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Abstract

The fundamental pathophysiology of sickle cell disease is predicated by the polymerization of 

deoxygenated (T-state) sickle hemoglobin (Hb S) into fibers that distort red blood cells into the 

characteristic sickle shape. The crystal structure of deoxygenated Hb S (DeoxyHb S) and other 

studies suggest that the polymer is initiated by a primary interaction between the mutation βVal6 

from one Hb S molecule, and a hydrophobic acceptor pocket formed by the residues βAla70, 

βPhe85 and βLeu88 of an adjacent located Hb S molecule. On the contrary, oxygenated or 

liganded Hb S does not polymerize or incorporate in the polymer. In this paper we present the 

crystal structure of carbonmonoxy-ligated sickle Hb (COHb S) in the quaternary classical R-state 

at 1.76 Å. The overall structure and the pathological donor and acceptor environments of COHb S 

are similar to those of the isomorphous CO-ligated R-state normal Hb (COHb A), but differ 

significantly from DeoxyHb S as expected. More importantly, the packing of COHb S molecules 

does not show the typical pathological interaction between βVal6 and the βAla70, βPhe85 and 

βLeu88 hydrophobic acceptor pocket observed in DeoxyHb S crystal. The structural analysis of 

COHb S, COHb A and DeoxyHb S provides atomic level insight into why liganded hemoglobin 

does not form a polymer.
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1. Introduction

Sickle cell disease occurs as a result of a single point mutation of βGlu6 in normal 

hemoglobin (Hb A) to βVal6 in sickle hemoglobin (Hb S) (Pauling & Itano, 1949; Ingram, 

1959). When Hb S is in its deoxygenated T-state form, it assembles into long, rigid, 

insoluble fibers that lead to sickling of red blood cells (RBCs) and several cascading adverse 

events, including, but not limited to oxidative stress, hemolysis of RBCs, inflammation, 

vaso-occlusion and impaired microvascular blood flow, painful crises, chronic organ 

damage, morbidity and mortality (Habara & Steinberg, 2016; Kim, 2014; Akinsheye & 

Klings, 2010; De Franceschi, 2009; Turhan et al, 2002;). The crystal structure of 

deoxygenated Hb S (DeoxyHb S) has been elucidated (Harrington et al, 1997), and in 

conjunction with other biochemical studies show the fundamental structure of deoxygenated 

Hb S fiber as double strand fibrils of Hb S (sometimes referred to as Wishner-Love double 

strand) arranged into a 14-filament strand fiber (Fig. 1A) (Eaton & Hofrichter, 1990; 

Carragher et al, 1988; Lewis et al, 1994; Nagel et al, 1980; Benesch et al, 1982; Bluemke et 
al, 1987). Individual fibrils are stabilized by numerous intra-strand (axial) and inter-strand 

(lateral) contacts (Harrington et al, 1997; Cretegny & Edelstein, 1993; Watowich et al, 1993; 

Edelstein, 1981), including the primary interaction between the pathological β2Val6 from 

one Hb S molecule and a hydrophobic acceptor pocket in the region of β1Ala70, β1Phe85 

and β1Leu88 (hereafter the βPhe85 pocket) of a laterally-located heterotetramer (Fig. 1). 

This hydrophobic contact initiates the polymerization process, and is augmented by an 

adjacent hydrogen-bond interaction between β2Thr4 and β1Asp73 (Fig. 1B).

Oxygenated Hb S, unlike DeoxyHb S, does not form a polymer. Additionally, polymeric 

DeoxyHb S excludes sickle hemoglobins that form quaternary R-state from the polymer 

following oxygen binding (Nagel et al, 1980; Nagel et al, 1979; Bookchin et al, 1975; Bunn 

& Forget, 1986; Goldberg et al, 1977; Benesch et al, 1980). Liganded Hb exists as multi 

relaxed states, including the classical R, R2, R3, etc., each with a distinct quaternary 

conformation (Safo & Abraham, 2005; Jenkins et al, 2009; Lukin et al, 2003, Gong et al, 
2006) . Detailed analyses of the different quaternary relaxed Hb states have been recently 

reviewed extensively (Safo et al, 2011; Jenkins et al, 2009). While the structure of liganded 

sickle Hb (Hb S) in the R2 state conformation (Patskovska et al, 2005) or liganded normal 

Hb (Hb A) in the classical R-state conformation (Perutz et al, 1968) have been elucidated 

that of Hb S in the classical R-state--to the best of our knowledge--has not been reported. 

The current study reports liganded Hb S structure in the classical R-state conformation, and 

compares it with the known structures of liganded Hb S in the R2-state, liganded Hb A in 

the R-state, anddeoxygenated T-state Hb S.
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2. Materials and methods

2.1. Source of Hb for studies

Normal Hb was purified (Safo & Abraham, 2003) from de-identified and discarded normal 

RBCs obtained from the American Red Cross Mid-Atlantic Blood Services Region. Sickle 

Hb was purified (Safo & Abraham, 2003) from de-identified and discarded sickle RBCs 

from patients who visited the Virginia Commonwealth University (VCU) Hospital for 

apheresis. The use of these samples does not require IRB.

2.2. Crystallization, data collection and structure determination of COHb S

Sickle Hb (40 mg/mL) was deoxygenated with a few pellets of sodium dithionite, followed 

by saturation with CO to generate the CO-bound Hb S form, which was then crystallized 

with 3.0-3.4 M phosphate buffer, pH 6.4, and one drop of toluene (Safo & Abraham, 2003; 

Safo & Abraham, 2005). The crystal was washed with mother liquor containing 15% 

glycerol, then flash cooled prior to diffraction data collection at 100 K with a Rigaku IV ++ 

image plate detector (CuKα X-rays; λ = 1.54 Å), and a MicroMax-007 source fitted with 

Varimax Confocal optics (Rigaku, The Woodlands, TX). The dataset was processed with the 

d*trek software (Rigaku) and the CCP4 suite of programs (Winn et al, 2011). The 

isomorphous native human CO-bound hemoglobin (COHb A) structure (PDB code 1LJW; 

α1β1 dimer) (Safo et al, 2002) was used as the starting model to refine the structure, using 

both Phenix and CNS refinement programs (Adams et al, 2010; Brunger et al, 1998). Prior 

to the refinement, βGlu6 in 1LJW was mutated to alanine. Model building and correction 

were carried out using COOT (Emsley & Cowtan, 2004). A round of refinement expectedly 

identified the sixth residue of the β-chain as valine and was included in the refinement. Also, 

included in the final model are two molecules of toluene, a molecule of phosphate ions, and 

442 water molecules. The structure refined to a final Rfactor/Rfree of 19.3/24.3%. The 

atomic coordinate and structure factor files have been deposited in the RCSB Protein Data 

Bank with accession codes 5E6E. Detailed crystallographic and structural analysis 

parameters are reported in Table 1.

2.3. Dynamic light scattering studies

Dynamic light scattering (DLS) studies were conducted to determine the aggregation state of 

COHb S, COHb A, DeoxyHb A and DeoxyHb S in 0.01M ammonium phosphate buffer, 

pH7.0 at 25°C using Malvern, Zetasizer Nano-S DLS instrument (Chen et al, 2004). 4 molar 

excess of sodium dithionite were added to 150 μM of Hb A and Hb S to make DeoxyHb A 

and Deoxy Hb S, respectively. Aliquots of the DeoxyHb A and DeoxyHb S solutions were 

saturated with CO gas to obtain COHb A and COHb S, respectively. 500 μL of each sample 

was taken in a disposable polystyrene visible cuvette and used for the DLS experiment 

(Chen et al, 2004). The final reported data are average of 4 measurements as reported in 

Table 2.

3. Results and Discussion

We have determined the crystal structure of carbonmonoxy Hb S (COHb S) at 1.76 Å 

resolution, which, the first such reported liganded classical R-state Hb S structure. The 

Ghatge et al. Page 3

J Struct Biol. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



crystal structures of normal Hb (COHb A; PDB code 1LJW) in the R-state (Safo et al, 2002) 

and sickle Hb (COHb S; PDB code 1NEJ) in the R2-state (Patskovska et al, 2005) have been 

reported. Crystals of COHb S and R-state COHb A are isomorphous with space group 

P41212 and typical cell parameters of 53, 53 and 192 Å. Initial and final electron density 

maps of COHb S suggested valine at the 6th position of the β-chain (Fig. 2). The final 

structure contains a dimer (α1β1) in the asymmetric unit, comprising 141 residues in the α-

subunit, 146 residues in the β-subunit, 2 heme groups, 2 CO-ligated heme ligands, 2 toluene 

molecules, a phosphate molecule, and 442 water molecules. Toluene, which is routinely used 

to aid in the crystallization of liganded Hb was observed bound in two positions at the 

hydrophobic pocket formed by αTrp14, αVal17, αTyr24, αLue105, αLeu109, αLeu125, 

αPhe128, αVal10, αVal70 and αLeu66. Similar toluene binding has been reported in COHb 

A structure (Safo & Abraham, 2005). The phosphate also binds to the surface of the protein 

at a cavity formed by αHis20, αTyr24, αHis112, and βLys120. The two R-state structures, 

COHb S and COHb A are indistinguishable with root mean square deviation (rmsd) of~ 0.2 

Å using the dimers (α1β1) or tetramers (α1β1α2β2) for comparison (Table 3). Likewise, the 

heme environment, the α1β2 dimer interface, and the A helix where the mutation βVal6 

occurs in Hb S are very similar. The dimeric structures of R-state COHb S and R2-state 

COHb S are also similar (~0.6 Å), but differ in their tetrameric structures (rmsd of ~1.6 Å), 

which is the result of a rotation of the α1β1 dimer relative to the α2β2 dimer by ~11° during 

the R↔R2 transition (Table 3). Similar quaternary structural differences are also observed 

between R-state COHb A and R2-state COHb A structures (Safo & Abraham, 2005). 

Despite the quaternary structure differences, the heme environment is similar in the liganded 

structures.

The dimeric structures of the R-state COHb S and T-state DeoxyHb S (PDB code 2HBS) 

(Harrington et al, 1997) when superposed gives rmsd of ~0.8 Å, while the tetramers, as 

expected differ significantly with rmsd of ~2.4 Å. Similar structural differences are also 

observed between R-state COHb A and DeoxyHb A (PDB accession 2DN2) (Park et al., 

2006) or between R-state COHb A and DeoxyHb S (Table 3) (Safo & Abraham, 2005). The 

large quaternary structural differences between the T and R structures is due to rotation of 

the α1β1 dimer relative to the α2β2 dimer by ~14° during the T↔R transition (Table 3) 

(Safo et al, 2011; Jenkins et al, 2009; Baldwin & Chothia, 1979). It is notable that the 

T↔R2 transition, either sickle or normal Hb, also results in ~22° rotation between the two 

non-superposed dimers (Table 3) (Jenkins et al, 2009; Safo & Abraham, 2005; Silva et al, 
1992).

The building block of the Wishner-Love double strand could be described as two axially- 

and one laterally-located heterotetramers (Fig. 1A; Molecules 1-3). The laterally-located 

molecules (with the pathologic interaction between β2Val6 and β1Phe85 pocket) are related 

by a 2-fold screw axis. Interestingly, like the DeoxyHb S crystal, the crystal lattice of COHb 

S in the R-state shows packing of Hb tetramers in double layers, with the laterally-located 

molecules also related by a 2-fold screw axis (Fig. 3A). However, there are significant 

differences between the two crystal packings, notwithstanding the fact that even though the 

mutated residue βVal6 is located at the interface of two laterally-located Hb molecules in 

COHb S, it does not make any interaction with the βPhe85 pocket. In fact, βVal6 in COHb S 

is not involved in any crystal contact. The relative stabilities of DeoxyHb S and COHb S 
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crystal packings, quantified by calculating the buried solvent accessible surface area for the 

three consecutive molecules that form the two lateral contacts and one axial contact 

(Molecules 1-3, Figs. 1A and 3A) are different. While the buried surface for the axial 

contact (between molecules 2 and 3) is similar in COHb S (768 Å2) and DeoxyHb S (748 

Å2), the total buried surface for the two lateral contacts (between molecules 1 and 2, and 

between molecules 1 and 3) in COHb S (889 Å2) pales in comparison to that of DeoxyHb S 

(3292 Å2). Note that the primary contact between β2Val6 and the β1Phe85 pocket in 

DeoxyHb S, augmented by the hydrogen-bond interaction between β2Thr4 and β1Asp73 is a 

major contributor to the large buried surface at the lateral interface (Fig. 1B). Like R-state 

COHb S, the mutated β2Val6 in R2-state COHb S is not involved in any crystal interaction 

in the lattice packing (Patskovska et al., 2005). It is obvious from the large buried surface 

why DeoxyHb S molecules aggregate into a double strand in solution to form a fiber. In 

contrast, it appears that the crystal packing in COHb S (either in the R or R2 quaternary 

form) is only tenuous and non-specific; making clear that ligated Hb S cannot form a fiber 

like DeoxyHb S. Consistently, dynamic light scattering experiment showed DeoxyHb S, 

even at low protein concentration of 150 μM and phosphate buffer (0.01M) to aggregate 

while COHb S, COHb A or DeoxyHb A showed no aggregation (Table 2). Similar results 

have been reported by Cheng et al. (2004) who also showed DeoxyHb S to aggregate at very 

low phosphate buffer concentration (0.05 M) while Hb S or Hb A did not, although at high 

phosphate buffer concentration (>1.5 M) all the Hbs aggregated. It is important to note that 

while individual double-stranded fibrils are initiated and stabilized by the primary 

interaction between β2Val6 and β1Phe85, several secondary interactions between the 

molecules in the strands are also of critical importance to the Hb S polymer stability 

(Harrington et al, 1997; Cretegny & Edelstein, 1993; Watowich et al, 1993; Edelstein, 1981). 

This is evidenced by the large number of naturally occurring mutations that reduce polymer 

formation and disease severity by attenuating these polymer-stabilizing contacts. (Nagel et 
al, 1980; Bunn & Forget, 1986; Benesch et al, 1982; Benesch et al, 1976; Rhoda et al, 1983).

The intriguing question is why does βVal6 in COHb S not make a hydrophobic interaction 

with the β1Phe85 pocket that is at least required to initiate polymer formation? We 

compared the donor and acceptor regions of DeoxyHb S with those of R-state COHb S. The 

β2-subunit A helix (residues 4-12), with the pathological β2Val6 and β2Thr4 exhibits a 

displacement of 1.5 Å, almost twice the rmsd value of 0.8 Å calculated for all the β2-subunit 

residues (residues 3-138) (Fig. 3B). The positions of the three β1-subunit residues β1Ala70, 

β1Phe85, and β1Leu88 that make up the hydrophobic acceptor pocket, as well as β1Asp73 

that makes hydrogen-bond interaction with β2Thr4 also show an average displacement of 1.0 

Å compared to the rmsd value of 0.7 Å for all the β1-subunit residues (Fig. 3C). These 

differential positions of the donor and acceptor residues, especially the former could result in 

inefficient alignment between β2Val6 and the β2Phe85 pocket, and may in part explain why 

the interaction between β2Val6 and the β2Phe85 pocket and consequently the Wishner-Love 

double strand packing does not occur in liganded Hb S. Likewise, significant positional shift 

of β2Thr4 (1.6 Å) suggests that the hydrogen-bond interaction between β2Thr4 and β1Asp73 

is likely to be abrogated or weakened. The positional importance of these two residues is 

consistent with studies that show the natural substitutions βAsp73→Asn as in Hb Korle Bu 

or βAsp73→Val as in Hb Mobile increases the solubility of DeoxyHb S mixtures by 
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eliminating the critical β2Thr4-β1Asp73 hydrogen-bond interaction (Adachi et al, 1987; 

Bookchin et al, 1970; Converse et al, 1985). It is also important to point out that because the 

T↔R transition results in 14° rotation of the α1β1 dimer relative to the α2β2 dimer, several 

polymer secondary contacts that are known to stabilize the polymer in DeoxyHb S cannot 

occur in COHb S, and may also account for the inability of COHb S to form the Wishner-

Love strand. Similar argument can also be made between COHb S in the R2 quaternary state 

and DeoxyHb S, where the T↔R2 transition involves ~22° and the position of β2Val6 in the 

two structures differ by ~1.8 Å.

Conclusion

We have determined the crystal structure of COHb S in the quaternary R-state form. Despite 

the pathologic βVal6 mutation, the structure is indistinguishable from liganded normal 

human Hb structure, even at the A helix where the mutation occurs in Hb S. Structural 

analysis of COHb S and DeoxyHb S provides atomic level insight into why liganded 

hemoglobin does not form a polymer.
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Fig. 1. Structure of DeoxyHb S (PDB code 2HBS)
(A) Ribbon figure of the crystal packing of deoxyHb S. (B) The pathological β2Val6 in one 

strand (blue) interacts with a hydrophobic pocket formed by β1Ala70, β1Phe85, and 

β1Leu88 from the β1 subunit of a heterotetramer positioned in the adjacent polymeric strand 

(green). This interaction is stabilized by a hydrogen-bond contact between β2Thr4 and 

β1Asp73.
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Fig. 2. Crystal structure of COHb S
(A) Stereo-view of the initial electron density (2Fo-Fc) map with alanine at the 6th position 

of the β-subunit during the refinement, contoured at 1.0σ. (B) Stereo-view of the final 2Fo-

Fc map with valine at the 6th position of the β-subunit during the refinement, contoured at 

1.0σ. The two maps are superimposed with the final refined model.
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Fig. 3. Structure analysis of COHb S and DeoxyHb S
(A) Ribbon figure of the crystal packing of COHb S. (B) The β-subunit A helix (with βVal6 

and βThr4) of COHb S (yellow) and DeoxyHb S (blue) after superposing the β2-subunits 

(3-138 residues) of the two structures. (C) The hydrophobic acceptor pocket formed by 

βAla70, βPhe85, and βLeu88 of COHb S (yellow) and DeoxyHb S (blue) after superposing 

the β1-subunits (3-138 residues) of the two structures.
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Table 1

Data collection and refinement statistics of COHb S. Numbers in parentheses are for the highest resolution 

shell.

Data Collection

 Space group P41212

 Unit-cell a, b, c (Å) 53.35, 53.35, 191.07

 Resolution (Å) 53.35-1.76 (1.82-1.76)

 Unique reflections 27374 (2014)

 Redundancy 4.76 (1.81)

 Completeness (%) 95.9 (72.9)

 Average I/σ(I) 14.7 (3.9)

 Rmerge (%)
a 6.2 (17.5)

Refinement
b

 Resolution (Å) 29.61-1.76 (1.82-1.76)

 No. of reflections 27308 (2013)

 Rwork (%) 19.3 (29.8)

 Rfree (%) 24.3 (35.2)

 R.m.s.d. bonds (Å) 0.011

 R.m.s.d. angles (°) 1.9

 Dihedral angles

  Most favored (%) 96.1

  Allowed (%) 3.9

 Average B (Å2) / atoms

  All atoms 27.7

  Protein 25.4

  Hemes 22.6

    CO 16.5

  Toluene 40.2

  Phosphate 48.9

  Water 39.2

PDB ID code

a
Rmerge = ΣhklΣi|Ii(hkl) – <I(hkl)>|/ΣhklΣiIi(hkl).

b
Rfree was calculated from 5% randomly selected reflection for cross-validation. All other measured reflections were used during refinement.
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Table 2

Average effective diameter of Hb A and Hb S

Hb solution D (nm)

COHb A 6.9 ±1.4

COHb S 7.4 ± 0.17

DeoxyHb A 6.9 ± 1.5

DeoxyHb S 20.0 ± 0.95
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Table 3

Structural differences between T, R and R2 states of COHb A and COHb S. The least-squares calculations 

involved only Cα atoms.

Transition Rmsd(Å) Screw-
rotation
angle(°)α1 α2 β1 β2 α1β1 α2β2 α1β1α2β2

COHb S(R)-COHb A(R) 0.17 0.17 0.19 0.19 0.21 0.21 0.24 0.9

COHb S(R)-COHb S(R2) 0.69 0.69 0.45 0.43 0.61 0.61 1.61 11.2

COHb A(R)-COHb S(R2) 0.63 0.64 0.42 0.42 0.55 0.56 1.64 12.1

COHb S(R)-DxHb S(T) 0.48 0.48 0.75 0.89 0.81 0.75 2.37 14.2

COHb A(R)-DxHb S(T) 0.48 0.49 0.79 0.91 0.91 0.81 2.37 13.9

COHb S(R2)-DxHb S(T) 0.70 0.72 0.82 1.01 1.02 1.01 2.59 21.6
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