range of R state
variability seen in the geminate and solvent phase recombina-
tion (77). Overall, the CO recombination results are consistent
with similar reactivity and allosteric stability for the ferrous

4 J. M. Friedman, C. J. Roche, D. Dansker, and U. Samuni, unpublished results.

TABLE 2
Relative heme shifts (Å) upon CO-to-deoxy transition in various
human hemoglobins
Subunit �1 was used for superposition. Low salt structures are underlined.

PDB entry Subunit
CO Deoxy �1 �1 �2 �2

HbE
1YVT 3DUT 1.0 1.1 3.7 6.2
1YVQ 3DUT 1.3 1.1 6.3 9.0

HbA
2DN3 2DN2 1.6 1.0 2.8 6.6
1BBB 2DN2 1.7 1.0 5.5 9.2
1BBB 1HBB 2.0 0.8 5.9 10.0

CO
1YVT 1YVQ 0.5 0.2 2.7 3.6
1YVT 2DN3 0.5 0.1 0.2 0.4
1YVQ 1BBB 0.2 0.2 0.4 0.5
1BBB 2DN3 0.6 0.1 2.9 3.8
2DN3 1LJW 0.5 0.1 0.4 0.6

Deoxy
3DUT 2DN2 0.4 0.1 0.8 1.0
3DUT 1HBB 0.8 0.3 0.3 1.3
2DN2 1HBB 0.5 0.2 0.5 0.9

FIGURE 2. Time-dependent change in the CO recombination trace for
samples of COHbE and COHbA encapsulated in a thin sol-gel matrix. The
samples were initially encapsulated as the deoxy derivatives and subse-
quently converted to the CO derivative after allowing the sol-gel to age for
several days in an oxygen-free environment. The bathing buffer of the sol-gel
films is 0.05 M BisTris OAc, pH 7.0. The progression of traces tracks the normal-
ized absorbance (N.A.) changes in the recombination profile, starting from
the initial exposure of the deoxyHb samples to CO binding, laser-induced CO
photodissociation, and recombination (see “Experimental Procedures”).
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deoxy derivatives of HbA and HbE with minor differences
noted for the R state HbE.
NR Activity in Solution at pH 7.0—Reactions of purified

deoxyHbE at neutral pH in the presence of equivalent nitrite
(�1:1 nitrite/heme) and an excess of dithionite were compared
with HbA under near-identical conditions. The reaction was
monitored using two different approaches. In one case, the ini-
tial rates were generated by sitting at the 430 nm absorption
maximum for the deoxyHb Sôret band and following the
decrease in absorption as a function of time following the addi-
tion of nitrite. Thismethoduses the absorption spectrometer in
a time drive mode that can record changes in a single wave-
length in 2-s intervals. The advantage of this approach is that
numerous data points are accumulated over the experimental
time course, and the end point is easily determined. Addition-
ally, the reaction is monitored by repetitively scanning of either
the Sôret band region or the visible and near IR region of the
absorption spectrum subsequent to the addition of the nitrite.
The single wavelength monitoring was chosen for generating
the actual initial rates because of the higher temporal resolution
associated with that method. The successively scanned spectra
both allow for verification of Hb species present during the
course of the reaction and provide a rough check on the rates
obtained by sitting at the Sôret band. Fig. 3 shows decay of the
deoxy population using the single wavelengthmonitoring tech-
nique, whereas the right panel in Fig. 3 shows a representative
sequence of Sôret band traces showing the decay of the deoxy
peak at 430 nm and the build up of the NOHb peak at 418 nm.
It was found (using the absorption change in the Sôret band)

that the initial rate of reaction was significantly slower (�2.5-
fold) for deoxyHbE (1.61 	 10�4 
 0.3 s�1 p � 0.0021) than
deoxyHbA (3.92	 10�4
 0.5 s�1,p� 0.0079,n� 4) (Fig. 3 and
Table 3). It is important to emphasize that these reactions were
conducted in the presence of an excess of sodium dithionite (1
mM). The added dithionite simplifies the reaction and analysis
by converting any generated metHb back to the ferrous deoxy

derivative. The scanned absorption spectra show that under
these conditions with added dithionite, the initial deoxy popu-
lation is essentially fully converted to ferrous NOHb indicating
the following: (a) NO is being generated and (b) the met popu-
lation is being reduced as it forms as reported previously (71). It
has been shown that added dithionite at concentrations below
10mM (as in this case) does not affect themeasured initial rates
for the nitrite reductase reaction (42). For the reactions pre-
sented here, the dithionite levels are well below this limit.
Nitrite Reductase Activity in Sol-gels at pH 7.0—The sol-gel

protocol permits the preparation of samples that remain locked
into the T state structure throughout the reaction, whether in
the deoxygenated or oxygenated liganded form. EncapsulatedT
state deoxyHbE samples consistently exhibit a significantly
slower initial NR rate than the corresponding encapsulated T
state deoxyHbA samples (Fig. 4 and Table 3). The initial rates
reported in Table 3 were derived from the initial decay of the
deoxy population generated from plots of the deconvoluted
time-dependent changes of Hb species contributing to the
observed spectra using basis sets as described under “Experi-
mental Procedures.” Similar rates were also obtained using the

FIGURE 3. Comparison of the initial rate for the nitrite reductase reaction for HbA and HbE in solution at pH 7.0 (0.2 mM heme � �1:1 nitrite, 0.05 M

BisTris OAc, pH 7.0, with 1 mM dithionite) as reflected in the decrease in the deoxyHb OD at 430 nm. The right panel shows the change in the Sôret
absorption band as a function of time for HbA over the same time period. Solution conditions are as described in the text. The down-pointing arrow indicates
the time-dependent decrease in absorbance at 430 nm.

TABLE 3
Solution and sol-gel Hb nitrite reductase, initial rates of reaction
BisTris, pH 7.0,� dithionite (�1:1 heme) was used. Rates aremeans of four samples
for the solution phase and two samples for the T state sol-gel (see text for details).

Sample Rate �Nitrite� �max
a Band IIIa

s�1 nm nm
Solution deoxyHbE 1.61 	 10�4 
 0.3 1.1:1 555 758
Solution deoxyHbA 3.92 	 10�4 
 0.5 1.1:1 555 758
�deoxyHbE� T 7.2 	 10�4 
 0.7 5 mM 555 758
�deoxy HbA� T 2.1 	 10�3 
 0.2 5 mM 555 758
�deoxyHbE� R NDb 5 mM 560 762
�deoxy HbA� R NDb 5 mM 560 763

a Wavelength maxima of solution and sol-gel-encapsulated Hb samples prior to
reaction with nitrite, indicative of the deoxy state. See “Experimental Proce-
dures” for details.

b NDmeans not determined. Rates for the R-state gels under these conditions and
at lower concentrations of nitrite were too fast to accurately determine rates for
this reaction.
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decay at specific wavelengths. A representative plot of the
evolving populations is shown as an inset in Fig. 4.
The NR reactions at pH 7 for the sol-gel deoxy R state struc-

tures for both HbE and HbA were too fast to measure under
similar conditions.We estimate that the R state rates are at least
a factor of 10 faster. Even at a 10-fold lower concentration of
nitrite, the rapidity of the initial decay of the deoxy R state
species made it difficult to obtain sufficient data points at early
times to produce accurate enough initial R state rates for a
reliable HbA/HbE comparison. Nonetheless, the difference in
the much slower initial T state rate between HbE and HbA is
clearly statistically significant. This T state difference in the
initial rate indicates that the HbE/HbA difference in the initial
solution phase rate is due, at least in part, to protein-specific
differences in the T state reactivity.
Nitrite Reductase Activity in Solution at pH 7.4—Solution

phase NR rates at pH 7.4 weremeasured in an attempt to better
expose R state contributions as per the rationale described
under “Experimental Procedures.” The same concentration of
deoxyHb (0.22 mM in heme) was used as for the pH 7.0 mea-
surements. Three different concentrations of nitrite were used
1:1 nitrite/heme, 2:1 nitrite/heme, and 3:1 nitrite/heme in the
absence and in the presence of L35. L35 was used to create
kinetic traces reflective of a sustained T state population, thus
allowing for a clear T/R differentiation as explained below. Rep-
resentative time courses for the NR reaction at pH 7.4 are
shown in Fig. 5.
In the presence of L35, the NR trace remains almost flat and

linear with essentially no change or break in the trace from time
0 to 2000 s. For samples having the highest concentration of
nitrite (data not shown), a break was observed toward the very
end of the reaction. The trace for samples, without the addition
of L35, started out looking very similar to the L35-containing
samples. However, after a relatively short (nitrite concentra-

tion-dependent) initial slow phase, a clear break occurred that
was followed by a much more rapid NR process.
The deoxy-heme-derived low optical density Band III (�760

nm) in the near IR region of the absorption spectrum is confor-
mation-sensitive (78–80). The Band III peak position is �758
nm for the deoxy T state,�762 nm for the quasi-stable/relaxed
deoxy R state, and �765 nm for the deoxy R state that retains
the tertiary structure of the fully liganded R structure. All of the
solution phase deoxy samples started out at �758 nm, consis-
tent with a T state designation. As the deoxy population decays
during the NR reaction, the intensity of Band III decreases. For
the L35-containing samples, the peak position of Band III does
not noticeably shift as the intensity decreases during the time
course of the NR reaction (data not shown). In contrast, the
Band III spectra generated from the L35-free samples at
time points just before, during, and just after the break in the
trace (denoted by arrows in Fig. 5) show both a progressive
decrease in Band III due to the loss of deoxy-heme and a pro-
gressive broadening of the band with a clear red shift from the
initial T state peak position at�758 nm toward longer (redder)
wavelengths (Fig. 6). This red shift is consistent with the
appearance of a population of R state deoxy-hemes (78–80) at
the time point where the kinetics begin to accelerate.
The kinetic traces for the samples with and without the L35

and the time-dependent red shifting of Band III are consistent
with assigning the fast NR phase to the emerging R state popu-
lation that starts to appear at the point of the break. The rates
for the fast NR phase obtained using the three different nitrite/
heme ratios are presented in Table 4. These rates are typically
on the order of 10-fold faster than for the slower T state NR
process obtained using the same nitrite ratios in the presence of
L35. It is important to note that at each concentration of nitrite,
both the fast and the slow rates for HbE are lower by a factor of

FIGURE 4. Time-dependent changes in the visible absorption spectrum
reflecting the nitrite reductase reaction for sol-gel-encapsulated Hbs
trapped in the T state (0. 4 mM heme � 5 mM nitrite, 0.05 M Bistris OAc, pH
7.4, � 1 mM dithionite). The upward and downward pointing arrows indicate
the increasing and decreasing absorbance, respectively. Inset, representative
plot of the time-dependent changes in the population of different HbA spe-
cies resulting from the nitrite reductase reaction of the sol-gel sample. (See
“Experimental Procedures” for details). Red circle, NOHb; black square, deoxy;
blue triangle, metHb.

FIGURE 5. Comparison of the initial rate for the nitrite reductase reaction
for HbA in solution in the presence and absence of L35. DeoxyHbA � 1:1
nitrite 
 L35. Red trace, 0.22 mM heme � L35 (1:1 heme); blue trace, 0.22 mM

heme without L35. Solution conditions are as follows: 0.05 M BisTris, pH 7.4;
arrows represent approximate time points when Band III peaks were gener-
ated (see Fig. 6).
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2 or more relative to HbA. This same pattern was observed for
the slow phase at pH 7.0.
Sol-gel measurements of the R state deoxy gel samples at pH

7.4 are also consistent with slower rates for HbE (Table 4 and
representative spectra are shown in Fig. 7). The peak positions
for the Q band and Band III for the initial deoxy samples were
�559 and 766 nm, respectively, for both R state deoxy samples.
In contrast, the corresponding peak positions for samples
encapsulated as the T state deoxy derivative are consistently
555 and�756–758 nm. The 559- and 766-nm values were con-
sistent with samples that were fully R state, with the tertiary
structure of the initial species in the fully liganded R state.
The sol-gel results support the claim, based on the solution
phase study, that the R state NR rate was slower for HbE. Thus,
it appears that, for both the T and R state forms of deoxy hemo-
globin, the NR rates are slower for HbE compared with HbA.

Redox Properties

Reduction Rates of MetHb by L-Cys in Solution Phase—The
redox potential has been invoked as a major determinant of Hb
nitrite reductase activity (42, 81). Relative to the R state, T state-
stabilized hemoglobins are characterized by a higher redox
potential (E1⁄2) (40), which allegedly contributes to the lower R
state rate for the NR reaction (40). In lieu of traditional redox
potential measurements that require large amounts of material
and are conducted under conditions of questionable physiolog-
ical relevance, we chose to use the redox-sensitive rate of L-Cys-
induced reduction of aquometHb (45, 46) as a relative indicator
of reduction potential (i.e. propensity to reduce). This approach
also allows for redox comparisons of sol-gel-encapsulated sam-
ples, which for obvious reasons cannot be performed in stan-
dard redox potential measurements requiring a solution phase.
In solution, the rate of L-Cys-induced formation of deoxyHb

frommetHb is faster for HbE compared withHbA (2.3	 10�3 

0.4 s vis à vis 2.1	 10�4
 0.01 s) (Fig. 8 andTable 5). A possible
origin for the difference in the rates of the thiol-induced reduc-
tion is a difference in the R/T equilibriumbetween the twoHbs.
If there is a substantial protein-specific difference in the
amount of R and TmetHb species in solution, the difference in
redox property of the R and T state could account for the
observed protein-specific difference in reduction rates. Alter-
natively, there could be protein-specific differences in the redox
properties of the T and R states that could account for the
observed solution phase results as well. Sol-gel encapsulation
was used to trap the T and R state populations of metHb under
the same pH conditions thereby allowing for a direct relative
comparison of the rates of reduction for the T andR state deriv-
atives of both proteins.
Reduction Rates of MetHb by L-Cys in Sol-gel—Both T and R

state sol-gel samples were oxidized to metHb in PBS, pH 7.4

FIGURE 6. Changes in the normalized absorption spectrum of Band III in
the reaction of deoxyHbA with nitrite and at the appearance of the
change in slope for this reaction. Black line, deoxy T state at time 0; red line,
Band III at time point at the change in slope. Inset shows the time progression
of Band III.

TABLE 4
R state nitrite reduction rates
BisTris, pH 7.4, � dithionite (�1 dithionite, 1 heme) was used. Solution data for
deoxy 0.22mM (heme)� nitrite in the ratio is as noted. R state values are averages of
2–4 runs. The sol-gel data for �deoxy Hb� was 0.45 mM (heme). 1:1 nitrite in 3 ml of
bathing buffer, 0.05 M Bis-Tris, pH 7.4, � dithionite was used for solution.

HbE R state average

s�1

Nitrite ratio
1:1 3.4 	 10�4 
 2.0
2:1 8.2 	 10�4 
 2.0
3:1 1.46 	 10�3 
 0.5

HbA
Nitrite ratio
1:1 5.93 	 10�4 
 0.4
2:1 1.57 	 10�3 
 0.2
3:1 2.79 	 10�3 
 0.04
�deoxyHbE� R 1.7 	 10�3 
 0.3
�deoxyHbA� R 4.8 	 10�3 
 0.6

FIGURE 7. Absorption changes of the R state deoxyHbA sol-gel � 0.5 mM

nitrite as a function of time; 0.05 M BisTris, pH 7.4, 0.45 mM (heme). Inset A
is the distribution of deoxy as a function of time; inset B is the initial position of
Band III.
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buffer, just prior to reaction with L-Cys as described under
“Experimental Procedures.” Reduction of the T state met sam-
ples with L-Cys followed biphasic kinetics for both HbE and
HbA, with HbE being slightly faster in both rates. Reduction of
the R state met samples also manifested differences again with
HbE faster than HbA. Sol-gel samples of HbE encapsulated ini-
tially as aquomet were also reduced more rapidly than the cor-
respondingly encapsulated aquometHbA samples (Fig. 9 and
Table 5).
It is important to note that under the conditions employed

and during the time frame of these experimental measure-
ments, relative structural instability is not indicated for
aquometHbE comparedwith aquometHbA. In addition, a com-
parison of the time course for autooxidation of oxygenated
forms of HbE andHbA revealed comparable autoxidation rates
based on metHb formation occurring over time frames that
exceed those of the reduction and reductase measurements
(data not shown).

DISCUSSION

The findings presented demonstrate the first reported in
vitro functional differences for HbE relative to HbA. The data
imply that the functional difference arises from a difference in
redox properties between the two hemoglobins. An explana-
tion for the observed changes in nitrite reductase activity and
L-Cys-mediated reduction based on perturbed steric effects
within the R andT state is unlikely, given the similarity between

HbA and HbE with respect to geminate and solvent phase
recombination profiles and the similarity between HbE and
HbA high resolution crystal structures. In brief, the presented
results appear most consistent with an explanation of the
decreased nitrite reductase reactivity of HbE arising from an
increase in the HbE redox potential relative to HbA.
Our crystallographic studies show that the hydrogen bond-

ing changes at the site of mutation do not have a significant
impact on either the allosterically important �1�2 interface or
the local tertiary structure at the site of the heme. These struc-
tural findings are further supported by the lack of significant
differences in the CD spectra between HbA and HbE. Ligand
binding properties and allosteric parameters all indicate very
minor differences in CO or O2 reactivity between HbE and
HbA. Based on the structural comparisons and the CO recom-
bination measurements, it is not surprising that the oxygen
affinity is not significantly affected by the mutation according
to earlier reports (19, 20) and confirmed by our results.
Structural Impact of the �26Mutation—The structural find-

ings do reflect upon earlier reported in vitro instability of this
mutant (21–24). As shown in Fig. 1, the �Lys-26 substitution
that results in a loss of H-bonds with a concomitant re-orien-
tation of the nearest neighbor �His-116 and the �His-117 side
chains and that of �Lys-22may also account for the established
in vitro integral instability of the HbE tetramer. Specifically, the
in vitro instability of HbE may be attributed to the loss of the

FIGURE 8. Kinetic trace of the reduction of metHb by L-cysteine in solution: (metHb (0. 4 mM heme) � 2 mM L-Cys, PBS, pH 7.4). L-Cys is added to samples
of metHb anaerobically to initiate reaction. The samples are then scanned at 2-min intervals, and base-line corrected. The change in 630 nm (unique metHb
band) is monitored as a function of time. Inset, a representative plot showing the increase and decrease in the spectral bands of HbA as a function of time are
indicated by up- and down-pointing arrows, respectively.

TABLE 5
Rates of reduction (s�1) by L-Cys of metHb in solution and sol-gel (s�1)

Sample Solutiona T stateb R stateb Metb

HbE 2.30 	 10�3 
 0.4 6.3 	 10�5 
 0.4 1.9 	 10�4 
 0.1 6.2 	 10�5 
 0.4
3.9 	 10�3 
 0.2

HbA 2.10 	 10�4 
 0.01 4.2 	 10�5 
 0.6 1.3 	 10�4 
 0.1 3.6 	 10�5 
 0.6
3.0 	 10�3 
 0.4

Mb (horse) 1.51 	 10�5 
 0.01
a Solution phase is 0.38 mM (heme) � 2 mM L-Cys, PBS, pH 7.4. Data were analyzed by monitoring the change in the met absorbance band at 630 nm over time. n � 3 for
HbE and n � 2 for HbA.

b Sol-gel is 0.45 mM (heme) � 10 mM L-Cys, PBS, pH 7.4. Sol-gel data were analyzed as described for solution.
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H-bond between the �Glu-26 side chain with the guanidinium
group of �Arg-30, and the subsequent H-bond loss of the latter
with the �Phe-117 carbonyl oxygen (positioned directly at the
�� chain interface); and next to the electrostatic changes that
originate from �Arg-30, �His-116, �His-117, and �His-122.
Moreover, the charge repulsion in the microenvironment of
�26 and the changes in the orientation of �His-116 and �His-
117 are indicated as a major key to HbE instability and propen-
sity for oxidation.
Evidence that �His-116 plays a critical role in stabilizing

�1�1 interactions and inhibiting Hb oxidation was presented
previously (82), using recombinant engineered Hb with �116
amino acid substitutions. This resulted in increased autooxida-
tion rates and decreased subunit association, all of which are
characteristic of HbE. �His-116 nearest neighbor mutations
result in clinical consequences; Hb Roma (�A115V) was iden-
tified in a heterozygous patient with mild erythrocytic hypo-
chromia and microcytosis (83). Compared with HbA, the
hemolysate (75% HbA (with minor hemoglobins)) and 25% Hb
Roma, in the presence and absence of 2,3-bisphosphoglycerate,
exhibited increased oxygen affinity and mild destabilization.
Overall, the conformational changes observed at �His-116

and �His-117, communicated by the �Lys-26 substitution with
the ensuing electrostatic change, may be the major attribute or
at least a significant contributor that confers heightened in vitro
instability of HbE. This is in contrast to a cyanmetHbE struc-
ture derived at high pH (75) wherein the authors attributed
HbE thermal instability to the specific water structure observed

in their cyanmetHbE structure derived at high pH. However,
because water structure changes dramatically with crystalliza-
tion conditions (as shown herein by our structures and in com-
parison with published hemoglobin structures), their conclu-
sion becomes unconvincing as the source of HbE instability.
Functional Impact of the �26 Mutation—In the last decade,

newhemoglobin functionalities have been proposed. For exam-
ple,Hbhas been implicated in themechanism for hypoxic vaso-
dilation (31, 35, 84). Although there is still considerable contro-
versy as to the nature of the Hb-based mechanism, there is
ample evidence that Hb can act as an allosterically controlled
source of deliverable NO (84–87). One such proposed mecha-
nism is based on deoxyhemoglobin functioning as a nitrite
reductase converting nitrite to NO (37, 38, 88). It is clear that
the generation of bioactive NO under physiological conditions
is not likely to be accounted for by just the nitrite reductase
reaction.Other reactions andmechanisms are still under inves-
tigation (30, 36, 89–91). Nonetheless, there are clear indica-
tions of the role of this reaction as seen in studies that show that
the efficacy of potential Hb-based oxygen carriers are corre-
lated with nitrite reductase activity (92–94).
The nitrite reductase rate is clearly slower for deoxyHbE than

for deoxyHbA.Anobvious question is as follows. Throughwhat
mechanism does the HbE mutation create this change in reac-
tivity? The presented results implicate a change in the intrinsic
nitrite reductase activity of both T and R state forms of HbE.
The decreased NR rates for deoxy-hemes in both the T and R
states ofHbE relative toHbA,without evidence of ameasurable

FIGURE 9. Kinetic trace of the reduction of metHb by L-Cys in sol-gels. 0.4 mM (heme) � 10 mM L-Cys, PBS, pH 7.4. Samples of Hb encapsulated as T (deoxy)
or R (ligated to CO) state are converted to met as described under “Experimental Procedures.” L-Cys is added to initiate reaction and monitored as in solution
(Fig. 5). The shorter x axis scale (seconds) for the T state samples was compared with the x axis used on the R state samples serves to highlight the difference in
the rate between the T and R states and the biphasic nature of the data. a, HbA; b, HbE.
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change in the allosteric properties of HbE, point to a mecha-
nism that directly affects the hemes in both quaternary states.
This observation, alongwith the finding that there is an absence
of significant differences in the x-ray structure, CO recombina-
tion kinetics, and oxygen binding properties, indicates that it is
neither the R/T equilibrium nor the ligand binding properties
that are the basis for the decrease in NR activity for HbE T and
R states. Instead, the HbE/HbA differences in the redox prop-
erties suggest that themost likelymechanism for this alteration
in the NR activity is a general increase in the redox potential for
HbE that impacts the redox activity of both quaternary states.
In brief, the key impact of theHbEmutation upon function is

manifested in the altered nitrite reductase activity observed in
vitro. This finding has implications for pathophysiology and
provides the basis for the proposal of a mechanism that may
explain the contribution of HbE to pathophysiological conse-
quences observed in HbE/�-thalassemia.
Implications for Pathophysiology—HbE/�-thalassemia

patientsmanifest endothelial dysfunction (95). Endothelial dys-
function is associated with reduced production of NO through
the endothelial NOS pathway and increased production of
reactive oxygen species. Although still a subject of controversy,
NO at the right concentration is likely to play a role in not only
maintaining vascular tone but also scavenging reactive oxygen
species. It has been proposed that lowered levels of NO in the
RBC can affect the stability of the RBC and thus increase the
rate of hemolysis, which can be amajor source of inflammation
(96, 97).
Impaired NO bioavailability is reported to be linked to endo-

thelial dysfunction and vascular pathology in hemoglobinopa-
thies such as sickle cell disease and thalassemia (98–101). Kato
and Taylor (98) summarize NO-regulated pathways in vascular
homeostasis that include vasoconstriction, platelet-platelet
interaction and attachment, and release of procoagulant factors
and growth factors. Animal models of sickle cell disease lend
support to the NO status as a contributing factor in these
pathologies (102, 103). Although the exact role of NO in sickle
cell disease and thalassemia remains controversial (104), the in
vitro findings of a reduced nitrite reductase activity for HbE
merits further consideration as a contributing factor to the
pathophysiology, especially that of HbE/�-thalassemia.

TwoHbE properties are plausible contributors to the clinical
setting as follow: (i) the observed nitrite reductase properties of
HbE are consistent with a reduced capacity to generate bioac-
tive NO in an RBC, and (ii) HbE has an enhanced affinity for
RBC membrane ((HbE � HbC � HbS � HbA)) (105–107).
Based on these two properties, we propose the followingmech-
anism for how HbE exacerbates �E-thalassemia.
The RBCs in HbE/�-thalassemia patients are subject to

stresses that contribute to RBC instability. Excess � chains,
arising from heterozygous thalassemia, produce heme,
hemichromes, labile iron that yields reactive oxygen species
that bind to the lipid bilayer and band 3. This situation would
further compromise the RBC membrane that is already cor-
rupted with the high binding affinity of HbE. The increased
presence of reactive species may heighten HbE instability (in
the cytosol and bound to the membrane) that in turn would
further elevate free globin chains and levels of heme,

hemichromes, labile iron to over-ride the intrinsic RBC protec-
tive redox enzymes, and give rise to a stressed RBC leading to
further membrane abnormalities and hemolysis. Membrane
dysfunction, including band 3 (the anion transporter) would
further interfere with the normal NO RBC physiology and
“RBC NOmetabolin” as proposed in Ref. (35).
This backdrop of a stressed RBC coupled with the absence

or reduction of the alleged protective attributes of NO
should lead to a chronic enhanced RBC hemolysis and neg-
ative vascular consequences. An implication of this pro-
posed NO-associated mechanism is that therapeutic designs
to elevate levels of bioactive NO, for example, by the use of
S-nitrosoglutathione, might offset some of the clinical con-
sequences of HbE/�-thalassemia.
The previously established enhanced binding of HbE to the

RBC membrane may have additional consequences to further
explain theHbE/�-thalassemia clinical picture. It has been pro-
posed that Hb-containing RBC membrane fragments (i.e.
microparticles) are taken up by macrophages, which result in
increased levels of inflammatory factors, such as cytokines (96,
97). Enhanced Hb binding to RBC membrane fragments,
yielded upon hemolysis, could result in amore potent trigger of
inflammation and increased levels of potentially toxic non-
transferrin-carried iron. Inflammation and non-heme iron
overload are clinical features of HbE/�-thalassemia (108, 109).
Thus, the novel finding of HbE as an altered nitrite reductase,
coupled with the known enhanced binding of HbE to the RBC
membrane in consideration of the aforementioned caveats,
provides a new model to explain the severe pathophysiological
consequences of HbE/�-thalassemia. RBC and transgenic ani-
mal experiments are being designed to test the validity of this
model.
In summary, the in vitro findings are most consistent with a

decreased ability of HbE to generate NO from nitrite as a result
of an increased HbE redox potential arising from small local
tertiary structure changes in the heme environment engen-
dered by the �Lys-26 substitution. Overall, this in vitro study
reveals structural and functional properties of HbE with impli-
cations that provide a framework for a new paradigm of molec-
ular and cellular mechanisms that may contribute to HbE-as-
sociated pathophysiology.
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