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ABSTRACT: The liganded hemoglobin (Hb) high-salt crystallization condition described by Max Perutz
has generated three different crystals of human adult carbonmonoxy hemoglobin (COHbA). The first
crystal is isomorphous with the “classical” liganded or R Hb structure. The second crystal reveals a new
liganded Hb quaternary structure, RR2, that assumes an intermediate conformation between the R form
and another liganded Hb quaternary structure, R2, which was discovered more than a decade ago. Like
the R2 structure, the diagnostic R state hydrogen bond betweenâ2His97 andR1Thr38 is missing in the
RR2 structure. The third crystal adopts a novel liganded Hb conformation, which we have termed R3,
and it shows substantial quaternary structural differences from the R, RR2, and R2 structures. The quaternary
structure differences between T and R3 are as large as those between T and R2; however, the Tf R3
and Tf R2 transitions are in different directions as defined by rigid-body screw rotation. Moreover, R3
represents an end state. Compared to all known liganded Hb structures, R3 shows remarkably reduced
strain at theR-heme, reduced steric contact between theâ-heme ligand and the distal residues, smallerR-
andâ-clefts, and reducedR1-R2 andâ1-â2 iron-iron distances. Together, these unique structural features
in R3 should make it the most relaxed and/or greatly enhance its affinity for oxygen compared to the
other liganded Hbs. The current Hb structure-function relationships that are now based on Tf R, T f
R f R2, or T f R2 f R transitions may have to be reexamined to take into account the RR2 and R3
liganded structures.

Perutz (1, 2) and Baldwin and Chothia (3) analyzed at
atomic resolution the structures of the T (tense or unliganded)
and R (relaxed or liganded) forms of Hb1 embodied in the
two-state MWC model (4), which assumes that the T and R
states are in equilibrium with each other and allosterically
switch without intermediate states. The T state has a low
affinity for ligands, while the R state has a high affinity for
ligands. The two-state MWC model has been challenged by
the discovery of a new ligand-bound Hb structure known as
R2 (5) or Y (6, 7). The R2 structure has been proposed as
an intermediate between the T and R structures (5-7).
Further analysis has shown that R2 is not an intermediate,
but rather another liganded end state structure (8, 9).
Srinivasan and Rose (10) and Schumacher et al. (11) have
further suggested that R2 may be the physiologically relevant
liganded end state structure and that R is an intermediate
trapped between the R2 and T structures by the high-salt

crystallization conditions. In contrast, the R2 structure
formation is believed to be favored by low-salt conditions
that mimic in vivo conditions (5-7, 10). In the past decade,
more studies have also revealed the existence of other
liganded Hb structures, including a human embryonic Gower
II (R2ε2) carbonmonoxy Hb (12), bovine carbonmonoxy Hb
(13, 14), and cross-linked forms of human carbonmonoxy
Hb (11), all with quaternary structures that are positioned
between the R and R2 structures. In contrast to the different
liganded quaternary structures, only one Tense or unliganded
structure has been reported when crystallized from high salt
(15) or from low salt (16).

This paper describes two new human adult carbonmonoxy
hemoglobin structures in the relaxed conformation. The
crystals were discovered inadvertently during liganded Hb
crystallization experiments. One of the crystal structures is
termed RR2, because it assumes a conformation that is almost
equilaterally between those of the R and R2 structures. The
RR2 structure is similar in conformation to those reported
for Gower II COHb (PDB entry 1AJ9), bovine COHb (PDB
entries 1FSX, 1G08, and 1G09), and cross-linked forms of
COHbA (PDB entries 1HAB and 1HAC). The Tf RR2
and Tf R2 shifts are similar and in the same direction as
defined by rigid-body screw rotation (3, 13, 17); however,
the R2 shift is more extensive than that of RR2. The other
crystal structure, termed R3, is a novel liganded Hb structure
that appears to be an end state. In fact, the Tf R3 shift is
comparable in magnitude to the corresponding Tf R2 shift;
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however, they differ in direction. The results from these
studies raise some basic questions: Are all these liganded
Hb structures, including R, RR2, R2, and R3, physiologically
relevant, and if so, which represents the end state? What is
the allosteric pathway between the different Hb states? The
data presented here provide some significant insight into the
allosteric mechanism, and may help to clarify some Hb
functional observations.

EXPERIMENTAL PROCEDURES

Materials and Methods.Procedures for crystallizing Hb
in both RR2 and R3 states have previously been described
(18) and are very similar to the method used by Perutz to
crystallize R state Hb (19). Briefly, a HbA solution was
evacuated for∼10 min, and the resulting deoxygenated
solution was further reduced by addition of a small pellet of
Na2S2O4. The deoxygenated HbA solution was then saturated
with CO to generate the CO-bound HbA form. Crystallization
was carried out with a solution of 30-40 mg/mL protein
and 3.2-3.4 M sodium/potassium phosphate at various pHs
(including 7.6, 7.1, 6.7, 6.4, 5.9, 5.7, 5.4, and 5.0) using 7
mL vacutainer tubes. One to two drops of toluene was added
to the COHbA solution in each tube. More CO was bubbled
into the tubes, and then the tubes were sealed. Crystals
appeared in several of the tubes (see below) containing a
final phosphate concentration of 2.25-2.75 M.

X-ray diffraction data sets for the RR2 and R3 crystals
obtained at pH 6.7 and 7.1, respectively, were collected at
120 K using a Molecular Structure Corp. (MSC, The
Woodlands, TX) X-Stream Cryogenic Cooler System, an
R-Axis II image plate detector equipped with OSMIC
mirrors, and a Rigaku RU-200 generator operating at 50 kV
and 100 mA. Prior to use in diffraction, the crystals were
first washed in a cryoprotectant solution containing 50µL
of mother liquor and 10-15 µL of glycerol. The data sets
were processed with MSC BIOTEX. The X-ray data for all
complexes are summarized in Table 1.

The structures of the R3 and RR2 crystals were determined
by the molecular replacement methods (20). For the R3
crystal, theR1â1 dimer of the R (PDB entry 1HHO) structure
was used as the search model. Space groupP4122 gave a
unique solution of a dimer in the asymmetric unit with a
final correlation coefficient of 66.2 and anR-factor of 38.8%
at 4.0 Å. Refinement of the molecular replacement model
using CNS (21) resulted in a final crystallographicR-factor
andRfree of 20.8 and 25.7%, respectively, at 2.07 Å.

For the RR2 crystal, the R (PDB entry 1HHO) and R2
(PDB entry 1BBB) tetramer structures were independently
used as search models. Both models provided solutions at
4.0 Å, with the R2 model exhibited a final higher correlation
coefficient andR-factor of 54.0 and 40.8%, respectively,
suggesting the closeness of the RR2 and R2 structures. Final
refinement of the model using CNS (21) resulted in an
R-factor of 20.3% and anRfree of 28.2% at 2.18 Å.

Model building and correction were carried out using TOM
(22). All figures, with the exception of Figure 6, were
generated with INSIGHTII (Molecular Simulations, Inc., San
Diego, CA) and labeled with SHOWCASE. Figure 6 was
generated with ChemDraw. The crystallographic data are
summarized in Table 1.

RESULTS AND DISCUSSIONS

Crystallization Studies.Our initial purpose was to obtain
COHbA crystals in the R conformation using high-salt
conditions as described by Perutz (19). Surprisingly, we
obtained rectangular needle crystals in space groupP4122,
and the following approximate unit cell constants:a ) 62
Å, b ) 62 Å, andc ) 176 Å. This is in contrast to the usual
octahedral R crystals, which are known to crystallize under
this condition in space groupP41212. The ensuing crystal
structure is termed R3.

Further crystallization experiments resulted in another
crystal type, termed RR2. The RR2 crystals are also
needlelike but grow thinner and longer than those of the R3
crystals, and belong to orthorhombic space groupP212121,
with the following approximate unit cell constants:a ) 65
Å, b ) 154 Å, andc ) 55 Å. In view of the results described
above, several crystallization experiments using high-salt
conditions and various pHs (5.0-7.6) were conducted to
determine the effect of pH on crystal type. At pH 5.0-7.6,
the crystals were predominately R and R3 forms that occur
sometimes alone, or with each other in varying amounts.
However, at the low pHs (5.0 and 5.4), R3 crystals occur in
greater frequency than R crystals. Unlike R or R3 crystals,
RR2 crystals are obtained occasionally, and only in small

Table 1: Crystal Information, Data Collection, and Refinement
Parameters for the R3 and RR2 Structuresa

R3 RR2

data collection statistics
space group P4122 P212121

unit cell dimensions (Å) 61.46, 61.46,
174.75

65.53, 154.57,
55.27

no. of molecules/asymmetric unit 1 dimer 1 tetramer
resolution (Å) 2.07 (2.20-2.07) 2.18 (2.28-2.18)
no. of unique reflections 20310 (2522) 27473 (2344)
I/σI 13.1 (2.0) 13.2 (3.3)
completeness (%) 95.2 (76.7) 91.0 (63.3)
redundancy 5.6 4.5
Rmerge(%)b 6.7 (25.3) 6.5 (22.8)

structure refinement
resolution limit (Å) 60-2.07

(2.20-2.07)
60-2.18

(2.32-2.18)
σ cutoff (F) 0.0 1.0
no. of reflections 20310 (2522) 26700 (2993)
completeness 95.2 (76.7) 88.7
R-factor (%) 20.8 (28.6) 20.3 (21.8)
Rfree (%)c 25.7 (29.8) 28.2 (30.4)
rmsd from standard geometry

bond lengths (Å) 0.018 0.017
bond angles (deg) 2.2 2.2

positional error (Luzzati)
R-factor 0.25 0.24
Rfree 0.31 0.35

dihedral angles
most favored regions 89.2 91.0
additional allowed regions 10.8 9.9

averageB-factors (Å2)
all non-hydrogen atoms 47.6 32.6
protein atoms 47.4 32.5
heme atomsd 48.4 25.7
CO atomsd 36.6 22.6
water atoms 50.1 36.4
phosphate atoms - 66.1
toluene atoms 45.6 -

a Numbers in parentheses refer to the outermost resolution bin.
b Rmerge ) ∑(〈I〉 - I)/∑I. c Five percent of the reflections which were
used for the calculation ofRfree were excluded from the refinement.
d Note that the averageB-factor ofâ-heme is 56.4 Å2, compared with
a value of 40.3 Å2 for the R-heme (see the text).
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quantities at pH 6.4-7.1. The RR2 crystals mostly occurred
in combination with the more abundant R crystals. There
seems to be a pH effect on crystal type, but it is very difficult
to rationally correlate the relationship between the two since
repeat experiments did not give consistent results.

We also point to the fact that on one occasion platelike
crystals were obtained. Unfortunately, we were unable to
characterize the crystal because of poor diffraction. Most
likely, this crystal is structurally different from the R, RR2,
or R3 crystals. The R3 and perhaps RR2 crystals may have
been those observed and ignored in previous crystallization
experiments in our laboratory during the past 14 years which
have produced different crystal morphologies, sometimes
alone or in the presence of well formed octahedral R crystals.
These new crystals for the most part occurred as thin
rectangular needles which we never analyzed.

Perutz (23) and Green et al. (24) previously reported that
crystals of horse liganded Hb changed lattice at pH 6.0, with
a concomitant decrease of∼4 Å in the distance between
two mercury atoms bound toâ1Cys93 andâ2Cys93.
Recently, two crystal structures of bovine methemoglobin
have been published at different pHs, with the structure at
pH 5.4 showing a 3.8 Å reduction in the distance between
the two sulfur atoms when compared to the structure at pH
7.1. Both structures are in the R conformation; however, the
structure at the lower pH has theR-heme group converted
to a hemichrome (bishistidine) form (25). Interestingly, the
R f RR2 and Rf R3 shifts have also resulted in decreases
of ∼2.2 and∼4.7 Å in the distance between theâ1Cys93
andâ2Cys93 sulfur atoms, respectively.

OVerall Structure Descriptions of RR2 and R3.The two
crystal structures, RR2 and R3, have essentially the same
secondary structures as other reported normal human Hbs,
consisting of seven helices in theR-subunit and eight in the
â-subunit. The final 2.07 Å refined R3 structure contains
oneR1â1 dimer in the asymmetric unit, two heme groups,
two CO ligands, and 136 water molecules. The regions
defined by theâ-subunit N-terminus (residues 1-3), C-
terminus (residues 139-146), E helix-EF corner-F helix-
FG corner region (residues 58-103), and the heme are
characterized by highB-factors: averageB-factor of 63.3
Å2, compared with values of 49.3 and 47.6 Å2 for the
analogousR-subunit regions and the whole protein, respec-
tively. The highB-factors may be due to lack of crystal
packing, as most of these residues are exposed to the bulk
solvent. Nonetheless, the electron densities are well defined
with the exception of the N-terminal and C-terminal residues
of âVal1, âTyr145, andâHis146. Interestingly, these flexible
regions form theâ-cleft as well as the residues around the
â-heme.

Toluene which is routinely used to aid in the crystallization
process of liganded Hb binds to the R3 structure at three
locations. Two of the toluene molecules are located within
the protein in a hydrophobic pocket formed byRTrp14,
RVal17, RTyr24, RLue105,RLeu109,RLeu125,RPhe128,
RVal10, RVal70, andRLeu66, while the third molecule is
located at the surface of the protein in a cleft formed by
residuesRAsn9, RAla13, RLys16, RLeu109, RLeu103,
RGlu116, andRVal121. Two toluene molecules were also
found bound to a natural mutant, Hb Bassett in the R
conformation (26), at the former site described for the R3
structure. This site (in both T and R structures) is also known

to bind to antigelling agents, including dichloromethane (27),
iodobenzene, andp-BrBzIOH (28). It has been proposed that
binding of a compound at this site helps to destabilize the
formation of HbS polymer to prevent erythrocyte sickling
(27, 29-31).

The final 2.18 Å refined model for the RR2 structure
contains a singleR1â1R2â2 Hb tetramer in the asymmetric
unit, four heme groups, four CO ligands, and 326 water
molecules. One of the three phosphate ions found in the
model is located on the dyad axis at the C-terminal end of
theâ-subunit (â-cleft), where residuesâ1His143,â2His143,
â1His146, andâ2His146 in the 2,3-diphosphoglycerate (2,3-
DPG) binding site in T state Hb (32, 33) form an almost
perfect tetrahedral hydrogen bond arrangement around the
phosphate. Like the R3 structure, theâ-subunit N-terminus,
C-terminus, and E helix-EF corner-heme-F helix-FG
corner region of the RR2 structure also exhibit highB-factors;
however, the lability is not as pronounced as in the R3
structure. Also, like the R3 structure, these regions are mostly
exposed to the bulk solvent.

We have previously published the crystal structure of R
COHbA (PDB entry 1LJW) using crystals obtained during
the crystallization experiments described above (34). This
structure is conformationally indistinguishable from other R
quaternary structures; however, theR1â2 dimer interface
shows significant weakening, as well as T state characteristics
(34).

Quaternary Structures.The RR2 and R3 structures were
compared with the T deoxygenated HbA (PDB entry 2HHB),
the R COHbA (PDB entry 1AJ9), and the R2 COHbA (PDB
entry 1BBB) structures. Tetramers were generated by ap-
plication of crystal symmetry for the R and R3 structures,
which have only a singleR1â1 dimer in the asymmetric unit.
Figure 1 shows theR1â2 dimers, as well as the switch and
joint interfaces of the five Hb structures, after superposition
of theR1â1 dimers (CR residues) on the B helix-G helix-H
helix (BGH) frame (3) with the T structure as a reference
point. It is apparent that the quaternary structures of all five
Hbs are significantly different from each other. Moreover,
the switch regions show large differences in residue position-
ing compared to the joint regions. Baldwin and Chothia (3)
were the first to characterize theR1â2 (R2â1) dimer interface
as consisting of both switch and joint regions. They noted
that transition between the T and R quaternary forms resulted
in significant changes in the relative positions of the residues
in the switch region, while residue positions in the joint
region remained relatively unchanged. Analyses of the
hydrogen bond contacts between theR1â2 dimer interface
of the above structures are given in Table 2. As expected,
the T structure hydrogen bond interactions at the switch
region are different from those of the liganded structures.
Among the liganded structures, there are two distinct
differences. First, the R state diagnostic hydrogen bond
interaction betweenR1Thr38 andâ2His97 is also observed
in the R3 structure but missing in the RR2 and R2 structures.
This is due to differences in the position of theâ2-subunit
relative to theR1-subunit at the switch region (see below).
Second, a hydrogen bond interaction betweenR1Thr41 and
â2Arg40 in R, RR2, and R2 structures is significantly
lengthened to 4.1 Å in the R3 structure. However, we note
that the side chain ofâ2Arg40 in R3 has oriented to make
a hydrogen bond withR1Leu91 at the joint region (Table

Crystal Structures of Human Adult Carbonmonoxy Hemoglobin Biochemistry, Vol. 44, No. 23, 20058349



2). The different interactions may not be unique since the
side chain ofâ2Arg40 which is located between residues
R1Thr41 andR1Leu91 in all the liganded structures is
capable of reorienting to make contact with eitherR1Thr41
(switch interface) orR1Leu91 (joint interface). There are
also significant differences in the hydrogen bonds observed
at the joint regions. Among the liganded structures, a
hydrogen bond interaction betweenR1Arg92 and either
â2Gln39 orâ2Glu43 in RR2 or R2 is missing in R and R3
(Table 2). Interestingly, each liganded structure has four
direct hydrogen bond interactions at theR1â2 dimer interface
versus five in the T structure. Note that there are significant
differences in other interdimer interactions (R1R2 andâ1â2
dimer interfaces) among the structures, which will be
discussed later.

Baldwin and Chothia (3) quantified the allosteric move-
ment between the T and R Hb structures as rigid-body screw
rotation, which is defined in terms of screw rotation angle,
screw rotation translation, the direction of the screw rotation
axis, and a point on the rotation axis. The same procedure
was also used here to characterize the change in quaternary
structure between pairs of the five Hb structures described
above by superimposing the CR atoms ofR1â1 dimers on
the BGH frame (3). Then, the rms deviation and the rigid-
body screw rotation between the nonsuperimposedR2â2
dimers were determined. Also, as a measure of quaternary
variation, the completeR1â1R2â2 tetramers were superim-
posed on each other using all CR atoms (with the exception
of three residues at the N- and C-termini). Before the
superposition, the structures were transformed to a standard
orientation in which the 2-fold dyad axes through the central
water cavity were positioned along they-axis with the T
structure as a reference. ALIGN (35) and LSQKAB as
implemented in the CCP4 program suite (36) were used for
these calculations, and the results are reported in Table 3.

As expected, there are only small deviations between the
superimposedR1â1 dimers of the different Hb structures
(rmsd of 0.3-0.65 Å; not shown in Table 3), indicating very
similar tertiary structures with the exception of significant
structural differences at the EF corner-F helix-FG corner
region, as well as the N- and C-termini. Notably, in theR1
subunit, there is a concerted movement of the EF corner-F
helix-FG corner region in the liganded structures toward
both the interdimer interface and the central water cavity
relative to the T structure, with R3 showing the most shift
(see below for further discussion, as well as theR1 subunit
of Figure 1). In contrast to the tertiary structure analysis,
the quaternary indices show all four liganded Hb structures
to be conformationally different from the T structure and

FIGURE 1: Stereofigure of the overlay of theR1â2 dimers showing the N- and C-terminal, joint, and switch regions of T (blue CR trace),
R (red CR trace), RR2 (yellow CR trace), R2 (cyan CR trace), and R3 (gray CR trace) structures. The structures were superimposed with
theR1â1 dimer as described in the text. The nonsuperimposed regions (â2 subunits) show large quaternary structural differences, while the
superimposed regions (R1 subunits) as expected show similar structural conformations with only significant tertiary structural differences
in the EF corner-F helix-FG corner region as well as the N- and C-termini.

Table 2: Hydrogen Bond Interactions at theR1â2 Dimer Interface
of the T, R, RR2, R2, and R3 Hb Structuresa

contact T R RR2 R2 R3

Switch Region
R1Thr38 OH â2His97 O - 2.4 - - 2.4
R1Tyr42 OH â2Asp99 OD1 2.5 - - - -
R1Thr41 O â2Arg40 NH2 - 2.9 3.1 3.5 -
R1Asp94 OD2 â2Asn102 ND2 - 3.2 2.8 2.7 2.8
R1Asn97 ND2 â2Asp99 OD1 2.8 - - - -

Joint Region
R1Leu91 O â2Arg40 NE 2.8 - - - 2.8
R1Arg92 NH2 â2Gln39 OE1 - - 2.9 - -
R1Arg92 NH2 â2Glu43 OE1 - - - 3.1 -
R1Arg92 O â2Arg40 NE 3.3 - - - -
R1Asp94 OD1 â2Trp37 NE1 3.0 3.3 3.6 3.6 3.5

a In the structures with a tetramer in the asymmetric unit, the contact
distances shown are those between theR1â2 interface. Similar contact
distances are also observed at theR2â1 contact region.
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also from each other, with R closest to T, followed by RR2
and lastly R3 and R2 structures (see Table 3 and theâ2
subunit in Figure 1). Among the liganded structures, RR2 is
conformationally closest to R, followed by R3 and lastly R2.
Likewise, R is the closest to R3, followed by RR2 and
lastly R2. The analysis also suggests that RR2 lies in the
pathway of the Rf R2 transition, while R3 is an end state.
Finally, the Tf R3 transition is approximately in the same
direction but beyond the Tf R transition, while the Tf
RR2 (or Rf RR2) transition is also approximately in the

same direction but precedes the Tf R2 (or R f R2)
transition (see Figure 2).

Other liganded structures, including Gower II COHb (PDB
entry 1A9W), bovine COHb (PDB entries 1G08 and 1G09),
and cross-linked COHbA (PDB entries 1HAB and 1HAC),
have been proposed to represent allosteric intermediates of
the Rf R2 transition (11-13). These structures, as well as
another bovine COHb structure (PDB entry 1FSX), were
compared with the T, R, RR2, R2, and R3 Hb structures
(Table 3). The results show that the quaternary structures of

Table 3: Quaternary Structure Differences of Hb Structuresa

transition R1â1R2â2 (Å)b R2â2 (Å)c
screw-rotation axis direction

[R, â, γ (deg)]d
screw-rotation
axis point (Å)d

screw-rotation
angle (deg)/translation (Å)d

T f R 2.3 5.1 28.3, 90.0, 61.7 -12.0, 10.8,-6.1 13.6/1.2
T f RR2 2.9 7.1 43.7, 89.1, 46.3 -9.1, 9.4,-7.9 17.8/2.6
T f R3 3.5 7.3 10.8, 90.0, 72.2 -14.5, 9.7,-2.6 22.0/1.7
T f R2 3.3 8.6 56.4, 89.1, 33.6 -5.6, 5.2,-7.6 23.0/3.1
T f 1FSX 2.3 5.2 47.5, 88.1, 42.6 -7.9, 10.9,-8.4 13.8/2.3
T f 1G09 2.5 5.4 34.8, 89.9, 55.2 -10.3, 8.7,-7.3 15.7/1.6
T f 1G08 2.4 5.4 50.8, 90.0, 39.2 -6.7, 11.0,-8.0 14.3/2.3
T f 1HAB 2.3 5.0 48.7, 86.8, 41.5 -7.7, 10.4,-8.4 13.9/1.8
T f 1HAC 2.3 5.1 51.3, 86.2, 40.0 -7.2, 10.0,-8.3 14.2/1.9
T f 1A9W 2.9 7.2 53.5, 87.7, 36.6 -6.6, 6.1,-7.8 19.3/2.9
R f RR2 1.0 2.5 79.0, 89.2, 11.0 -1.9, 2.6,-3.1 5.9/1.1
R f R2 1.6 4.6 85.9, 89.1, 4.2 -0.3, 0.9,-1.7 12.1/1.5
R f R3 1.6 3.2 14.5, 89.9, 75.5 -13.1, 7.3, 3.4 10.2/1.1
R f 1FSX 1.0 1.8 62.8, 88.6, 27.2 -2.0, 0.6, 5.4 4.9/0.9
R f 1G09 0.7 1.2 71.2, 86.0, 19.3 -0.5, 2.5,-5.2 3.7/0.1
R f 1G08 1.1 2.1 65.2, 88.5, 24.9 -1.3, 2.5, 5.3 6.0/1.1
R f 1HAB 1.0 1.8 54.4, 84.1, 36.2 -4.4, 3.4, 5.9 4.6/0.8
R f 1HAC 1.1 1.9 54.2, 83.2, 36.6 -5.0, 4.4, 5.4 5.3/0.9
R f 1A9W 1.4 3.4 88.2, 86.9, 3.6 -0.6,-0.2,-0.1 8.8/1.0
RR2f R2 1.0 2.3 88.4, 89.7, 1.6 0.7, 1.1, 0.2 6.2/0.4
RR2f R3 1.9 4.4 42.7, 88.6, 47.3 -8.3, 4.4, 6.5 12.1/1.3
RR2f 1FSX 0.9 1.5 28.6, 89.6, 61.4 -16.2,-4.6, 3.9 4.0/-0.5
RR2f 1G09 0.8 1.5 85.1, 84.0, 7.8 -6.5, 2.6,-0.9 2.9/1.1
RR2f 1G08 0.9 1.5 74.2, 85.0, 15.0 -14.8,-2.6, 4.0 4.0/1.3
RR2f 1HAB 0.9 1.7 63.0, 85.4, 26.6 -11.6, 4.6,-4.1 4.5/0.8
RR2f 1HAC 1.0 1.7 71.1, 84.0, 17.8 -12.3, 6.0,-3.4 4.4/0.9
RR2f 1A9W 0.9 1.3 65.3, 82.4, 25.9 -1.42, 2.4, 5.5 3.4/-0.1
R2 f R3 2.5 6.3 58.3, 88.8, 31.7 -4.4, 4.7, 6.9 17.0/1.5
R2 f 1FSX 1.3 3.3 65.5, 88.2, 24.5 -3.3, 1.1,-4.8 8.4/0.7
R2 f 1G09 1.4 3.4 88.7, 85.2, 5.0 -2.2, 1.8,-0.2 8.4/1.4
R2 f 1G08 1.3 3.2 61.1, 85.5, 29.3 -4.8,-0.8,-4.9 7.7/0.8
R2 f 1HAB 1.3 3.6 64.8, 88.4, 25.3 -26.2,-0.7, 5.9 9.0/-1.0
R2 f 1HAC 1.3 3.5 61.5, 87.6, 28.6 -2.8, 0.5,-5.9 8.7/1.0
R2 f 1A9W 0.7 1.2 62.0, 88.6, 28.0 -1.6, 8.3,-3.5 3.2/0.4
a See the text for a detailed description of the structural comparison and the Hb structures used for the calculations.b The HbR1â1R2â2 tetramer

superimposed to obtain the rms deviation.c The R1â1 dimers superimposed, and the rms deviation of the nonsuperimposedR2â2 obtained.d The
R1â1 dimers superimposed, and the rigid-body screw rotation obtained.

FIGURE 2: Detailed stereoview of part of the switch region, theâ-cleft, and theâ-heme of T (blue), R (red), RR2 (yellow), R2 (cyan), and
R3 (gray) structures. The figure reveals the unusual structural characteristics of the R3 structure, as well as the intermediate structural
characteristics of the RR2 structure. The structures were superimposed with theR1â1 dimer as described in the text.
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Gower II COHb, bovine COHb, and cross-linked COHbA
are similar to the RR2 Hb structure, suggesting that RR2
represents a stable allosteric intermediate conformer in the
R f R2 transition.

The quaternary differences, as well as the allosteric
transitions between the T, R, RR2, R2, and R3 Hb structures,
are best captured in Figure 2, which shows a detailed view
of part of the switch region, theâ-cleft, and theâ-heme. In
all instances, the allosteric switch from the T structure to
the liganded structures has moved theâ2 subunit parallel
along theR1 subunit (approximately in the direction of the
z-axis) toward the central water cavity. Accordingly, T
structure residueâ2His97, which lies betweenR1Pro44 and
R1Thr41, has now moved a turn to lie betweenR1Thr41
and R1Thr38 in the R, RR2, and R2 structures. In the R
structure,â2His97 forms a diagnostic hydrogen bond with
R1Thr38; however, in RR2 and R2, theâ2 subunit has further
rotated∼1.1 and∼2.2 Å, respectively, in a perpendicular
fashion from theR1 subunit (approximately along thex-axis),
resulting in the disengagement of this hydrogen bond, while
other switch-interface hydrogen bonds found in the R
structure are maintained (Table 2). Note that the shift by
RR2 places this structure between the R and R2 structures
and in the same allosteric direction as R2. As a result of the
allosteric shift, the switch interfaces of both RR2 and R2
have now become larger, and as previously noted in the R2
structure (5), two water molecules have moved into the now
openedR1â2 dimer interface of the RR2 structure. The water
molecules are almost in identical positions in both the RR2
and R2 structures where they mediate hydrogen bond
interactions between the two subunits. It seems that these
two water molecules are also present in the R structure (PDB
entry 1AJ9), but each is located∼1.4 Å from the respective
RR2 or R2 water molecule positions, in the same direction
as the RR2f R or R2f R transition.

Remarkably, in the R3 structure, theâ2 subunit has shifted
almost a further half-turn from the R position (approximately
one and one-half turns from the T position) parallel along
theR1 subunit, bringingâ2His97 to pack betweenR1Thr38
andR1Pro37, where the side chains ofâ2His97 andR1Pro37
make close hydrophobic contacts (Figure 2). Furthermore,
the R state diagnostic hydrogen bond interaction between
OG1 of R1Thr38 and O ofâ2His97 (2.4 Å) that was
abolished in both RR2 and R2 structures is now re-formed
in the R3 structure asâ2His97 moves to the other side of
R1Thr38. The side chain ofR1Thr38 seems to occupy two
alternate positions, with both conformers capable of interact-
ing with the amide oxygen ofâ2His92 (2.4 or 3.2 Å). As a
result of the extensive parallel shift of the R3â2 subunit at
the switch interface, theâ2 subunit structural elements that
form theâ-cleft have moved substantially toward the central
water cavity (∼6-13 Å), and closer to theirâ1 subunit
counterparts (Figures 2 and 3). This includes the C-terminus
(H helix-HC segment, residues 132-146), the N-terminus
(NA segment, residues 1-4), and the EF corner-F helix
region (residues 79-95). The position of the C-terminal
residues in R3 has resulted in pairs of symmetry-related dyad
hydrogen bond interactions involvingâ1Ala142 andâ2Asn139
(3.2 Å) and â1Asn139 andâ2Asn139 (3.2 Å) that have
effectively shut theâ-cleft in the R3 structure (Figure 3B).
In comparison, the correspondingâ-cleft structures of R,

RR2, and R2 have only moved approximately half as much
as those of the R3, precluding the formation of the extensive
â-cleft interactions observed in the R3 structure. Interestingly,
in both RR2 and R2, theâ2 cleft structural elements
described above have shifted parallel relative to theâ1 cleft
elements by approximately one or two residues in the
N-terminal direction ofâ2-HC (along thex-axis) compared
to the R or R3 structure. This shift is a consequence of the
perpendicular rotation of the RR2 and R2â2 subunit at the
switch interface (see above), leading to the two symmetry-
related residues (eachâHis146) moving closer toward each
other. Consequently, the size of theâ-cleft in RR2 and R2
has decreased relative to that of the R structure. In the R2
structure, the result is a face-on stacking interaction between
the two âHis146 side chains, while RR2 with a slightly
bigger space between the histidines has a phosphate molecule
sitting at the dyad axis. The phosphate which overlaps the
T state 2,3-DPG binding site (32, 33) makes strong hydrogen
bond interactions (2.8-3.1 Å) with the side chains of
âHis143 andâHis146. The recently published R structure
(PDB entry 1LJW) also contains a similarly bound phosphate
molecule. It has been reported that 2,3-DPG binds to the
same site in the deoxygenated or oxygenated Hbâ-cleft (37,
38), consistent with the crystallographic observations de-
scribed above. It is highly unlikely that a phosphate molecule
or for that matter an allosteric effector can bind to theâ-cleft
of R3 structure due to the smallerâ-cleft, as well as the
intersubunit hydrogen bond interactions that have completely
closed the cleft. Theâ-cleft in R2, although bigger than that
of R3, may also not be able to accommodate a phosphate
molecule, unless there is a rearrangement of theâHis146
side chains or the C-termini.

Preferential binding of 2,3-DPG to the widerâ-cleft of
the T structure stabilizes the quaternary structure of this state
with a concomitant decrease in oxygen affinity. The expul-
sion of 2,3-DPG due to the narrowing of theâ-cleft also
leads to the formation of the R conformation, increasing the
oxygen affinity of Hb. The fact that liganded Hbs are capable
of binding effectors could lead to a reduction in Hb oxygen
affinity, and since these structures may have different
affinities for the effector because of differences inâ-cleft
size, it is quite conceivable that they would also exhibit
different affinities for oxygen, most likely with R3 showing
the highest and R the lowest. This is consistent with COHbA
structure 1LJW having T state characteristics caused by a
bound phosphate at theâ-cleft (34). As we will discuss later,
the differentâ-cleft sizes may also affect diffusion of chloride
and other ions into the central water cavity which could have
an impact on Hb oxygen affinity.

In general, the quaternary differences at theR-cleft of the
liganded structures are significantly smaller than those
observed at theâ-cleft, and like the latter, the N-terminal
(NA), EF corner-F helix, and C-terminal (HC) residues at
theR-cleft of the R3 structure have moved closer to the dyad
axis from the T structure position by∼1-4 Å (Figure 4A).
In contrast, the other liganded structures have only moved
very little from the T position. As observed at theâ-cleft,
the position of the N-terminal NA segment and the C-
terminal H helix-HC segment in the R3 structure at the
R-cleft have also resulted in extensive pairs of symmetry-
related dyad hydrogen bond interactions involvingR1Val1
and R2Ser138 (2.8 Å),R1Val1 and R2Lys139 (3.0 Å),
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R1Val1 andR2Arg141 (2.7 Å),R1Leu2 andR2Arg141 (3.2
Å), R1Ser131 andR2Arg141 (2.5 Å), andR1Thr134 and
R2Arg141 (3.2 Å) (Figure 4B). The first three interactions
are conserved in the R structure. In contrast, none of these
interactions are found in either the RR2 or R2 structure due
to the fact that the symmetry-related HC segments have
shifted in a parallel manner away from each other by almost
two residues toward the C-terminal direction of theR2-HC
segment (along thex-axis) compared to the R or R3 position.
This has resulted in the twoR-subunit RArg141 residues
moving farther apart in RR2 and R2, leading to the apparent
disordering of theRArg141 residue in these structures,
especially RR2 which has no observed density at residues
RTyr140 andRArg141. It should be recalled that a similar
parallel shift occurred at theâ-clefts of RR2 and R2, but in
the opposite direction which resulted in the twoâHis146

residues moving closer to each other. Interestingly, a new
hydrogen bond interaction has formed across the dyad
between RLys127 and RLys139 in both RR2 and R2
structures due to theR2-HC segment shift. This hydrogen
bond is absent in the R and R3 structures. The relatively
larger R-cleft in R2 compared to those in both R and R3
explains why in a recent study (39) small aldehyde antisick-
ling compounds were found bound preferentially to the
R-cleft of the R2 structure (see below for further discussion).

Heme EnVironments. All hemes are fully ligated in the
liganded structures, as indicated byB-factors comparable
with those of the rest of the heme atoms. We assume the
hemes to be significantly if not 100% CO-bound since the
irons were fully reduced with Na2S2O4 prior to addition of
CO. In addition, the crystallization tube was kept under a
CO atmosphere. The iron atoms are centered in the porphyrin

FIGURE 3: Stereofigure of theâ-cleft. (A) Superposition of T (blue), R (red), RR2 (yellow), R2 (cyan), and R3 (gray) structures showing
the NA segment, A helix, F helix, H helix, HC segment, and N- and C-terminal residues. All structural elements occur in pairs related by
the dyad axis of symmetry (y-axis), which is perpendicular to the plane of the page. The structures were superimposed with theR1â1 dimer
as described in the text. (B) Pairs of symmetry-related dyad hydrogen bond interactions involving the H helix-HC segment of the R3
structure.
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planes. At the proximal side of theR- andâ-heme pockets,
stereochemical parameters between the proximal histidine
and the heme are similar in all the structures. Also, at the
distal heme pockets, the ligand environments are similar, with
the exception of a significant lengthening of the nonbonded
contacts between theâ-heme distal residues and the CO

ligand in R3 compared to the other structures (Table 4;
discussion below).

Superposition of the BGH frame of theR1â1 dimer reveals
large tertiary structural differences at theR-heme in the
positions of the EF corner, F helix, and FG corner (R1
subunit of Figure 1 and Figure 5A). As pointed out earlier,

FIGURE 4: Stereofigure of theR-cleft. (A) Superposition of T (blue), R (red), RR2 (yellow), R2 (cyan), and R3 (gray) structures showing
the NA segment, A helix, F helix, H helix, HC segment, and N- and C-terminal residues. (B) Pairs of symmetry-related dyad hydrogen
bond interactions involving the NA segment and the H helix-HC segment of the R3 structure.

Table 4: Geometry and Environment of Heme Groups in the R, RR2, R2, and R3 Hb Structuresa

R RR2 R2 R3

R1 â1 R1 R2 â1 â2 R1 R2 â1 â2 R1 â1

Fe-His(F8) NE2 2.05 2.02 2.03 2.01 2.08 2.07 2.08 2.13 2.10 2.10 1.99 2.06
〈Fe-Nporph〉b 2.01 2.02 2.01 2.02 2.03 2.01 2.00 2.03 2.00 2.00 2.04 2.08
Fe-C 1.85 1.81 1.91 1.83 1.80 1.76 1.77 1.78 1.77 1.75 1.76 1.89
Fe-Val(E11) CG2 5.04 4.52 4.70 4.97 4.81 4.98 4.80 4.96 4.87 4.97 4.95 5.06
Fe-Ctc -0.02 0.00 -0.06 0.00 0.05 0.00 0.00 0.00 -0.01 -0.02 0.00 -0.07
C-Val(E11) CG2 3.72 3.33 3.52 3.76 3.45 3.51 3.70 3.57 3.71 3.58 3.85 3.77
O-Val(E11) CG2 3.14 3.06 3.13 3.38 3.01 3.09 3.20 3.38 3.19 3.20 3.17 3.65
C-His(E7) NE2 3.44 3.40 3.39 3.42 3.51 3.44 3.47 3.49 3.40 3.56 3.49 3.92
O-His(E7) NE2 3.30 3.24 3.20 3.43 3.47 3.40 3.23 3.30 3.19 3.27 3.24 3.97
Fe-C-O 177 173 178 173 170 159 173 156 172 163 162 162

a Distances and angles are in angstroms and degrees, respectively.b Average distance between Fe and the four porphyrin nitrogens.c Distance
from the Fe to the least-squares fit plane of the porphyrin nitrogens.
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in all the liganded structures, there is a concerted movement
of these structural elements toward both the interdimer
interface and central water cavity relative to the T structure,
with R3 exhibiting the largest shift. Perutz (1, 2) attributed
the low oxygen affinity of the T state to the tension of the
proximal histidine restraining the movement of the iron atom
from its out-of-plane position in the T structure to its in-
plane position in the R structure. He further showed that
movement of theRF helix andRFG corner residues toward
the central water cavity from the T to R position led to
relaxation of the strain with a concomitant increase in oxygen
affinity. The position of theRF helix-RFG corner residues
in R3 indicates a more reduced strain at theR-heme
compared to the other liganded structures and should translate
to R3 exhibiting the highest affinity for oxygen among the
liganded Hbs.

Although the correspondingâ-heme structures show
significant differences from the T positions, unlike those in
theR-subunit the differences among the liganded structures
are small and do not follow any obvious trend (Figure 5B).
However, one of the most distinctive structural features
observed in the R3 structure is a hydrogen bond interaction
between one of theâ-heme propionates and the imidazole
side chain of the distal histidine (3.2 Å). Apparently, this
interaction has perturbed the E helix, and as a result, the
side chains of Val67 (E11) and His63 (E7) have moved
significantly away from the CO ligand (0.3-0.65 Å), when
compared to the other liganded structures (Table 4). As
pointed out by Perutz (1), steric hindrance to ligand binding
by the distal residues is dominant inâ-heme and is a factor
contributing to the low oxygen affinity of the T state. Hence,
the reduced steric contact between the ligand and the distal

residues in R3 may greatly enhance the affinity for oxygen
at theâ-heme of R3 state Hb compared to the other liganded
Hbs.

Iron-Iron Distances. Remarkably, the nature of the
allosteric transitions has also brought about significant
differences in the heme-heme distance and geometry in the
Hb structures (Table 5). While the correspondingR1Fe-
â2Fe,R1Fe-â1Fe,R1Fe-R2Fe, andâ1Fe-â2Fe distances
are fairly constant in R, RR2, and R2 structures, they differ
significantly from those of the T and R3 structures, most
notably theâ1Fe-â2Fe distance. In the T and R3 structures,
theâ1Fe-â2Fe distance has become the longest and shortest,
respectively. This is due to the parallel shift of the T structure
â2 subunit along theR1 subunit by a turn in R, RR2, and
R2, and almost one and one-half turns in R3 that has brought
theâ1 andâ2 subunits closer together in the liganded Hbs.
The T structure shows the largest total Fe-Fe distance (∼135
Å), followed by the three liganded structures, R, RR2, and
R2, with very similar distances (∼130 Å), and lastly the R3
structure (124 Å). Most interesting is the difference in the
total Fe-Fe distance of the T structure and the three liganded

FIGURE 5: Stereofigure of theâ-subunit showing the heme, bound ligand, C helix, CD corner, E helix, F helix, and FG corner of T (blue),
R (red), RR2 (yellow), R2 (cyan), and R3 (gray) structures. The structures were superimposed with theR1â1 dimer as described in the text:
(A) â1 subunit heme group and environment and (B)â2 subunit heme group and environment.

Table 5: Iron-Iron Distances in the T, R, RR2, R2, and R3 Hb
Structures

hemoglobin R1â1a R1â2a R1R2 â1â2 total

T 36.5 24.4 34.2 39.5 134.6
R 34.8 25.7 34.8 34.7 130.0
R2 34.5 26.1 35.2 34.3 130.1
RR2 34.3 26.1 35.0 33.6 129.0
R3 34.1 26.2 33.3 30.7 124.1

a Distance averaged between the two symmetry-related dimers for
the structures with a tetramer in the asymmetric unit.
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structures, R, RR2, and R2 (∼5 Å), which is almost similar
in magnitude to the difference in the Fe-Fe distance of the
R3 structure, and the other liganded R, RR2, and R2
structures (∼6 Å).

The different heme-heme distances have resulted in
variation in the relative arrangement of the four hemes, which
change from very unsymmetrical in the T structure, to
symmetrical in the R structure, to slightly unsymmetrical in
RR2 and R2 structures, and to very unsymmetrical in the
R3 structure. This may be biologically significant as the T
structure with the most widenedâ-cleft binds 2,3-DPG, while
the R3 structure with the smallestâ-cleft may be completely
precluded from binding 2,3-DPG. On the other hand, R, RR2,
and perhaps R2 with a varying intermediateâ-cleft size may
bind 2,3-DPG, albeit more weakly, as suggested by this study
and others (34, 37, 38). In effect, the different liganded
structures may exhibit different affinities for oxygen, de-
pending on the size of theâ-cleft.

Central Water CaVity and Chloride Effect.Positively
charged residues in the central water cavity are believed to
partially account for the Bohr effect in Hb (40, 41), which
is attributed to specific preferential binding of chloride ions
to these charges (42, 43). Other studies, however, suggest
that chloride ions rather move freely to neutralize the excess
positive charges in the central water cavity (44-46). The
effect is greater in the T structure because of the larger central
water cavity, leading to greater stabilization of the T state
relative to the relaxed state. As already pointed out, the
â-cleft entrance to the central water cavity in the R3 structure
has become narrowed and completely blocked by hydrogen
bond interactions across the dyad axis, while the entrance at
theR-cleft is significantly reduced compared to those of the
other liganded structures. The smaller entrance to the water
cavity in the R3 structure should impede diffusion of chloride
ions into the cavity, and should translate to a higher oxygen
affinity in R3 state Hb compared to the other liganded Hbs.
R, RR2, and R2 state Hbs may also have varying oxygen
affinities due to the fact that the sizes of both theR- and
â-clefts are different in these Hbs. Interestingly, R3 has the
fewest water molecules observed in the central water cavity
among the liganded structures, even when compared to other
liganded Hb structures with a similar resolution of∼2.1 Å.

As noted above for the RR2 and R3 structures, the regions
encompassing theâ-subunit N-terminus, C helix-CD corner
region, E helix-EF corner-F helix-FG corner region, and
C-terminus, as well as theâ-heme of all the liganded
structures, are characterized by highB-factors, compared to
the averageB-factor of the protein or the analogousR-subunit
structures, with R3 showing the most flexibility. The
structural elements described above form an envelope around
theâ-heme, and also form part of theâ-cleft. Of interest is
the fact that in some of the liganded structures, even though
the above regions are involved in crystal packing, they are
still flexible. It could be that this flexibility may be
physiologically important, by playing a dynamic role in
closing and opening the central water cavity via theâ-cleft,
as well as modulating the size of the distalâ-heme pocket.

Proposed Allosteric Pathways. The crystallization experi-
ments clearly indicate that different liganded Hb structures
are in equilibrium with each other. Also, the structural
analysis undoubtedly points to R3 as an end state, while RR2
is an intermediate in the Rf R2 transition. Silva et al. (5)

and Smith et al. (6, 7) have previously suggested that a direct
T f R transition would be impossible due to a steric barrier
betweenâ2His97 andR1Thr41. To overcome this barrier,
the authors suggested that the T structure has to open up
first and cause a conformational change to the R2 structure,
which then rotates to assume the R conformation. However,
other studies rather suggest R2 is an end state (8-11). Most
notable is that of Srinivasan and Rose (10), who showed
through computational analysis that the Tf R2 f R
pathway suggested by Silva and Smith (5-7) is geometrically
impossible and further demonstrated that a direct Tf R
transition can occur without any steric barrier because of
R1 and â2 subunit motions that are in mutually opposite
directions. On the basis of our structural analysis as well as
other previous studies (8-11), we propose that both R2 and
R3 structures are two extreme relaxed end states. Second,
the R structure is acting as an intermediate in the Tf R3
transition, while the Tf R2 transition is mediated by both
R and RR2 structures. Finally, the Rf R3 transition most
probably occurs without the compound passing through either
the RR2 or R2 structure. The proposed allosteric pathways
between the different Hb states are depicted in Figure 6.

It is quite possible that there are other intermediate
structures between R and RR2 structures, as well as between
RR2 and R2 structures that are yet to be discovered for
normal human Hb. This is clearly suggested by the structures
of cross-linked COHbA (PDB entries 1HAB and 1HAC),
bovine COHb (PDB entries 1FSX, 1G08, and 1G09) that
are found to have intermediate conformations between the
R and RR2 structures. Likewise, Gower II COHb (PDB entry
1A9W) is also found to have intermediate structural con-
formation between RR2 and R2 structures (see Table 3). On
the other hand, it is unlikely for any other liganded structures

FIGURE 6: Schematic representation of the proposed allosteric
pathway between the different Hb states. This study, as well as
others (see the text), suggests the most probable pathway to be
that denoted by the red arrows, where both R2 (cyan) and R3 (black)
are liganded end state structures. The transition between T (blue)
and R2 is mediated by R (red) and RR2 (yellow), while the
transition between T and R3 is mediated by R. The Rf R3
transition is supported by the crystal structures of two other R3-
like structures (unreported data from our laboratory, denoted by 1)
that lie in the R to R3 pathway. The Rf R2 transition is supported
by the cross-linked COHbA (PDB entries 1HAB and 1HAC),
bovine COHb (PDB entries 1FSX, 1G08, and 1G09) with quater-
nary structures intermediate between those of R and RR2 (denoted
by 2) and Gower II COHb (1A9W) between RR2 and R2 (denoted
by 3).
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beyond R3 to exist, if it involves further shifting of theâ2
subunit (along thez-axis) toward the central water cavity
because of severe steric clashes between the two symmetry-
related H helix-HC segment residues that form theâ-cleft
(see Figures 2 and 3).

It seems that breaking of the hydrogen bond between
â2His97 andR1Thr38 in the R structure may be part of a
process that causes conformational changes at the R structure
R1â2 dimer interface, leading to formation of the T, RR2,
or R3 structure. This inference is substantiated by the R
COHbA (PDB entry 1LJW) structure that shows considerable
weakening of theâ2His97-R1Thr38 hydrogen bond, which
the authors attributed to an initiation of the allosteric
transition from the R state to the T state (34). This hydrogen
bond is still observed in the R3 structure (2.4 or 3.2 Å as
described above), but of particular interest is the fact that
two other refined R3 structures (unpublished results from
our laboratory) show significantly different bond contacts
betweenâ2His97 andR1Thr38 (3.8 and 4.4 Å). This is due
to the varying degree of the parallel shift of theâ2 subunit
relative to theR1 subunit, with the R3 structure reported
here showing the most shift from the R position. As a result,
we see a subtle but significant gradation of conformational
changes along the Rf R3 transition. For example, the
â1Fe-â2Fe distance varies from 30.6 Å (R3 structure
reported here) to 31.9 and 32.6 Å (in the two other R3
structures), and as expected, theâ-cleft is slightly looser in
those R3 structures with longerâ1-â2 iron-iron distances.
This observation is significant in suggesting that a direct R
f R3 transition is possible without the two subunits
necessarily rotating apart, but through mutual parallel subunit
rotation motions as suggested for the Tf R transition (10).

Although possible, but highly unlikely, a Tf R3 transition
mediated by all three R, RR2, and R2 structures cannot be
ruled out. That is, after disengagement ofâ2His97 and
R1Thr38 in the R structure, theâ2 subunit, instead of shifting
parallel to the R3 position, rather moves perpendicularly
away from theR1 subunit through the RR2 structure to the
R2 structure, which then rotates back to assume the R3
structure. Indeed, as Figure 2 shows, the transition from R
to R2 seems to take theâ2 subunit toward the R3 position.
Arguing against this pathway is the gradation of R3 structures
along the Rf R3 shift that suggests that the transition occurs
through mutual parallel subunit rotation motions. Moreover,
it seems that the R structure is geometrically closer to the
R3 structure than either the R2 or RR2 structure to the R3
structure.

Physiological ReleVance.For more than three decades, the
T and R structures provided the basis for explaining Hb
allosterism (through either the MWC or the KNF model),
and most of the functional properties associated with the
allosteric transition between the tense and relaxed states. The
discovery of the R2 structure (5-7) and quite recently RR2-
like structures (11-13, 17) has resulted in rethinking of the
earlier allosteric views to take into account these new
liganded Hb structures.

Safo et al. (39) recently showed that R2 crystals could be
formed from a deoxygenated HbA solution cocrystallized
with antisickling agents (aromatic aldehydes) using high-
salt conditions [3.2-3.6 M sulfate/phosphate precipitant (pH
6.5)]. Interestingly, this R2 complex structure (PDB entry
1QXD or 1QXE) is indistinguishable from the native R2

structure (PDB entry 1BBB) which was crystallized from
low-salt conditions (5). As noted by the authors, the R2
crystals appear to be formed as a result of the aldehydes
binding to fully or partially ligated Hb in the form of the R2
state, in equilibrium with the predominant T Hb that
eventually increased the R2 Hb fraction. The aldehydes bind
to theR-cleft, forming Schiff base adducts in a symmetrical
fashion with the N-terminalRVal1 nitrogens. Cocrystals of
R and R3 COHbA with the aldehydes show a significantly
low to nonexistent presence of the compounds, due to steric
crowding at the binding sites of both R (39) and R3 structures
(unpublished results from our laboratory). The RR2 structure,
with a bindingR-cleft significantly larger than that of the
R2 structure, may also bind the aldehydes. However, as
observed in T state Hb cocrystals (39), the bound effector
may be delocalized due to the large binding pocket. It seems
that the preferential binding of the aldehyde to the R2
structure, among the other liganded structures, led to the
increased fraction of the R2 form. The presence of multiple
liganded Hb states is also consistent with a laser photolysis
study by Sawicki and Gibson (47) with COHb that shows
distinct conformations of liganded Hb, and at a pH below
8.0, these liganded conformations appear to be a function
of pH. Moreover, a recent NMR study at near-physiological
conditions of pH, ionic strength, and temperature showed
that liganded Hb exists as a mixture of R, R2, and a structure
intermediate between R and R2 in solution (48). Most likely,
this intermediate structure is similar to the RR2 structure
reported here.

One current view of the Hb allosteric mechanism assumes
that R2 is the physiological relaxed end state based partly
on the fact that it was crystallized under low-salt conditions
that mimic the in vivo environment (10, 11), and that R is a
modified or an intermediate state trapped between the T and
R2 states by the high-salt conditions. This view is supported
by Gower II COHb (12) and bovine COHb structures (13),
all crystallized from low-salt conditions to give RR2- or R2-
like structures. However, this study, as well as others (14,
39), shows that both RR2 and R2 liganded Hbs can be
crystallized using high-salt conditions. In a recent crystal-
lization study of human methemoglobin (17) using low-salt
and pH conditions that have been used to grow R2 and R
crystals, respectively, the ensuing crystal structure showed
three independent liganded Hb molecules in the asymmetric
unit. Interestingly, the three molecules have quaternary
structures that lie between those of the R and R2 structures,
with varying degrees of closeness to these two structures. It
seems that different relaxed Hb states may coexist in
equilibrium either in high-salt conditions or in physiologically
low-salt conditions. The cooperative free energy, which is
the difference in energy of dimer-to-tetramer association of
T Hb (-14.3 kcal/mol) and liganded Hb (-8.0 kcal/mol), is
mostly due to the differences and strength of theR1â2
interdimer contacts (49). The similarities in theR1â2
interdimer contacts in the liganded structures suggest that
the cooperative free energy of the four liganded Hbs may
be very similar. Thus, the energy involved in changing one
liganded form to another may be very small (13), and the
fraction and consequent crystallization of any one form may
depend on subtle differences in the crystallization conditions,
which are currently not properly understood. We should
therefore be cautious in attributing a particular crystal
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structure to a physiological state because it crystallizes at a
certain condition. Under physiological conditions in the body,
liganded Hb may undergo structural and functional changes
in response to subtle changes in the ionic strength, the
concentration of protons, and the presence of other protein
ligands and/or allosteric effectors.

The discovery of the R3 structure further complicates the
liganded structure concept, and whether this novel structure,
and indeed such a state, is relevant in Hb allostery would
have to be considered in the context of the unusually
“superrelaxed” structural properties of R3 that suggest that
the transition from the T state to the relaxed state may give
rise to liganded Hbs with varying Hb oxygen affinities. In
various solution and crystallographic studies by Bucci et al.
(50, 51), the authors showed that Hb behaved like a multistate
system, where each step of oxygenation has its own distinct
conformation, with varying oxygen affinities. Other studies,
using cryoelectrophoresis (52) and Raman spectroscopy (53),
also strongly support the concept described above. Perhaps
these distinct Hb structures model R, RR2, R2, R3, and other
undiscovered liganded states, consistent with our analysis
that suggests that the different liganded structures may exhibit
different affinities for oxygen. The presence of multiple
relaxed conformations is not unique to Hb. For example,
aspartate transcarbamoylase, which is also an allosteric
enzyme, is found to exist in multiple structural conformations
in the relaxed state (54). Another example is the multisubunit
immunoglobulin light chain protein, for which the structure
has been determined in three different quaternary conforma-
tions (55).

While the RR2 structure easily fits into the current
allosteric mechanism, the R3 structure, on the other hand,
may further complicate the Hb allostery concept. We
recognize that there are many unanswered questions, such
as the implication of more than one relaxed end state and
the physiological relevancy of the R3 structure, but we hope
that this article would generate further debate on Hb allostery,
which has become controversial with the discovery of the
R2 structure.
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