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Hemoglobin (Hb) is in equilibrium between low affinity Tense (T) and high affinity Relaxed (R) states
associated with its unliganded and liganded forms, respectively. Mammalian species can be classified
into two groups on the basis of whether they express ‘high’ and ‘low’ oxygen affinity Hbs. Although
Hbs from former group have been studied extensively, a limited number of structural studies have been
performed for the low oxygen affinity Hbs. Here, the crystal structure of low oxygen affinity sheep
methemoglobin (metHb) has been determined to 2.7 Å resolution. Even though sheep metHb adopts clas-
sical R state like quaternary structure, it shows localized quaternary and tertiary structural differences
compared with other liganded Hb. The critical group of residues in the ‘‘joint region’’, shown as a major
source of quaternary constraint on deoxyHb, formed unique interactions in the a1b2/a2b1 interfaces of
sheep metHb structure. In addition, the constrained b subunits heme environment and the contraction of
N-termini and A-helices of b subunits towards the molecular dyad are observed for sheep metHb
structure. These observations provide the structural basis for a low oxygen affinity and blunt response
to allosteric effector of sheep Hb.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

The allosteric mechanism of Hemoglobin (Hb) was primarily
revealed by Perutz [1,2] and Baldwin and Chothia [3] when
they determined the atomic structures of the classical T state
(unliganded) and R state (liganded) forms of Hb, respectively
embodied in the MWC model [4]. In the case of Hb, the oxygen
affinity of the deoxyHb a2b2 tetramer is nearly 400-fold lower
than that of the deoxy ab dimers [5,6]. This clearly portrays the
role of dimer–dimer interface quaternary constraints in deoxy
tetramer for hampering the oxygen affinity. Structural analysis of
the quaternary T and R states of Hb reveals similar contacts
between a and b chains (a1b1), while in the other interfaces
(a1a2/a1b2/a2b1) the contacts differ with respect to different
states [7]. In a and b subunits, the C-terminal residues contribute
to the salt bridges in stabilizing the structure in T state, which
are absent in the liganded R state. These salt bridges are the
major source of quaternary constraints in T state [1]. Besides the
C-terminal salt bridges there are other ligation dependent
dimer–dimer contacts present in the a1b2/a2b1 interface region
of deoxyHb which could also serve as quaternary constraints.
Recent investigations reveals that the critical group of residues
mainly localized in the hinge region of a1b2/a2b1 interface signif-
icantly contribute to the quaternary constraints that result in the
low oxygen affinity of the T state [8,9].

Mammalian Hb can be broadly classified into two groups: those
with an intrinsically high oxygen affinity Hb, in which the oxygen
affinity is lowered due to the presence of 2,3-diphosphoglycerate
(DPG), an in vivo allosteric effector of mammalian Hb, and those
with an intrinsically low oxygen affinity Hb, in which the action
of DPG is limited or does not affect the oxygen affinity. Rodent,
dog, pig, horse, camel, marsupial and most primates belong to
the first category; cow, sheep, goat, deer, cat and the lemur, belong
to the second [10]. Typically, Hbs with high intrinsic oxygen affin-
ity have P50 values ranging from 4 to 6 mm-Hg, and those with low
affinity possess a P50 value between 10 and 20 mm-Hg (measured
in stripped Hb solutions in 0.05 M Bis-Tris, 0.1 M NaCl (pH 6.5–7.5)
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Fig. 1. Cartoon representation of sheep metHb with heme in each subunit.
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at 20–25 �C) [11]. While both high and low affinity Hbs have 141
amino acid residue a-chains, the high affinity and low affinity
Hbs have 146 and 145 amino acid residue b-chains, respectively.
Deletion or substitution of histidine in b-chain at the second
(bH2) position has been suggested to be partly responsible for
the ligand binding properties of low oxygen affinity Hbs [11].
bH2 is one among the several b-cleft residues that binds DPG,
the principal allosteric effector of mammalian Hb [10,11]. The
sheep Hb which is classified as a low oxygen affinity mammalian
species possesses 10-fold lesser oxygen affinity than the human
Hb [12]. The deletion of bH2 is expected to play a similar role as
in low oxygen affinity species. Sheep Hb has formed part of this
study because of its low oxygen affinity and ability to function
without the aid of allosteric effector 2,3-diphosphoglycerate. In
order to explore the structure function correlation of low oxygen
affinity species, the crystal structure of sheep methoxy (met)
hemoglobin was determined and reported here.

2. Materials and methods

2.1. Structure solution and refinement

Purification, crystallization and data collection statistics of
sheep Hb has been published elsewhere [13]. Briefly, the sheep
Hb crystallized in orthorhombic space group P 21 21 21 with unit
cell dimensions a = 60.23, b = 70.69 and c = 131.48 Å. The crystal
packing parameters revealed that one whole biological molecule
(tetramer) in the asymmetric unit. The structure solution of sheep
Hb was carried out by molecular replacement method using bovine
carbonmonoxyHb (PDB ID: 1G08) as a starting model, using the
program AMoRe [14] implemented in the CCP4 suite [15] programs.
The rotational and translational function calculation using AMoRe
yielded the best solution with a correlation coefficient of 66% and
an R-factor of 42%. The structure refinement was carried out using
REFMAC [16]. About 10% of reflections were used as the test set.
The resultant model obtained from the structure solution was sub-
jected to 20 cycles of rigid body refinement followed by few cycles
of restrained refinement. At this stage the electron density map
was calculated and manual rebuilding of the model was carried
out using COOT [17] wherever necessary. This was followed by
few rounds of restrained refinement using REFMAC. The water oxy-
gens in the structure, including the heme coordinated water oxy-
gens were identified by peaks greater than 3r in Fo-Fc maps and
1r in 2Fo-Fc maps. The structure was refined to a final R-factor
of 20.1% and an Rfree of 25.4%. The Ramachandran plot calculated
for the final model with the program PROCHECK [18] shows that
91.5% of residues in the most favored region. The refinement
parameters are listed in Table 1. The refined coordinates and struc-
ture factor have been deposited in the Protein Data Bank (PDB),
with the accession number 2QU0. The ribbon representation of
sheep metHb is shown in Fig. 1.
Table 1
Refinement statistics for crystal structure of sheep hemoglobin.

Resolution (Å) 30.0–2.7
No. of reflections 13,815
Rwork/Rfree (%) 20.1/25.4

R.m.s. deviations
Bond length (Å) 0.013
Bond angle (�) 1.485
Mean B-values (Å2) 40.26

Ramachandran plot
Residues in most favorable regions (%) 91.5
Residues in additional allowed regions (%) 7.6
Residues in outlier region (%) 0.9
3. Results and discussion

3.1. Sheep Hb polymorphism

Though there are different isoforms identified for sheep Hb, the
primary structures are characterized only for Hb A, Hb B, Hb I and
Hb K [19]. Initial studies revealed that two variants of sheep Hb
namely Hb A and Hb B, consisting of identical a-chain, but consists
of seven amino acid substitutions in the b-chain namely bS50N,
bA58P, bV75M, bQ76K, bS120N, bE129D, bR144K (sheep Hb b-(A/
B) subunit – Uniprot id: P02075), resulting in a Hb tetramer with
different oxygen affinities [20]. The Hb B has lower oxygen affinity
than the Hb A. Further studies on the sheep Hb revealed the exis-
tence of other isoforms due to different b-globin chains namely Hb
E, Hb G, Hb I, Hb K and Hb H. The Hb G variant is shown to produce
by mutation in Hb A type, while Hb I is characterized by a bG13S
and the Hb K have bK66R and bK144R mutation of the b-globin
of Hb B type, respectively [19]. In our sheep metHb structure, the
electron density for Met75 is visible unequivocally in both Fo-Fc
and 2Fo-Fc electron density maps indicating that it belongs to Hb
B form. But under the given resolution limit one could not identify
the other substitutions that are necessary to confirm the exact
sequence of sheep Hb structure. Thus the above observations con-
clude that our sheep Hb structure belongs likely to the Hb B
isoform.
3.2. Quaternary structural differences

For a measure of quaternary structure variation in sheep
metHb, the a1b1 dimer reference frame is used to superimpose
the sheep metHb structure with human T deoxyHb [21] (PDB ID:
2HHB) and human R oxyHb [22] (PDB ID: 1HHO). The Ca atoms
(minus three residues at the terminal ends) are used for the super-
position. The rmsd of the superimposed a1b1 dimer is reported in
the top row of Table 2. The rmsd of the non-superimposed a2b2
dimers, and the rigid body rotation which relates the nonsuperim-
posed a2b2 dimers of the structures, were determined to illustrate
quaternary structure differences between Hbs. These two quater-
nary indices are reported in the middle and bottom row of Table 2,
respectively. The deviations among the a1b1 subunits provide a
measure of the differences in the structure of the dimer, those in
a2b2 largely depend upon the differences in the mutual orienta-
tion of the two dimers.



Table 2
Tertiary and quaternary structure differences of hemoglobins.

Hbs Sheep met Human oxy (R) Human deoxy (T)

Sheep met – 0.72 0.82
– 0.97 4.68
– 2.0 10.9

Human oxy (R) 0.72 – 0.83
0.97 – 5.05
2.0 – 12.8

Human deoxy (T) 0.82 0.83 –
4.68 5.05 –
10.9 12.8 –

For each pair of hemoglobin tetramers compared, the top entry corresponds to the
rmsd of the superimposed a1b1 dimers. The middle entry corresponds to the rmsd
between the nonsuperimposed a2b2. The bottom entry corresponds to the rigid
body rotation relating the nonsuperimposed a2b2 dimers. The rmsds and rigid body
rotation differences are in Å and degrees, respectively.
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The superimposed rmsd value of a1b1 dimers of human T and R
states of Hb is 0.83 Å, which is similar to the one between T and
sheep metHb (0.82 Å). The rmsd between the R and sheep metHb
is 0.72 Å. As expected, the results confirm that the internal struc-
ture of the a1b1 dimer is substantially conserved with respect to
variation in ligand binding.

The rmsd of non-aligned a2b2 dimers between human T and R
structure is 5.05 Å and that of T and sheep metHb is 4.68 Å. The
large amount of quaternary structural changes occurs in a2b2 tet-
ramer due to the ligand binding. The rmsd is 0.97 Å for R versus
sheep metHb pair, which is comparable with their a1b1 deviation.
The rigid body rotation angle amounts to the value of 12.8�
between T and R states Hb and 10.9� between T and sheep metHb.
The rotation angle between R and sheep metHb is 2.0�. The
observed rmsd and rotation angle between T and sheep metHb is
slightly lesser, but comparable with T–R transition. These analyses
depict that the sheep metHb structure adopts a quaternary struc-
ture which is closer to human R oxyHb.
3.3. a1b2/a2b1 interface region

On transition from deoxy to liganded Hb, the significant struc-
tural changes are observed in the a1b2/a2b1 interface region [3].
The interactions between a1b2 and a2b1 are characterized by
the diagnostic ‘switch’ and ‘flexible joint’ regions. FG corner and
G helix residues (97–102) of the b subunit interact with C helix
and CD corner residues (38–44) of the a subunit in the switch
region, while in the joint region a subunit FG corner and G helix
(91–97) residues interact with b subunit C helix and CD corner
(35–43) residues in the a1b2/a2b1 interface region. Significant
changes in the relative positions of the residues in the switch
regions are noted during transition from T to R state, whereas
the position of the residues in the joint region remains relatively
unchanged. In T state, the switch region residue bH97 is nestled
between aP44 and aT41 in both a1b2 and a2b1 interface regions.
The transition to R state flips the residue bH97 to lie between aT38
and aT41. Similarly, bH97 positioned between aT38 and aT41 in
a1b2 and a2b1 interfaces of sheep metHb substantiate its R state
adoption.

In joint region, subtle but significant structural differences are
observed in the a2b1 interface region of sheep metHb. Fig. 2A
shows the stereoview of a2b1 joint region of sheep metHb with
final 2Fo-Fc electron density map. To compare the a2b1 joint
region interface of sheep metHb and human oxyHb, the structures
were superimposed with the a1b1 reference frame. The superim-
posed a2b1 joint region of sheep metHb and human oxyHb is
shown in Fig. 2B. In sheep metHb, the side chain conformation
adopted by a2R92 differs significantly from the human oxyHb.
Similarly, the CD corner residue b1E43 is shifted and oriented
towards the interface region in sheep metHb when compared with
human oxyHb. These structural changes in sheep metHb lead to
unique interactions between a2R92 with b1E43 and a2R92 with
b1P36 in a2b1 interface, but these interactions are found to be
missing in the corresponding a1b2 interface region of sheep
metHb, and also in human T and R states of Hb. The site directed
mutagenesis studies [8] assure that the residues localized in the
joint region of a1b2/a2b1 interface regions could play a prominent
role in ligand affinity. Mutational studies emphasized that bW37 to
Ala have larger impact on the ligand affinity with a 8-fold increase
in CO binding to the deoxyHb tetramer. In deoxyHb, the side chain
of bW37 is hydrogen bonded to aD94. The study also emphasize
that the mutation of residues around the vicinity of the bW37 in
the joint region could substantially affect the ligand affinity. The
Ala mutant of joint region residues aR92 and bP36 increases the
CO binding rate to deoxyHb by about 5 and 3-fold, respectively.
In sheep metHb, aR92 and bP36 interacts through hydrogen bond-
ing in the a2b1 joint region. The unique interactions formed by the
critical residues in joint region impose additional quaternary con-
straints on sheep metHb and presumably lower its oxygen affinity.

In between the switch and joint region (termed as intermedi-
ate), the changes observed are mostly characterized by hydrogen
bond patterns during the transition from T to R state. Comparing
with the switch region, the changes in Ca–Ca distances between
the residues in the intermediate region are relatively small during
T–R transition. The intermediate region of sheep metHb resembles
that of the R state hydrogen bonding pattern.

3.4. Heme structure

In sheep metHb, all four heme groups, as well as the heme coor-
dinated water oxygens, are well defined by 2Fo-Fc electron density
map. In the crystal structure of human oxyHb, all atoms of each
heme group are planar [22], but in deoxyHb each heme iron devi-
ates �0.4 Å out-of-plane towards the proximal histidine [21]. In
the present sheep metHb structure, Fe atoms lie out of plane from
the mean porphyrin ring by 0.22 Å and 0.15 Å in the a- and
b-heme. Table 3 presents the stereochemistry of the heme
environment in sheep metHb, human metHb [23], human carbon-
monoxyHb [24] and human oxyHb [22] structures. It appears that
the non-covalent contacts between the Fe and the distal residues
bH63 and bV67 at the two b hemes of sheep metHb are consis-
tently shorter than the corresponding distances in the other
liganded Hb structures. As pointed out by Perutz [1], the steric
hindrance to ligand binding by these distal residues is dominant
in b-subunit hemes and considered to be an additional contribut-
ing factor to the low oxygen affinity in T state. In contrast to the
b heme group, no significant differences in these contacts are
observed in the a-hemes. Fig. 3 illustrate the structural differences
at the b subunit heme environment of the sheep metHb, human
oxyHb [22] and human deoxyHb [21], respectively. The a1b1 refer-
ence frame was used in superposition of different structures.

3.5. The terminal regions

In the T state, the a subunit C-terminal residue, aR141 forms
two ionic bonds with the opposite a subunit and contributes a
hydrogen bond in a1b2 interface [1,25]. In b subunit, the C-termi-
nal residue bH146 forms two salt bridges in T state [26]. Transition
to the R state disrupts these salt bridges. The C-terminal salt bridge
interactions imposes constraints on the T state structure and dele-
tion and substitution mutations that cause loosening and weaken-
ing of any of the salt bridge interaction tend to increase the oxygen
affinity in T state Hb by several fold [25–27]. The sheep metHb



Fig. 2. (A) Stereoview of a2b1 joint region of sheep metHb in the 2Fo-Fc electron density map contoured at 1r level.

Fig. 2. (B) Stereoview of the a2b1 interface joint region of sheep metHb (green) superposed with human oxyHb (magenta). The structures were superposed with the a1b1
dimer reference frame. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 3
Geometry of heme groups and its environment in hemoglobins.

Hbs Subunit Fe-His(E7)NE2 (Å) Fe-Val(E11)CG2 (Å) Fe-Phe(CD1)CZ (Å) Fe-His(F8)NE2 (Å) Fe-Plane distance* (Å)

Sheep Met a1 4.39 4.99 5.72 2.01 0.22
b1 4.11 4.46 5.38 1.96 0.15
a2 4.33 5.20 5.66 2.00 0.22
b2 4.21 4.66 5.32 2.02 0.18

Human met a1 4.55 4.99 5.31 2.31 0.17
b1 4.39 4.97 5.28 2.27 0.28
a2 4.56 5.05 5.30 2.29 0.14
b2 4.36 4.89 5.28 2.35 0.38

Human CO a1 4.48 4.80 5.37 2.08 0.05
b1 4.48 4.87 5.35 2.10 0.06
a2 4.54 4.96 5.39 2.13 0.04
b2 4.50 4.97 5.33 2.10 0.08

Human oxy a1/a2 4.39 4.79 5.51 1.94 0.16
b1/b2 4.19 4.66 5.66 2.07 0.06

* The plane is defined so as to pass through all heme atoms excluding the side chains and the Fe atom.
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structure has clear densities for N and C-terminal residues in the a
chain. The interactions formed by aR141 are found to be missing in
sheep metHb alike in R state Hb. Besides the aR141, the adjacent
residue aY140 could also have large impact on the ligand affinity,
which aY140G variant react with CO 10-fold more rapidly than
does human deoxyHb [8]. This residue has hydrogen bond interac-
tion with aV98 from same chain in both T and R state Hbs. At the
same time, this residue interacts with the joint region residues in
a1b2/a2b1 interface. In deoxyHb, the a1Y140 side chain is in close
van der Waals contact with b2W37 and the main chain is in weak
contacts with the b2P36. The interaction with b2W37 is longer
while interaction with b2P36 is missing in oxyHb. In sheep metHb,
aY140 is having hydrogen bond interaction with the bP36 with a
distance of 2.79 and 3.08 Å in the a1b2 and a2b1 interfaces,
respectively. Specifically, the close van der Waals contact between
the aY140 and bW37 is retained in the a2b1 interface region of
sheep metHb. The observed interactions seems to have an impact
on the mobility of the a subunit C-terminus of sheep metHb. The
conformation of aR141 significantly differs from both the T and
R state Hb.

For b-subunit C-terminal residues, the electron densities are not
well defined (bY145, bH146) in sheep metHb. As a result, the inter-
actions made by these residues are not clear in sheep metHb. The
sheep metHb shows significant structural differences in N termini



Fig. 3. Stereoview of the superimposed heme and its environment of sheep metHb (green), human oxyHb (magenta) and deoxyHb (yellow) for b1 subunit. The structures
were superposed with the a1b1 dimer reference frame. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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and A-helices of the b subunits. The N-termini and A-helices shift
by 2.1 Å towards the molecular dyad in sheep metHb, relative to
human oxyHb (Fig. 4). In human Hb, the same shift takes place dur-
ing the binding of DPG [28]. In fact, the contraction of the N-termi-
nus and A-helix in sheep metHb mimics the effect of DPG in Hb,
which has been observed in bovine Hb and this movement is asso-
ciated with its low oxygen affinity [29,30]. Thus from the above
mentioned observations, the a subunit C-terminus region of sheep
metHb maintains essential T state like quaternary structural fea-
tures in the a1b2/a2b1 interfaces which may partly contribute to
its low oxygen affinity. Together with the movement of the b sub-
units N-termini and A helices suggest that DPG cannot bind opti-
mally, predicting the modest effect on sheep Hb affinity for oxygen.

Based on our structural analysis of sheep metHb presented here,
we have substantiated the functional relevance for its low oxygen
affinity and blunt response to DPG. The stabilized interface region
Fig. 4. Least-squares superposition of the b1 subunit between sheep metHb (blue)
and human oxyHb (red). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
due to unique interactions formed by the critical group of residues
in the joint region seems to have a structural role on hampering the
oxygen affinity of sheep Hb. Additionally, the observed constrained
b subunits heme environments and contraction of the b subunits
N-termini and A-helices toward the dyad exhibits the low oxygen
affinity of sheep Hb.
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