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Cooperative oxygen binding by vertebrate tetrameric hemoglobins (Hbs) 

has been extensively studied and is relatively well understood. Nonetheless, Hill 

coefficients greater than four have been reported for adult avian, amphibian, and 

reptilian red blood cells. Such reports also exist for embryonic red cells from 

various animals. These results are controversial and not yet convincingly 

established. Oxygen binding studies on avian Hb D (αD
2β2), which is known to 

undergo deoxygenation-dependent self-association, were carried out to answer 

this question. The goal was to determine unequivocally whether Hill coefficients 

greater than four occur. Such high Hill coefficients were observed but only at very 

high Hb D concentrations. Moreover, the early model of avian deoxy Hb D self-

association was found to be incomplete. The model has now been expanded to 

describe better the observed sedimentation data at high Hb concentrations. The 

possibility that embryonic deoxy Hbs self-associate was also assessed by 

sedimentation studies of deoxygenated Hb solutions from a marsupial, the 
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tammar wallaby. The results obtained show unambiguously that these embryonic 

Hbs self-associate upon deoxygenation. Recent phylogenetic analyses suggest 

that the avian αD-globin originated from embryonic α-globins. This finding 

suggests that the propensity to self-associate upon deoxygenation is an intrinsic 

property of tetrameric Hbs with embryonic α-globins. Furthermore the residues 

mediating the inter-tetramer interactions in adult avian deoxy Hb D and 

embryonic deoxy Hbs are likely to be the same. Recombinant globins were 

expressed in bacteria and protocols for the assembly of avian recombinant 

tetrameric Hb D developed. Initial measurements by sedimentation were carried 

out to verify the role of a conserved glutamate residue previously speculated to 

be involved in inter-tetramer interactions. The present studies provide a 

framework for future investigations of deoxygenation-dependent Hb self-

association. In particular the need to carry out oxygen equilibrium measurements 

at high Hb concentrations as well as sedimentation studies of the deoxygenated 

Hb solutions is stressed. 
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Chapter 1: Introduction 

1.1 Globins 

Globins are an ancient protein superfamily found in all three (Archaea, 

Bacteria, and Eukarya) domains of life  (Riggs, 1991; Hardison, 1996; Freitas et 

al., 2004; Vinogradov et al., 2005; Vinogradov and Moens, 2008: Wajcman et al., 

2009). They usually have five to eight helices (A-H) with an invariant proximal 

histidine residue that co-ordinates the iron atom of the prosthetic heme moiety. 

While the traditional view of globins concerned mainly oxygen storage and 

transport, it is now evident that they perform diverse functions such as 

scavenging and sequestering of reactive species, enzymatic catalysis, 

oxygen/oxidative stress sensing, and sulfide binding and transport (Weber and 

Vinogradov, 2001; Wakasugi et al., 2003; Vinogradov et al., 2005; Vinogradov 

and Moens, 2008,). However, functions of some globins, such as the non-

symbiotic hemoglobins from plants as well as the recently discovered 

neuroglobin and cytoglobin are still not completely understood (Pesce et al., 

2002; Garrocho-Villegas et al., 2007; Hoy and Hargrove, 2008; Burmester and 

Hankeln, 2009).  

Along with their functions, globins also come in various sizes and 

quaternary structures. The conventional primary structure of a globin is 

considered to consist of ~ 150 amino acid residues although the truncated 

globins usually have ~ 110-130 residues (Nardini et al., 2007). The globin-

domain of chimeric globin-coupled sensors require ~ 176-195 residues to bind 

the heme effectively (Hou et al., 2001; Zhang and Phillips, 2003). Hb from a 

nemertean worm, Cerebratulus lacteus, is only 109 residues long and is called a 
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mini-Hb (Vandergon et al., 1998; Pesce et al., 2002). Nonetheless the overall 

architecture of the protein fold is recognizable in all globins where the heme is 

sandwiched between the alpha helices.  

In solution, the globins display various quaternary structures. They can be 

monomeric such as human myoglobin and neuroglobin, dimeric as in rice non-

symbiotic Hb1 and Scapharca Hb I, or tetrameric as vertebrate Hb and 

Scapharca Hb II (Royer et al., 2001). Larger complexes of globins are also 

known such as the C1 and V2 Hbs of ~ 400 kDa from the vestimentiferan 

tubeworm Riftia pachyptila (Flores et al., 2005). Alternatively, globins can 

combine with non-globin polypeptides to form large complexes; the hexagonal 

bilayer Hb of 3.6 MDa from the earthworm (Lumbricus terrestris) has 144 globin-

chains and 36 non-globin linker polypeptides (Royer et al., 2006).  

 

1.2 Vertebrate Hemoglobin  

Tetrameric Hbs are the major oxygen-transport proteins in vertebrates. 

The Hb heterotetramer is made up of two α- and two β-globins of usually 141 and 

146 amino acid residues, respectively. Each globin subunit binds one heme. The 

α-globin has seven and the β-globin eight helices with non-helical regions 

between them designated as AB, BC, and so on. The non-helical regions that 

precede the A-helix and follow the H-helix are indicated as NA and HC 

respectively. The key proximal histidine residue of the α-globin is His87 (F8, i.e. 

the eighth residue of the F-helix) and the distal histidine that hydrogen bonds the 

ligated oxygen molecule is His 58 (E7, i.e. the seventh residue of the E-helix). 

The corresponding residues for the β-globin are His92 and His63, respectively. 

The α- and β-subunits of the Hb are arranged tetrahedrally with a two-fold 
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symmetry and the Hb molecule (α2β2) has a molecular weight of ~ 65,000. Hb 

reacts with oxygen cooperatively. Thus the binding of one oxygen molecule to Hb 

tetramer increases the affinity of the Hb for the subsequent oxygen molecule 

resulting in a sigmoidal curve for the fractional saturation versus oxygen pressure 

data. The sigmoidal nature of oxygen binding by Hb is physiologically relevant as 

it allows effective unloading of oxygen by Hb to the tissues over a narrow partial 

oxygen pressure difference (~ 60-70 mm Hg between human lungs and tissues). 

The cooperativity of oxygen binding is measured by the Hill coefficient (n) which 

for a tetrameric Hb is ~ 3 or lower. In addition, oxygen affinity and cooperativity of 

Hb is also affected by a number of allosteric effectors that include protons, 

chloride, carbon dioxide, and organic phosphates.  

Muirhead and Perutz (1963) determined the different structural 

conformations of unligated and ligated Hbs. Soon thereafter Monod et al., (1965) 

proposed a two-state model for cooperative oxygen binding. However, the 

mechanism for cooperative oxygen binding is still disputed almost five decades 

later (Ackers, 1998; Eaton et al., 1999; Henry et al., 2002; Eaton et al., 2007; 

Yonetani and Laberge, 2008). Nonetheless, the major thrust of the 

stereochemical mechanism proposed by Perutz is now generally accepted 

(Perutz, 1970; Perutz et al., 1998). In this mechanism, the binding of an oxygen 

molecule to the iron and its concomitant movement into the heme plane due to 

spin-state change (high spin to low spin) leads to a shift of the F-helix. This 

conformational change induced by oxygen binding leads to breakage of salt-

bridges transmitted across the two-fold symmetry of the Hb to the neighbouring 

αβ-dimer. The breakage of salt-bridges also leads to the release of protons and 

therefore gives a structural mechanism for the Bohr effect. Thus the binding of 
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oxygen and the resulting tertiary changes in the α- or β-subunits destabilize the 

deoxy Hb quaternary structure and lead to a switch to the oxy Hb quaternary 

form.  

 

1.3 Deoxy Hb self-association  

Monomeric Hbs from primitive vertebrates (cyclostomes) such as 

lampreys and hagfish are known to self-associate upon deoxygenation (Briehl, 

1963; Bannai et al., 1972; Fago et al., 2001). This gives rise to Hill coefficients of 

oxygen binding greater than one, as expected for monomeric hemoglobins, and 

also introduces a Bohr effect (Wald and Riggs, 1951; Briehl, 1963). Such ligand-

dependent self-association has also been observed in hemoglobin from the 

diving beetle Anisops assimilis (Wells et al., 1981), mini-hemoglobin from the 

nemertean worm Cerebratulus lacteus (Vandergon et al., 1998), and the 

tetrameric Hb II of molluscs Scapharca inequivalis and Anadara broughtonii 

(Chiancone et al., 1981; Furuta et al., 1981). Analogous ligand-linked interactions 

between tetrameric Hbs of vertebrates are also known. The best studied of these 

is the polymerization of Hb S (GluVal (β6)) upon deoxygenation. Oxygen 

binding by Hb S shows very high Hill coefficients with maximal Hill coefficients of 

~ 22 for a 40% Hb solution (Gill et al., 1978; Gill et al., 1979). Because the 

presence of only four heme moieties per Hb tetramer imposes a limit of four on 

the Hill coefficient, a value exceeding four necessarily implies interaction 

between Hb tetramers. Hb Olympia (ValMet (β20)) also undergoes 

deoxygenation-dependent self-association although the maximal Hill coefficient 

at 50 µM, the highest Hb concentration studied, was only ~ 3.0 (Edelstein et al., 

1986).  
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High Hill coefficients have also been reported for oxygen binding by blood 

from adult birds (Lutz et al., 1974; Hirsowitz et al., 1977; Lutz, 1980; Lapennas 

and Reeves, 1983a; Isaacks et al., 1986; Johansen et al., 1987), frogs (Lykkeboe 

and Johansen, 1978), and snakes (MacMahon and Hamer, 1975). Similar reports 

also exist for embryonic red cells from chicken (Lapennas and Reeves, 1983b, 

Baumann et al., 1982; Bauman and Meuer, 1992), marsupials Macropus eugenii 

and Sminthopsis crassicaudata (Holland et al., 1988; Tibben et al., 1991; Calvert 

et al., 1993; Holland et al., 1994), and even rabbits (Holland and Calvert, 1995). 

However, similar studies of human (Huehns and Faroqui, 1975), mouse (Wells 

and Brittain, 1981), and rat (Gilman, 1980) embryonic red cells make no mention 

of such high Hill coefficients. Such high Hill coefficients may arise from an 

underestimation of the partial oxygen pressure necessary for 100% saturation 

(Vorger, 1987; Vorger, 1994; Riggs, 1998). This would be particularly 

troublesome at high temperatures and low pH where the oxygen affinity of the 

Hbs is low. 

Moreover, studies of isolated Hbs or the hemolysates from a variety of 

birds do not show Hill coefficients exceeding four (Huisman et al., 1964; 

Vandecasserie et al., 1973; Isaacks et al., 1977a; Tamburrini et al., 2000). 

Admittedly most of these experiments were carried out at relatively low Hb 

concentrations of ~ 15 µM (1 mg/ml) to ~ 150 µM (10 mg/ml) which is 

substantially lower than the ~ 200-300 mg/ml found in adult red blood cells. An 

exception to these is the report by Knapp et al., on chicken Hbs (Knapp et al., 

1999) where they found Hill coefficients exceeding four upon reanalysis of older 

data (Isaacks et al., 1976) although the original authors did not observe or report 
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this. The low Hb concentration in these experiments of 26 µM Hb (~ 1.7 mg/ml) 

leads one to doubt the high Hill coefficients obtained in the reanalysis.  

Oxygen binding studies of embryonic Hbs parallel those for adult birdsʼ 

Hbs. Isolated embryonic Hbs from chickens (Cirotto and Geraci, 1975; Baumann 

et al., 1982), mouse (Bauer et al., 1975; Purdie et al., 1983), rabbits (Jelkman 

and Bauer, 1978), and pigs (Weber et al., 1987) do not show Hill coefficients 

exceeding four. Most of these experiments were conducted at Hb concentrations 

of 1 to 20 mg/ml. Baumann et al., however reported that the hemolysate at ~ 180 

mg/ml showed high Hill coefficients which was not observed in the fractionated 

embryonic Hbs at similar concentrations. They attributed this to metHb formation, 

which decreases the cooperativity (Darling and Roughton, 1942; Enoki et al., 

1969) or some yet unknown allosteric effector (Baumann et al., 1982). 

Recombinant or transgenically produced human embryonic Hbs also do not show 

high Hill coefficients (Hofmann et al., 1995; Brittain et al., 1997; He and Russell, 

2001). More pertinently, the Hill coefficient does not depend on the Hb 

concentrations between 5 µM and 150 µM (Hofmann et al., 1995) as would be 

expected for self-associating Hbs (Riggs, 1998).  

Nonetheless, in a recent study on the embryonic red cells of a brush-tailed 

possum (Trichosurus vulpecula), where adequate precautions were taken to 

determine the 100% oxygen saturation with necessary extrapolations, maximal 

Hill coefficients of 5.4 were observed (Henty et al., 2008). Consistent with 

previous observations on embryonic red cells from the marsupial Macropus 

eugenii (Holland et al., 1988), high Hill coefficients observed for embryonic red 

cells of the brushtailed possum disappear upon lysis (Henty et al., 2008). 

Furthermore, interactions between deoxy Hb tetramers in animals are well 
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known. The Hbs of axolotl (Axolotl mexicanum) and a frog (Rana esculenta) self-

associate to dimer-of-tetramers (octamers) upon deoxygenation (Elli et al., 1970). 

Similarly Hb D of chicken dimerizes upon deoxygenation with an association 

constant of 1.26×104M-1(Cobb et al., 1992). The deoxy Hb of the carp (Cyprinus 

carpio) has also been reported to associate to octamers and even higher 

oligomers (Atha and Riggs, 1982). The two Hb components of the American 

bullfrog (Rana catesbeiana) associate to form a ternary complex upon 

deoxygenation. This complex has a lower oxygen affinity and a higher 

cooperativity than the two components by themselves at equivalent Hb 

concentrations although the maximal Hill coefficient is below four (Tam and 

Riggs, 1984; Tam et al., 1993). Previous studies on the common European frog 

(Rana temporaria) had shown that the Hill coefficient exceeded four while this 

was not observed for the American bullfrog (Lykkeboe and Johansen, 1978). But 

a more recent study suggests that while the deoxy Hb of the common European 

frog self-associates, the maximal Hill coefficient is significantly less than four 

even at Hb concentrations exceeding 3 mM Hb tetramer (Bårdgard et al., 1997).  

 

1.4 Purpose of current work  

The previous overview shows a disconnect between studies on red cells 

and Hb solutions with the former showing Hill coefficients exceeding four not 

usually found in the latter. Experimental methodology may be to blame; in 

particular the presumption of complete saturation at low oxygen pressures and 

relatively low Hb concentrations. With the exception of studies on the frog Hbs 

(Tam et al., 1993; Bårdgard et al., 1997) oxygen equilibria experiments have not 

been supplemented by sedimentation or size-exclusion chromatography studies 
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of the deoxy Hbs or vice-versa (Elli et al., 1970; Cobb et al., 1992). Therefore, 

oxygen equilibria of Hbs at high concentrations augmented with quantitative 

biophysical solution studies of the deoxy Hb will answer some questions as to the 

extent of tetramer-tetramer interactions necessary to significantly enhance 

cooperativity. To this end, avian Hb D, which undergoes dimerization upon 

deoxygenation, will be studied. The specific goals of the project will be delineated 

following the brief introduction to avian Hb D below.  

 

1.4.1 Avian Hb D  

Unlike mammals most adult birds, but not all, have two Hb components in 

their blood (Saha and Ghosh, 1965). Hb A is the major component and Hb D the 

minor. In birds that express Hb D, the ratios of Hb A to Hb D vary from ~ 1.4 to 

6.5 (Saha and Ghosh, 1965). Hb A and Hb D are composed of the same β-chain 

but differ in the α-chain. The α-globins associated with Hbs A and D are denoted 

as αA- and αD-globin respectively. The αD-globin is first expressed in the primitive 

red cells of the chick embryo where it combines with the embryonic ε-chain to 

form the embryonic Hb M (αD
2ε2) (Bruns and Ingram, 1973; Brown and Ingram, 

1974; Keane et al., 1974; Chapman et al., 1982). Hb M is a minor component 

even in early chick red cells and represents ~ 10% of the total embryonic Hb 

(Brown and Ingram; 1974). Apart from birds, the αD-globin was thought to be 

present only in turtles and reptiles.  

Recently, an αD-globin was identified in mammals (Goh et al., 2005; 

Hughes et al., 2005; Cooper et al., 2006). Although the gene was found to be 

transcriptionally active, no polypeptide product was detected (Goh et al., 2006). A 

subsequent phylogenetic analysis of the αD-globin suggests that it originated 
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from the duplication of an embryonic α-like globin prior to the radiation of 

tetrapods (Hofmann and Storz; 2007). This is contrary to prevailing views that 

suggest that the αD-globin arose from the duplication of an adult α-like globin 

(Czelusniak et al., 1982; Cooper et al., 2006). The embryonic nature of the αD-

globin is supported by its early expression in primitive red cells. Moreover, the 

higher oxygen affinity of Hb D relative to Hb A (Vandecasserie et al., 1973; 

Isaacks et al., 1977), which must be attributed to the αD-globin, supports the 

observations that the presence of embryonic α-like globins in the Hb tetramer 

increases its oxygen affinity (Jelkman and Bauer, 1978; Weber et al., 1987; He 

and Russell, 2001). Solubility of deoxy embryonic Hbs and Hb D and their 

response to allosteric effectors have also been found to be similar (Baumann et 

al., 1984).  

  Nevertheless, the exact physiological role of Hb D in adult birds is 

unknown. Apparently adult birds such as pigeon can survive without it although 

the αD-globin is found early during their development (Ikehara et al., 1997). The 

higher oxygen affinity of Hb D may suggest a role in hypoxia but the evidence for 

this is conflicting (Weber, 2007). It is most likely that the Hb D exists in certain 

adult birds due to the lack of repression of the αD-globin during development 

(Rücknagel et al., 1984). Thus the primary function of the αD-globin must be 

sought in oxygen transport in the embryo. Indeed, a mutation in the αD-globin 

(Met32Leu32) has been correlated with a high hatchability of Tibetan chicken 

eggs under hypoxic conditions (Gou et al., 2007).  

Although chicken Hb D dimerizes upon deoxygenation (Cobb et al., 1992), 

oxygen-binding studies of Hb D, with the exception of the reanalysis of older data 

(Isaacks et al., 1976) carried out by Knapp et al.  (Knapp et al., 1999) have not 
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shown any exceptionally high Hill coefficients (Huisman et al., 1964; 

Vandecasserie et al., 1973; Isaacks et al., 1977). This is most likely due to the 

low Hb concentrations (< 2 mg/ml) used. Thus the first order of business of the 

proposed work will be to show that at high Hb concentrations, chicken Hb D will 

bind oxygen more cooperatively than the non-associating Hb A. Previous 

investigators have suggested the possibility of interaction between Hb A and Hb 

D in chicken (Huisman et al., 1964; Baumann et al., 1982) and turtle (Frische et 

al., 2001). This leads to an attractive hypothesis that it is the interaction between 

deoxy Hb A and Hb D that leads to increased cooperativity observed in blood. 

Such an interaction would be consistent with that observed for the two Hb 

components of the bullfrog (Tam and Riggs, 1984; Tam et al., 1993). 

Sedimentation velocity experiment of a mixture of deoxy Hb A and Hb D has not 

shown such an interaction (Cobb et al., 1992). However the experiment was 

carried out at a total Hb concentration of only ~ 6 mg/ml and possible interactions 

cannot be ruled out yet. Therefore, the feasibility of such an interaction between 

chicken Hb A and Hb D will be analyzed by oxygen equilibria measurements at 

very high Hb concentrations. The embryonic nature of the αD-globin (Hofmann 

and Storz, 2007) and the observed high cooperativity in embryonic red cells from 

various animals (Lapennas and Reeves, 1983b, Baumann et al., 1982; Bauman 

and Meuer, 1992, Holland et al., 1988; Tibben et al., 1991; Calvert et al., 1993; 

Holland et al., 1994, Holland and Calvert, 1995, Henty et al., 2008) hints at some 

intrinsic property of embryonic α-globin chains that tends to oligomerize upon 

deoxygenation. This will also be explored. The ultimate goal of any protein 

research is usually the identification of relevant residues on the molecule and the 

elucidation of a molecular mechanism to explain the function of the protein. To 
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this end, efforts will be made to crystallize the deoxy Hb D and solve the 

structure. In parallel, site-directed mutagenesis approach will be undertaken to 

identify pertinent residues that mediate deoxy Hb D tetramer-tetramer 

interactions.  
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Chapter 2: Materials and Methods 

2.1 Native hemoglobin preparation 

Blood from adult Black Australorp chickens (Alexander Family Farm, Del 

Valle, TX) was collected with the heart still beating from the jugular vein into 

chilled 5 mM Tris, pH 7.4, 0.9% NaCl buffer containing heparin (10 units per ml). 

Ostrich blood was drawn with a heparinised syringe from the jugular vein of an 

adult bird at the Westmoreland Ranch, Navasota, TX and transferred into chilled 

5 mM Tris-HCl, pH 7.4, 0.9% NaCl buffer containing heparin (10 units per ml). 

Goose and turkey blood were purchased from Rockland Immunochemicals Inc. 

(Gilbertsville, PA). Red blood cells were washed three times with chilled 5 mM 

Tris-HCl, pH 7.4, 0.9% NaCl buffer to remove the blood plasma, packed and 

stored in – 80 °C. freezer. Frozen red blood cells were allowed to thaw overnight 

on ice and further lysed by the addition of 3 volumes of 1 mM Tris-HCl, pH 7.4 

buffer and subsequent incubation on ice for at least 1 hour. NaCl from a 1 M 

stock solution was added to a final concentration of 100 mM from followed by 

centrifugation at 4 °C, 11,950g for 30 minutes to pellet the cell debris. The 

hemolysate was carefully aspirated and further centrifuged for 15 minutes to 

remove any remaining debris. Aliquots (5-8 ml) of the hemolysate were stored at 

– 80 °C. until further use.  

Aliquots of the hemolysates were thawed on ice and dialyzed against 

approximately 100-fold volume of 10 mM Tris-HCl, pH 7.8, 0.5 mM EDTA (ion-

exchange buffer) overnight at 0 °C. The dialyzed hemolysate (2-3 ml) was 

applied to a DEAE-cellulose (Sigma, MO) or Whatman DE-52 (GE Healthcare, 

NJ) column (2.5 cm internal diameter × 8 cm length) equilibrated with the ion-
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exchange buffer. The buffer flow rate was maintained at ~ 1.9 – 2.0 ml/min with a 

peristaltic pump (P-1, Amersham Biosciences). The eluate was collected with a 

fraction collector (FC-80K Micro Fractionator, Gilson) at 4 min/tube. Hb A eluted 

first; Hb D was eluted with the same buffer containing 30 – 40 mM NaCl. Hb 

preparations were scaled up as necessary with a larger column (5 cm internal 

diameter × 10 cm length) with the same buffer. Hb A and Hb D fractions were 

concentrated in a 50 ml Amicon stir cell device with a YM-10 membrane 

(Millipore, MA) under 50 psi N2 (AirGas, TX). Further concentration was carried 

out with an Amicon ultrafiltration device (Millipore, MA) with the same buffer used 

for oxygen equilibria. The ultrafiltration device serves as both a concentrator as 

well as a buffer exchange unit. The concentrated Hb sample was dialyzed for 

three hours against 100-fold volume of the oxygen equilibrium buffer, its 

concentration determined, and 10 – 50 µl aliquots stored in the – 80 °C. freezer. 

These Hb samples were used without further manipulation for oxygen binding 

experiments.  

An additional step was used to prepare chicken Hb D for crystallization 

and analytical ultracentrifugation. Following the first ion-exchange 

chromatography and Amicon stir cell concentration, 1 ml aliquot of the CO-ligated 

Hb D (HbDCO) was applied to a Toyopearl DEAE-650M (Tosoh Corp, Tokyo, 

Japan) column (2.5 cm internal diameter × 6 cm length). An ion-exchange buffer 

containing 5-8 mM NaCl was then applied to elute Hb D. Fractions were collected 

and concentrated as described above and aliquots stored at – 80 °C. Prior to 

use, the HbDCO samples were thawed overnight on ice, and the Hb converted to 

oxy-form by repeated 30 second illumination of the sample with a high-intensity 

lamp (Sylvania SunGun) under a stream of pure O2. The CO was completely 
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removed when the 500 – 700 nm absorption spectra of the samples were 

unchanged upon further illumination. Buffer was exchanged with the ultrafiltration 

device followed by dialysis and the determination of Hb concentration. All 

chromatography and concentration steps were carried out at 4 °C. in the cold 

room. Native- and SDS-PAGE were used to assess separation of Hb 

components and purity of the Hb preparation respectively. Chromatograms and 

SDS-PAGE electrophoretic patterns are shown in Figure 2.1.  

Embryonic red blood cells of the Tammar wallaby (Macropus eugenii) was 

shipped from Australia on dry ice and promptly stored in the – 80°C. freezer. 10 – 

20 µl of cells packed in capillary tubes were allowed to thaw into an Eppendorf 

tube placed on ice. Tris-HCl, pH 7.4 buffer (1mM, 20 - 40 µl) was added followed 

by a 1-hour incubation on ice to complete the lysis. NaCl from a 4 M stock 

solution was added to a final concentration of 100 mM and the tube centrifuged in 

a temperature-controlled microfuge at 4 °C, 11,950g for 10 minutes. The 

hemolysate was carefully aspirated into a new Eppendorf tube and further 

centrifuged to remove any remaining cellular debris. The hemolysate so prepared 

was used in oxygen equilibrium experiments without dialysis. Samples for 

analytical ultracentrifugation experiments were prepared by pooling cells from 6 

capillary tubes. The hemolysate was prepared as described with the necessary 

scaling up of lysis buffer. The hemolysate was concentrated using ultrafiltration 

and the buffer exchanged to 50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 1 mM 

EDTA, 1 mM IHP, 2 mM DTT followed by dialysis against the same buffer. Hb 

concentration was determined and 50 µl aliquots were stored in the – 80 °C. 

freezer until required.  
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 All Hb concentrations were determined spectrophotometrically 

using the extinction coefficient for human oxyHb A of 15.37 mM-1cm-1 at 577 nm 

on heme basis (Van Assendelft, 1970). Alternatively, the Hb was converted to 

cyanmet Hb by addition of a few grains of potassium ferricyanide and sodium 

cyanide and the Hb concentration calculated with an extinction coefficient of 11 

mM-1cm-1 at 540 nm on heme basis (Van Assendelft, 1970). Concentrations 

determined by both the methods agreed to within 2%.  

 

2.2 Oxygen equilibria  

Measurements were made in Tris-HCl or Tris-HCl-HEPES buffers 

containing 100mM NaCl. IHP (Sigma-Aldrich, MO) was added from a 100 mM 

stock solution made in the appropriate buffer to the desired final concentration. A 

metHb reducing enzyme system (Hayashi et al., 1973) was used with the 

following components all of which were purchased from Sigma-Aldrich, MO: 7 

µg/ml ferredoxin NADP+ reductase (F-0628), 45 µg/ml glucose-6-phosphate 

dehydrogenase (G-6378), 2.2 mM β-NADP+ (N-0505), 5 mM glucose-6-

phosphate (G-7879), 330 µg/ml catalase (C-40), and 70 µg/ml ferredoxin (F-

5875) as final concentrations. For certain experiments, the enzyme system was 

doubled to minimize metHb formation. Following the addition of all necessary 

solutions, the pH of a ~ 20 µl aliquot of the Hb sample was measured with a 

combination microelectrode (Model MI-410, Microelectrodes, NH) connected to a 

Acorn pH 5/6 pH meter (Oakton Instruments, IL). Alternatively, an 80 µl aliquot of 

the Hb sample was layered on parafilm and the pH measured with a flat-surface 

electrode (Orion 9135APWP AquaPro, Thermo Scientific, MA) connected to the 

same pH meter. 
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Figure 2.1. Anion exchange chromatography of chicken hemolysate.  

Panel A, DE-52 anion-exchange chromatography. The arrow marks the fraction 
at which buffer containing 30 mM NaCl was applied to elute Hb D. Panel B, 
Toyopearl DEAE-650M anion-exchange chromatography. Pooled Hb D from DE-
52 was concentrated in an Amicon stir cell and applied to the Toyopearl column. 
Hb D was then eluted with buffer containing 8 mM NaCl applied at the fraction 
marked by the arrow. 12% SDS-PAGE gel shows the fractions eluted from the 
Toyopearl column in the bottom panel. L, chicken HbD (carbonmonoxy) load.  
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Oxygen equilibria were measured by a thin-layer optical method (Dolman 

and Gill, 1978; Gill, 1981) with a Cary 118C spectrophotometer. The Hb sample 

layer was equilibrated with pure O2 (99.98%, Matheson Tri-Gas, TX) at 

atmospheric pressure. Step-wise dilution of O2 was made with ultra-high purity N2 

(99.999%, AirGas, TX) and measured with a Clark oxygen electrode (Yellow 

Springs Instruments, OH). Changes in absorbance of the Hb sample layer were 

monitored at 430 or 560 nm. Oxy Hb spectra were obtained before and after 

each experiment to assess metHb formation. Deoxy Hb spectra were obtained 

after the last dilution step and the subsequent N2 flush to obtain the deoxy end-

point. Data were analyzed as previously described (Dolman and Gill, 1978; Gill, 

1981). Briefly, the slope of the natural log of O2 current versus dilution steps 

allows one to calculate the dilution factor. Atmospheric pressure is read from the 

mercury barometer. The initial pressure of oxygen at equilibrium with the Hb layer 

in the chamber was calculated with corrections for vapor pressure of water and 

the thermal expansion of mercury. Therefore, knowledge of the initial pressure of 

O2 and the dilution factor allows one to calculate the O2 pressure after each 

dilution and relate this to the absorbance changes of the Hb sample. Data at high 

saturations of oxygen were extrapolated to calculate the absorbance for 100% 

oxy Hb (Imai and Yonetani, 1975). This is carried out by plotting the first three or 

four measured absorbance changes versus 1/PO2, where PO2 is the pressure of 

oxygen in mm Hg. Extrapolation of 1/PO2 to zero (that is infinite PO2) gives the 

required correction for 100% oxy Hb. Maximal Hill coefficients (nmax) were 

obtained from the maxima of the first order differential of the Hill plots. Hill 

coefficients (n) were also calculated by fitting data between 5 and 95% saturation 

to the Hill equation (Hill, 1910).  
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2.3 Analytical Ultracentrifugation 

Deoxy Hb samples for analytical ultracentrifugation were prepared as 

previously described (Qiu et al., 2000; Rana et al., 2008). Briefly, Hb solutions, 

along with solid sodium dithionite (Miles Platting, Manchester, UK), double-sector 

epon-charcoal centerpieces assembled cells, and buffers were enclosed in a 

glove bag repeatedly filled and emptied with high-purity N2. Sodium dithionite 

solution in the appropriate buffer (100 mg/ml) was prepared in the glove bag and 

added to the deoxygenated Hb solution to a final concentration of 2 mg/ml to 

ensure complete deoxygenation.  Assembled centerpieces were loaded with 2 

mg/ml sodium dithionite solution and allowed to stand for 30 to 45 minutes to 

remove traces of oxygen adsorbed by the centerpieces. Following removal of the 

sodium dithionite solutions, Hb samples and reference solutions were loaded and 

the cells plugged. Deoxygenation of the Hb was verified by the absorption 

spectrum in the ultracentrifuge.  

Sedimentation equilibrium experiments were carried out at ~ 15 and 65 µM 

loading concentrations of Hb. The sample volumes were chosen such that the 

heights of the deoxy Hb solutions in the assembled cells were ~ 3 mm. Data 

were collected at three rotor speeds: 13, 16, and 19,000 rpm. Absorbance versus 

radial position scans were collected with radial resolution of 0.001 cm and ten 

replicates in a step-wise mode at intervals of seven to three hours until 

equilibrium was reached. Sedimentation velocity experiments were carried out 

with ~ 420 µl Hb solutions with concentrations between ~ 0.4 and 180 µM. Cells 

were inserted into the rotor, aligned, and allowed to equilibrate to the desired 

temperature in the ultracentrifuge chamber. While two hours were generally 

adequate for 20 °C. or higher, at least four hours were necessary for lower 
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temperatures in spite of pre-chilling the rotors. Absorbance versus radial position 

scans were collected at 45,000 rpm with radial resolution of 0.002 or 0.003 cm 

with three replicates in a continuous-scan mode with no time intervals between 

the scans. Standard path length (1.2 cm) centerpieces were used for Hb 

concentrations up to 50 µM; higher concentrations necessitated the use of 0.3 cm 

path length cells (Spin Analytical Inc, NH). All experiments were carried out in a 

AnTi60 four-hole rotor in the Optima XL-I analytical ultracentrifuge (Beckman-

Coulter, CA). Data were collected at 430, 555, and 600 nm as appropriate to 

ensure that the absorbance did not exceed the maximum of 1.5 specified by 

Beckman-Coulter. Extinction coefficients of deoxyHb at 430 nm and 555 nm were 

taken as 140 and 13.04 mM-1cm-1 on heme basis respectively (Van Assendelft, 

1970). The program Ultrascan was used to fit multiple deoxy Hb spectra to a sum 

of Gaussians to generate a 500-700 nm global extinction profile (Demeler, 2008). 

The 555 nm extinction coefficient was used for normalization and the 600 nm 

extinction coefficient was determined to be 3.75 mM-1cm-1 on heme basis.  

Sedimentation experiments were generally carried out in 50 mM Tris-HCl 

or HEPES-NaOH, 100 mM NaCl, 1 mM EDTA. Solution pH was adjusted to 

account for the temperature dependence of buffer ionization constants (Good et 

al., 1966). Where applicable, the buffer contains IHP as an additional component. 

Buffer densities were measured with a DMA 5000 density meter (Anton Paar, 

Austria). Buffer viscosities were measured with an Ostwald viscometer in a 

constant water bath of 21 °C. using water as a reference solution. Partial specific 

volumes (v-bar) of Hb were calculated from the amino acid sequences using the 

program SEDNTERP (Laue et al., 1992; www.rasmb.bbri.org) with the inclusion 

of the heme moiety (DeMoll et al., 2007). Partial specific volumes, viscosities, 
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and densities were corrected for temperature and all sedimentation coefficients 

are reported for water at 20 °C., s20,w (Laue et al., 1992).  
 

2.3.1 Sedimentation equilibrium data analysis 

Data were analyzed globally by non-linear least squares curve fitting of 

multiple absorbance versus radial position scans simultaneously to ideal one-

component or various self-association models using the software 

“Heteroanalysis” (http://www.biotech.uconn.edu/auf/). Generally, the monomer 

molecular weight was held constant and the association constants and baseline 

offsets floated. Confidence intervals were determined by F-statistics as 

implemented in the software. 
 

2.3.2 Sedimentation velocity data analysis 

Deoxy Hb D sedimentation velocity data were analyzed using the software 

SEDFIT (Schuck P, 2000, http://www.analyticalultracentrifugation.com). The 

continuous distribution ʻc(s)ʼ method of analysis was used to directly fit the entire 

moving boundary with s-value resolution of 150 and maximum entropy 

regularization (90% confidence) by the Marquardt-Levenberg algorithm (Figure 

2.2). In the c(s) analysis, the observed signal is described by the superposition of 

the numerical solutions to the Lamm equation for n species. Each of the terms in 

the linear combination is weighted by a factor related to the partial concentration 

of the species. The diffusion coefficients of each species are not estimated. 

Instead, the diffusion coefficients are related to the frictional coefficient ratio (f/f0) 

using the Stokes-Einstein relation and a single weight-average f/f0 for all n 

species is used as a fitting parameter. Thus high resolutions of sedimentation 
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coefficient distributions are achieved for heterogeneous samples at the expense 

of diffusion coefficients. For homogeneous non-associating samples, both 

sedimentation and a reasonable diffusion coefficient can be estimated from a 

single experiment. For samples that undergo self-association, c(s) analysis 

provides an idea about the kinetic regime of the reaction and gives the weight-

average sedimentation coefficients. Oligomer sedimentation coefficients can also 

be estimated if the experiments can be carried out at high concentrations where 

the oligomers are the predominant species.   

 Weight-average sedimentation coefficients (sw) were obtained by 

integrating the sedimentation coefficient distributions and the isotherms analyzed 

by SEDPHAT with the definite self-association models therein (Schuck, 2003). 

Curve fittings to the isodesmic model were carried out manually using a Microsoft 

Excel spreadsheet. Weight-average sedimentation coefficient curves were 

generated according to established equations (Na and Timasheff, 1980; Prakash 

and Timasheff, 1985). The best fits to the data were determined by minimizing 

the root mean square deviation (rmsd) of the fits.  

The program SEDANAL (Stafford and Sherwood, 2004) was used to fit 

time difference of the concentration profile curves (ΔC) as previously described 

(Sontag et al., 2004; Stafford and Sherwood, 2004). This software also uses the 

numerical solution approach to the Lamm equation as described above for the 

software SEDFIT. However in these cases, the sedimentation and diffusion 

coefficients are weight-average values of the monomer and oligomers related to 

the local monomer concentration by the mass action law. Sedimentation profiles 

are simulated for various inputs of monomer and oligomer sedimentation 

coefficients and the association constant(s). 
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Figure 2.2. c(s) analysis of the moving boundary by the program SEDFIT.  

Top panel, the circles represent the raw data and the solid black lines are the 
best fit. The s-value resolution and maximum entropy regularization confidence 
level were set to 150 and 0.90 respectively with the option for fitting time-invariant 
noise turned on. Only every other curve is shown for clarity. Middle panel, the 
residuals for the fit shown in the top panel. Bottom panel, sedimentation 
coefficient distribution obtained from the analysis. The peaks do not correspond 
to any discrete oligomer although integration of the distribution gives weight-
average sedimentation coefficients that can be plotted against concentration and 
analyzed by non-linear least squares curve fitting. The sedimentation coefficients 
are solution values and need to be corrected to standard conditions of water at 
20 ºC. The data set is for chicken deoxy Hb D of ~ 100 μM at 45,000 rpm and 5 
ºC. collected at a wavelength of 555 nm. Each scan is an average of three lamp 
flashes at a radial resolution of 0.002 cm.  
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The simulated ΔC curves are then generated and fitted to the ΔC data. 

Pairwise substraction of the sedimentation profile curves to generate ΔC curves 

leads to the removal of time-invariant noise. Ten pairs of absorbance versus 

radial position scans for ~ 5, 20, 100, and 175 µM Hb were simultaneously 

analyzed. The monomer molecular weight and sedimentation coefficient were 

held constant with only the association constants, oligomer sedimentation 

coefficients where applicable, and local Hb concentrations allowed to float. 90% 

confidence limits were calculated by F-statistics as implemented in the software. 

The enhanced van Holde Weischet method (Demeler and van Holde, 2004; 

Demeler, 2005) as implemented in the software Ultrascan was utilized to analyze 

the tammar wallaby embryonic deoxy Hb sedimentation velocity data. This 

method is a powerful model-independent diagnostic tool for detecting protein self-

association and hydrodynamic non-ideality.     

Monomer molecular weight of the deoxy Hb D calculated from the α- and 

β-globin chains with inclusion of the four heme moieties is 66526. When IHP was 

included in the buffer, the Hb monomer molecular weight was taken to be 67180 

to account for the very tight binding of the phosphate to the avian deoxy Hb 

(Rollema and Bauer, 1979). The deoxy Hb D monomer s20,w was fixed to 4.58S, 

which is similar to the previously determined value of 4.63S (Cobb et al., 1992) 

and the value of 4.61S calculated with the HYDROPRO software (de la Torre et 

al., 2000). The generally accepted hydrodynamic non-ideality constant (gs) of 

0.009 ml/mg was used for all data analyses unless otherwise specified. 

Extinction coefficients are as those given in Section 2.3.  
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2.3.3 Hemoglobin oligomer modeling 

Structure file 6HBW.pdb was downloaded from the PBD website 

(http://www.rcsb.org/pdb/) and translated 60, 52, and 54 Å along the x, y, and z-

axes respectively using Swiss PDB viewer (http://spdbv.vital-it.ch/) to generate a 

series of linear Hb oligomers up to 20-mer. These structure files along with their 

molecular weight and partial specific volume, solution viscosity and density were 

inputs for the calculation of sedimentation coefficients by the software program 

HYDROPRO (de la Torre et al., 2000). These calculated values were used to 

determine the relationship between monomer and oligomer sedimentation 

coefficients as previously described (Sontag et al., 2004). This derived 

relationship allows one to calculate the sedimentation coefficient of any linear 

oligomer provided the value for the monomer is known.  

HYDROPRO is a shell bead-modeling and hydrodynamic properties 

calculating software. The underlying rationale for bead modeling of rigid 

biological macromolecules is the hydrodynamic interaction concept; the force 

exerted by a collection of N beads on the solvent can be described by a 

combined term of the force exerted just by the ith-bead and the hydrodynamic 

interaction of that bead with N-beads, which is a function of the distance (Rij, j≠i) 

between the beads. Summation over all the N beads gives the final result. 

HYDROPRO first replaces all non-hydrogen atoms of the biological 

macromolecule by spheres of 3 Å radius (this radius implicity accounts for the 

hydration as it is larger than the average van der Waalʼs radius of 1.7-1.8 Å for 

the biological elements C, N, O, S, and P). This generates what is termed the 

primary hydrodynamic particle (PHP). Subsequently, the PHP is filled with beads 

(of radius σ) in a hexagonal lattice to generate the filling bead model. Finally, all 
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beads with co-ordination number of 12 (i.e. beads in the interior of the model) are 

removed to give the rough shell model. The basis for considering only the surface 

beads is that the hydrodynamic forces act on the surface. The frictional 

coefficient (f) is calculated and extrapolated to σ = 0 to give the shell model limit 

(infinite number of beads that attempts to give a smooth surface to the model). 

From this calculated frictional coefficient (f) and user inputs of molecular weight, 

solvent density, and partial specific volume, one can calculate the sedimentation 

coefficient of the biological macromolecule (de la Torre, 1992; Carraso and de la 

Torre, 1999; de la Torre et al., 2000).   
 

2.4 Recombinant Hb D preparation 

2.4.1 pHE7 plasmid construction 

Bacterial stocks with pCMV•SPORT6 vectors containing the cDNA for 

chicken αD- and β-globins were ordered from Chick EST database at the 

Delaware Biotechnology Institute. Plasmids from a few colonies were purified 

with e.Z.N.A Plasmid mini-prep kit I (Omega biotek, GA) and sequenced to 

ensure the presence of the cDNAs. The αD-globin cDNA was amplified by PCR 

using forward and reverse primers containing NdeI and NheI restriction sites 

respectively. The β-globin cDNA was similarly amplified with primers containing a 

ribosome-binding site overhang and NsiI restriction sites. PCR products were run 

of 1.5% agarose gels and purified by electroelution. The two DNA fragments 

were then ligated with a Quick Ligation Kit (New England Biolabs, MA) and the 

product amplified by PCR using the αD-globin forward and β-globin reverse 

primers containing the NdeI and NsiI restriction sites respectively. The Vent Taq 

(New England Biolabs, MA) used for PCR produces blunts ends without 3ʼ A 
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overhangs. The resulting ~ 925 bp DNA fragment was ligated to a SmaI digested 

blunt-end pUC19 vector and cloned using the 5-alpha Competent High Efficiency 

kit (New England Biolabs, MA) according to the supplierʼs instructions. White 

colonies were selected from a X-gal, LB-agar-ampicillin plate and the plasmids 

purified. Following confirmation by sequencing of the αD-SD-β DNA construct, the 

insert was digested out with NdeI and NsiI restriction enzymes and ligated to the 

5.91 kb fragment of pHE7 expression vector (Shen et al., 1997; Qiu et al., 2000). 

Competent JM109 or JM109 (DE3) cells prepared by the modified TSS 1-step 

method were transformed with the ligation product (Chung et al., 1990; Ahn and 

Yun, 2004). Expression plasmids containing individual αD- and β-chains were 

also constructed. In these cases, the individual cDNAs were PCR amplified by 

forward and reverse primers with NdeI and NsiI restriction sites respectively. 

These DNA fragments were then cloned into a pUC19 vector, sequenced, 

digested out, and cloned into the pHE7 expression vector. Four to eight colonies 

were selected for each expression construct and analyzed for recombinant Hb D 

expression by SDS-PAGE.   
 

2.4.2 pET3a plasmid construction 

The αD-SD-β insert was amplified by PCR with primers containing the 

NdeI and BglII restrictions sites. The PCR product was cloned into a pUC19 

vector, sequenced, and excised out with NdeI and BglII enzymes. The pET3a 

vector (Novagen, NJ) was digested with NdeI and BamHI restriction enzymes 

such that the T7 tag is removed. The αD-SD-β insert was then cloned into the 

pET3a expression vector. The BglII restriction site is compatible with the BamHI 

generated overhang. PCR products of the individual globin cDNAs with NdeI and 
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BglII restriction sites were also cloned into the pET3a expression vector 

essentially as described above.  

Site-directed mutagenesis was carried out by usual PCR methods. A 

reverse mis-primer with one base change (GAG  GCG: Glu  Ala) was used to 

create the αD (E138A) mutant. A two-step mega-primer method (Sarkar and 

Sommer, 1990) was used to generate the αD (A81S) mutant. A forward mis-

primer with one base change (GCT  TCT: Ala  Ser) was first used to 

generate a ~ 230 bp PCR product. A second PCR step with the anti-sense strand 

acting as a reverse primer was then carried out to give the final mutated product. 

All downstream protocols were the carried out as described above. The overall 

scheme for recombinant Hb D plasmid construction and the list of primers used 

are given in Figure 2.3 and Table 2.1 respectively.   

 

2.4.3 Recombinant Hb D expression and purification 

Recombinant Hb D expression was carried out with pHE7 expression 

constructs as previously described (Qiu et al., 2000) with two modifications. First, 

IPTG was added to a final concentration of 0.4-0.5 mM instead 0.2 mM. Second, 

the expression culture was grown at a temperature of 32 °C. instead of 30 °C. to 

help in the removal of the N-terminal methionine more efficiently by the co-

expressed methionine aminopeptidase (Nagai et al., 2007). The cells were 

harvested after five hours following induction by IPTG. Recombinant Hb D 

expression was immediately confirmed by the pink mass of the cell pellet. 

Following overnight storage at – 80 °C, the cells were thawed and suspended in 

50 mM Tris-HCl, pH 8.0, 1 mM EDTA, 1 mM benzamidine-HCl lysis buffer. The 

cell suspension was saturated with CO gas and cells broken open by sonication 
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using a Branson 250 sonifier. Cell debris was pelleted by centrifugation at 

12000g for 2 hr. PEI was added to the pink supernatant to a final concentration of 

0.5% (w/v) to precipitate the nucleic acids which were then removed by a 20 

minute spin at 12000g. The pink supernatant was concentrated in an Amicon stir 

cell and allowed to stand overnight on ice at 4 °C. Any resulting precipitate was 

removed by centrifugation followed by overnight dialysis against 10 mM Tris-HCl, 

pH 8.0, 0.5mM EDTA ion-exchange buffer.  

 

 
 

Table 2.1. List of primers used for generation of recombinant Hb D.  

Restriction sites shown in italics. Base changes for mutation are given as small 
letters.  
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Figure 2.3. Scheme for construction of plasmids for expressing 
recombinant Hb D.  

The arrows represent the forward or reverse primers with letterings next to them 
indicating the various restriction site overhangs. SD, Shine-Dalgarno sequence.  
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Sample was applied to a Unosphere MonoQ column (Bio-rad, CA) and 

washed with at least 200 ml of buffer to remove impurities that did not bind to the 

column. The recombinant Hb was eluted with a linear gradient of 200ml each of 

the buffer containing 0 and 0.1 M NaCl. The Hb containing fractions were 

concentrated by an Amicon stir cell, saturated with CO, and stored at – 80 °C. for 

further use. 

 

2.4.4 Recombinant Hb D tetramer assembly: β-chain separation and 
refolding 

Attempts to prepare the native β-chain by the p-mercuribenzoate method 

(Geraci et al., 1969; Bucci, 1981) did not succeed. Therefore chicken β-chain 

was prepared using 8 M urea cation-exchange chromatography as previously 

described (Bucci, 1981; Hui et al., 1999). Heme-free globins were prepared by 

adding 2 ml of 125 µM Hb D solution to 60 ml of – 20 °C. chilled acid-acetone 

solution with continuous stirring. The white globin precipitate was centrifuged and 

dried under N2 and dissolved in 2 ml of 10 mM NaH2PO4, pH 6.5, 8 M urea, 50 

mM 2-mercaptoethanol buffer followed by overnight dialysis against 100-fold 

volume of the same buffer. The sample was then applied to a Whatman CM-52  

(GE Healthcare, NJ) column (2.5 cm × 8 cm) and eluted with a linear gradient of 

0 to 0.2 M NaCl. The chromatography was carried out at ambient temperature. 

Two distinct peaks were observed by 280 nm absorption and the peak fractions 

were analyzed by SDS-PAGE. The fractions containing the β-chain were 

concentrated in Amicon stir cell, concentration determined at 280 nm with a 

calculated 280 nm extinction coefficient of 25105 M-1cm-1, and 1 ml aliquots 

stored at – 80 °C. for further use. All urea solutions were deionized prior to use 
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by passage through a column of mixed-bed TMD-8 self-indicating resin (Sigma-

Aldrich, MO) and used within three days of preparation.   

Heme was removed from purified recombinant chicken αD-globin chains 

by the acid-acetone method and the precipitate dissolved in the 8 M urea buffer 

mentioned above. Concentration was determined by absorption with a calculated 

280 nm extinction coefficient of 12950 M-1cm-1. An equimolar amount of the 

recombinant αD-chain was added to the purified β-chain. 1.2- or 3.2-fold excess 

freshly prepared 0.7 mM hemin (in 0.1 M NaOH) was added to the globin mixture 

and the solution diluted with 10 mM Tris-HCl, pH 8.0, 0.5 mM EDTA buffer to a 

final urea concentration of 0.8 M. The final globin concentration was ~ 0.15 

mg/ml and the pH 8.6. The solution was allowed to stand undisturbed overnight 

at 4 °C. The solution was concentrated by Amicon stir cell. Any resulting 

precipitate was spun down and the supernatant was dialyzed for three hours 

against the dilution buffer. The solution was then saturated with CO and reduced 

by the addition of solid sodium dithionite.  

 

2.4.5 Recombinant Hb D tetramer assembly: Native αA-chain subunit 
exchange  

The approach for this method is based on the preparation of hybrid 

hemoglobins (Riggs and Herner, 1962; Herner and Riggs, 1963). On a heme 

basis, 2-fold excess recombinant αD-globin was incubated with chicken Hb A in 

CO-saturated 50 mM Na-acetate, pH 4.5, 1 M NaCl buffer at a final globin 

concentration of ~ 1-2 µM heme (recombinant αD-globin is ~ 4-fold in excess to 

native αA-globin). Starting with ~ 25 mg recombinant αD-globin, the volume of the 

solution was usually 2 liters. The solution was allowed to stand undisturbed for 24 
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hrs at 4 °C. The pH was then increased to 7.8 with the addition of solid Tris and 

the solution concentrated to a final volume of ~ 5-6 ml in an Amicon stir cell 

followed by overnight dialysis against 10 mM Tris-HCl, pH 7.8, 0.5 mM EDTA 

buffer.  

Any resulting precipitate was removed by centrifugation and the sample 

was applied to a freshly poured Whatman DE-52 (GE Healthcare, NJ) column 

(2.5 × 10 cm) equilibrated with the same buffer. Excess chicken Hb A was 

allowed to elute off the column and the remaining globins were eluted with a 

linear gradient of 200 ml each of buffer containing 0 and 0.1 M NaCl. The 

fractions containing the recombinant Hb D (rHb D) were pooled, concentrated, 

dialyzed against 10 mM Tris-HCl, pH 8.0, 0.5 mM EDTA buffer, and applied to a 

Unosphere MonoQ column (Bio-rad, CA) equilibrated with the same buffer. 

Recombinant Hb D was eluted off the column with a shallow linear gradient of 

200 ml each of buffer containing 0 and 0.06 M NaCl. The fractions were analyzed 

for the globins chains by SDS-PAGE and by native gels. rHb D-containing 

fractions were pooled, concentrated, saturated with CO, and stored at – 80 °C. 

for further use.  

 

2.5 Chicken deoxy Hb D crystallization 

Initial conditions for deoxy Hb D crystallization were screened by the 

sparse matrix approach (Jancarik and Kim, 1991). Low pH conditions were 

avoided to prevent oxidation of the Hb to metHb. 0.5 ml crystallization solutions in 

24-well plates were deoxygenated in the glove bag and sodium dithionite added 

to a final concentration of 5 mg/ml from a 500 mg/ml stock solution. Deoxy Hb D 

(5 µl, 20 mg/ml) in 10 mM Tris-HCl, pH 7.8, 0.5 mM EDTA buffer was mixed on a 
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plastic slide with an equal volume of reservoir solution and suspended over the 

reservoir. The entire plate was then inserted into Ziploc plastic bags and heat-

sealed. Plates were stored at room temperature and 4 °C. Needle whiskers grew 

overnight in 1.6 M phosphate precipitant conditions at room temperature. 

Lowering the phosphate concentration to 1.2 M, pH to 7.4, using the sitting-drop 

instead of the hanging-drop, and shifting the plate to room temperature after a 

few nights at 4 °C. gave rise to larger crystals. Individual crystals were taken up 

in a nylon loop, dipped in cryoprotectant, and frozen in liquid N2 in the glove bag.  
 

2.6 Electron Microscopy  

Deoxy Hb D sample was prepared in 50 mM Na-PO4, pH 7.2 buffer with 2 

mg/ml of sodium dithionite. A few µl of the sample was applied to freshly etched 

400 mesh copper or nickel grids with carbon film (Electron Microscopy Sciences, 

PA), blotted, and stained with 2 % (w/v) phosphotungstic acid. The excess stain 

was blotted and the grids allowed to dry. All these procedures were carried out in 

a glove bag. Grids were visualized by a FEI Technai TEM running at 80 kV.  

All hemoglobin concentrations given are for the tetramer. Figures and 

graphs were created by Origin Pro (version 8.0). Sequence alignments were 

carried out by in Biology Workbench (http://workbench.sdsc.edu/). Structures 

were visualized and prepared by Deepview (http://spdbv.vital-it.ch/).  
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Chapter 3: Results and Discussions 

3.1 Self-association of chicken deoxy Hb D   

Global analysis of sedimentation equilibrium data at three rotor speeds 

and two loading concentrations of ~ 15 and 65 µM Hb tetramer fit to a monomer-

dimer equilibrium model with an association constant of 3.56×104 M-1 with rmsd 

of 0.0730 (See Appendix Figure A1). This association constant is two-fold larger 

than previously measured values of ~ 1.3 – 1.6×104 M-1 (Cobb et al., 1992; Rana 

et al., 2008). Moreover a monomer-trimer, monomer-dimer-tetramer, and 

isodesmic models describe the data better than a monomer-dimer model. The 

curve fittings are shown in Figure 3.1 and the association constants, 90% 

confidence intervals from F-statistics, and rmsd given in Table 3.1. These results 

suggest that deoxy Hb D may undergo a much more extensive association than 

previously considered. It is also apparent that sedimentation equilibrium analyses 

might not be able to distinguish between the self-association models; all three 

models give good fits with similar rmsd. The slightly lower rmsd for the monomer-

dimer-tetramer model can be attributed to the extra parameter necessary to 

describe the additional dimer to tetramer association step. In light of these results 

sedimentation velocity analyses were initiated. In recent years a number of 

software programs have become available that allow one to analyze velocity data 

quantitatively to extract association constants for interacting systems (Lebowitz 

et al., 2002; Schuck, 2003; Stafford and Sherwood, 2004). An additional 

advantage is the shorter run time required compared to equilibrium runs, which 

minimizes the potential for oxidation of the Hb during the course of the 

experiment.  
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Figure 3.1 Sedimentation equilibrium analysis of chicken deoxy Hb D.  

Data at 13K (green), 16K (blue), and 19K (red) rpm and loading concentrations of 
~ 16 and 65 μM Hb were globally analyzed by various equilibrium self-
association models. The open circles are raw data and the solid black lines are 
the best fits. Only data at ~ 65 μM is shown for clarity.  
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Table 3.1. Summary of results from sedimentation equilibrium analyses. 

Numbers in parenthesis are the 90% confidence intervals determined by F-
statistics.   
 

All analyses to distinguish between the models are carried out on velocity 

data at 20 °C. where deoxy chicken Hb D concentration ranges from ~ 0.4 to 180 

µM Hb. Preliminary analyses consisted of analyzing the moving boundary to 

obtain the c (s) distributions shown in Figure 3.2. The right-shift of the distribution 

with increasing concentration is indicative of a fast equilibrating system without 

any kinetically limited steps (Schuck, 2003). The weight-average sedimentation 

coefficients obtained from integration of c(s) distributions were then analyzed by 

fitting to various self-association schemes. Oligomer sedimentation coefficients 

(where applicable) and the association constants were allowed to float with the 

Hb monomer molecular weight, sedimentation coefficient, and the hydrodynamic 

non-ideality constant fixed. Global analyses of ΔC curves, which are 

computationally more demanding, were carried with the returned parameters 

from the isotherm analyses as initial guesses. To avoid any confusion, the 

monomer in these analyses refer to the deoxy Hb D tetramer unit and dimer, 
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trimer etc. refer to the association of the deoxy Hb D tetramer with itself to give 

larger oligomers.  

 
 

 

Figure 3.2. c(s) distributions of chicken deoxy Hb D. 

Hb concentrations: 0.4 (black), 5 (red), 11 (green), 20 (blue), 50 (cyan), 100 
(magenta), and 184 μM (violet).  
 

3.1.1 Definite monomer – n-mer association 

The weight-average sedimentation coefficient isotherm analyzed by the 

monomer-dimer and monomer-trimer association schemes are shown in Figure 

3.3 and the resulting fit parameters summarized in Table 3.2. While the 
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monomer-dimer model gives a good fit with a returned K12 of 0.3×104 M-1, the 

dimer sedimentation coefficient is 12.98S, an absurd value considering that the 

maximum calculated s20,w for a deoxy Hb D dimer of ~ 133 kDa is only 8.73S! 

The returned K12 is also an order of magnitude smaller than obtained from the 

sedimentation equilibrium analysis. This excludes the monomer-dimer model as 

a legitimate candidate to explain deoxy Hb D self-association. The monomer-

trimer model describes the observed data poorly with a high rmsd. Interestingly 

the returned K13 of 2.27×108 M-2 compares very well to one obtained from 

equilibrium analysis (see Table 3.1). The returned deoxy Hb D trimer s20,w of 

9.10S is reasonable with a f/f0 of 1.26. Based on modeling of perfect spheres, the 

ratio of trimer to monomer s20,w of 1.99 suggests a triangular arrangement of the 

three monomer units (de la Torre, 1992). Consistent with the poor description of 

the weight-average s20,w, global ΔC curve analysis shows systematic errors and 

reveals the inadequacy of the monomer-trimer model to explain the 

sedimentation velocity data (Figure 3.4).  
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Figure 3.3. Weight-average s20,w isotherm analyzed by monomer-n-mer 
models 

Monomer-dimer (dashed) and monomer-trimer (solid) association models. The 
monomer s20,w and hydrodynamic non-ideality constant were 4.58S and 0.009 
ml/mg respectively. Association constant and the oligomer s20,w were allowed to 
float.  
 

 
 

Table 3.2. Summary of curve fitting results for monomer-n-mer models 

Results for the weight-average s20,w isotherm analysis by the monomer-dimer 
and monomer-trimer equilibrium association models.  
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Figure 3.4. Global ∆C curve analysis for monomer-trimer model.  

A, 180 μM, B, 100 μM, C, 20 μM, and D, 5 μM. Each panel has 10 curves of 
which only the first and last are shown for clarity. The solid black lines are ∆C 
curves and red lines the best fits. The green lines at the bottom of each panel 
around zero are the residuals for the fit. Monomer s20,w and hydrodynamic non-
ideality constant were held constant at 4.58S and 0.009 ml/mg respectively. 
Association constant, trimer s20,w, and local concentrations were allowed to float. 
Residuals for this model show systematic deviations indicating a poor fit.  
 

3.1.2 Definite Monomer-Dimer-Tetramer association  

Unlike the definite monomer-n-mer association schemes with two 

parameters to be fitted, the monomer-dimer-tetramer has four parameters viz. the 

dimer and tetramer sedimentation coefficients and the two association constants. 

To constrain the fit, the numbers of parameters need to be decreased. The dimer 
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sedimentation coefficient is an obvious choice; arrangement of the two Hb 

monomers can only result in one general shape. Modeling of the dumbbell 

shaped dimer gives a s20,w value of 6.73S. The ratio of the dimer to monomer 

s20,w is 1.47, a value similar to that obtained,1.50, for the modeling of two perfect 

spheres (de la Torre, 1992). Weight-average s20,w isotherm as well as the ΔC 

curves analyzed by this association scheme where the dimer s20,w is held 

constant describes the data very well. The fits are shown in Figure 3.5 and 3.6 

and the results are summarized in Table 3.3. The association constants returned 

are virtually identical to that obtained from equilibrium analysis (see Table 3.1). 

Furthermore, the monomer-dimer-tetramer association is non-cooperative with 

K24 < K12. This is consistent with the lack of any shoulder in the leading edge of 

the schlieren pattern as previously observed and commented on (Cobb et al., 

1992) and expected for a cooperatively associating system (Na and Timasheff, 

1985). The tetramer s20,w however warrants a closer look because the f/f0 of ~ 

1.17 indicates a more compact shape than the monomer. This seems suspect. 

There are three arrangements of the four monomer units to give a tetramer, viz. 

linear, square, and tetrahedral. Based on modeling of perfect spheres and the 

resulting tetramer-to-monomer s20,w ratios, the expected s20,w for linear, square, 

and tetrahedral geometries are 9.34S, 10.62S, and 11.18S respectively. Even 

presuming a tetrahedral arrangement of the deoxy Hb D monomers, the tetramer 

s20,w may be overestimated by ~ 5-6%.  
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Figure 3.5. Weight-average s20,w isotherm analyzed by the monomer-dimer-
tetramer association model.  

Monomer and dimer s20,w were held constant at 4.58S and 6.73S. The 
hydrodynamic non-ideality constant was 0.009 ml/mg.  
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Figure 3.6. Global ∆C curve analysis for monomer-dimer-tetramer 
association model.  

A, 180 μM, B, 100 μM, C, 20 μM, and D, 5 μM. Each panel has 10 curves of 
which only the first and last are shown for clarity. The solid black lines are ∆C 
curves and red lines the best fits. The green lines at the bottom of each panel 
around zero are the residuals for the fit. Monomer s20,w, dimer s20,w, and 
hydrodynamic non-ideality constant were held constant at 4.58S, 6.73S, and 
0.009 ml/mg respectively. The two associations constant, tetramer s20,w, and 
local concentrations were floated. Residuals for this model show that the 
monomer-dimer-tetramer describes the data very well.  
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Table 3.3. Summary of curve fitting results for monomer-dimer-tetramer 
model 

Results for weight-average s20,w isotherm and global ∆C curve analyses by 
monomer-dimer-tetramer equilibrium association model. Numbers in parentheses 
are the 90% confidence intervals determined by F-statistics.  
 

3.1.3 Indefinite non-cooperative (Isodesmic) association 

The final model to be considered is the isodesmic model wherein the 

monomer units come together in a stepwise non-cooperative fashion to give rise 

to larger oligomers. By definition, the association constants for each step are the 

same. This model necessitates a priori knowledge of the oligomer sedimentation 

coefficients in order to extract any meaningful association constant from the 

analysis. Traditionally this has been calculated from the assumption of shape 

equivalence of the oligomers and the monomer; this gives rise to what is known 

as the scaled 2/3rd rule where the n-mer sedimentation coefficient is the product 

of the monomer sedimentation coefficient and the n raised to the 2/3rd power. 

While this approach has been applied to describe the ligand-induced self-

association of tubulin with considerable success (Na and Timasheff, 1980; 

Prakash and Timasheff, 1985), the shape equivalence assumption is for 

mathematical convenience rather than a true description of oligomer shape. 

Alternatively, possible oligomer shapes can be modeled and a relation derived 
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between the monomer and the oligomer sedimentation coefficients. The results 

for one such simple modeling, a linear Hb chain, are given in Figure 3.7B and 

compared with the scaled 2/3rd rule in Figure 3.7C. It is obvious that the 

traditional scaled 2/3rd model would over-estimate the oligomer sedimentation 

coefficients in cases where the association of the monomer units does not give 

rise to compact oligomers. This result is qualitatively consistent with previously 

obtained ones (Sontag et al., 2004).  
 

 

Figure 3.7. Linear Hb chain modeling for derivation of relation between 
monomer and oligomer s20,w.  

A, modeling of linear Hb chains. B, derivation of the relationship between 
monomer and oligomer s20,w by fitting to a second-order polynomial. C, 
comparison of the oligomer s20,w obtained by traditional scaled n2/3 relation (dash) 
and the derived linear relation (solid).  
 



 46 

The weight-average s20,w isotherm analyzed by the traditional scaled 2/3rd 

rule and a linear chain model are shown in Figure 3.8. The isodesmic model 

where the deoxy Hb D self-associates to give a linear oligomer explains the 

observed data very well. These results are borne out by ΔC curve analysis shown 

in Figure 3.9 and the results as summarized in Table 3.4.  

 

 
 

 

Figure 3.8. Weight-average s20,w isotherm analyzed by isodesmic 
association model.  

The monomer s20,w and hydrodynamic non-ideality constant were fixed at 4.58S 
and 0.009 ml/mg respectively with only the association constant floated.  
Oligomer s20,w were obtained from the traditional scaled n2/3 (dash) or the derived 
linear (solid) relation.  
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Figure 3.9. Global ∆C curve analysis for isodesmic association model.  

A, 180 μM, B, 100 μM, C, 20 μM, and D, 5 μM. Each panel has 10 curves of 
which only the first and last are shown for clarity. The solid black lines are ∆C 
curves and red lines the best fits. The green lines at the bottom of each panel 
around zero are the residuals for the fit. Monomer s20,w and hydrodynamic non-
ideality constant were fixed at 4.58S and 0.009 ml/mg. The relation derived for 
the linear association of deoxy Hb D was used to calculated oligomer s20,w. Only 
the isodesmic association constant and the local concentrations were floated. 
Residuals for the fit show that the isodesmic association to give a linear chain 
describes the data very well.  
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Table 3.4. Summary of curve fiting results for isodesmic model 

Results for weight-average s20,w and global ∆C curve analyses by isodesmic 
equilibrium association model. Oligomer s20,w were estimated either by the scaled 
n2/3 relation or a linear chain relation derived from modeling. Numbers in 
parentheses are the 90% confidence intervals determined by F-statistics.  
 

The Kiso of 1.42×104 M-1 is ~ 40% higher than that obtained from the 

sedimentation equilibrium analysis (see Table 3.1). Energetically, this translates 

to ~ 0.2 kcal/mol i.e. a difference of less than 4%. One probable reason for this 

discrepancy is that equilibrium analysis may lead to an underestimation of Kiso. 

This can arise from the loss of absorbance signal from the higher order oligomers 

due to their pelleting at the bottom of the cell. Another likely reason is the 

assumption of an identical hydrodynamic non-ideality constant for all oligomers 

irrespective of their shape for sedimentation velocity analysis. In general, 

extended molecules display greater hydrodynamic non-ideality (Creeth and 

Knight, 1965). This can be taken into account using the Rowe equation that 

relates the frictional coefficient ratio (f/f0) to the hydrodynamic non-ideality 

constant (Rowe, 1977). As the oligomer sedimentation coefficients are known a 
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priori, the f/f0 and the corresponding hydrodynamic non-ideality constants can be 

calculated. An awkward term in the Rowe equation, the ratio of the ʻswollen 

volumeʼ to the partial specific volume was taken to be 1.4 as suggested (Rowe, 

1977; personal communication).  

While the weight-average s20,w isotherm analyzed by taking into account 

individual oligomersʼ hydrodynamic non-ideality does lower the Kiso to 1.23×104 

M-1, the fit is slightly worse with a rmsd of 0.0149. The fit is however still better 

than that obtained by the scaled 2/3rd method. A deficiency with our use of the 

Rowe equation is the assumption of the constant 1.4 for the ʻswollen volumeʼ to 

partial specific volume ratio for all oligomers. Alternatively, the assumptions 

inherent in the derivation of the Rowe equation may underestimate the 

hydrodynamic non-ideality constants. In particular, the assumption that the 

frictional coefficient ratio (f/f0)  0 instead of 2/3 at the boundary for ʻinfinite slipʼ 

seems to be erroneous (Harding and Johnson, 1985). Regardless, while taking 

into account hydrodynamic non-ideality constants of the oligomers decreases the 

association constant and leads to Kiso values approaching that obtained from the 

equilibrium analysis, the increased rmsd suggests that the added complication is 

most likely unnecessary.  
 

3.1.4 Temperature dependence of deoxy Hb D self-association 

Both the monomer-dimer-tetramer and the linear isodesmic model explain 

the sedimentation velocity data for deoxy Hb D at self-association 20 °C. well. 

The inability to distinguish unambiguously between these two models is due to 

the inter-related problems of relatively weak association and limited data range in 

terms of Hb concentration. It is generally recommended that the data should 
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span concentrations one order of magnitude below and above the dissociation 

constant being measured. With a dissociation constant of ~ 50-70 µM at 20ºC., 

our highest Hb concentration at 184 µM (~ 12 mg/ml) is ~ 3-4-fold lower than the 

desirable 500-700 µM. Experiments were therefore carried out at different 

temperatures with the hopes of circumventing this problem by finding a 

temperature at which the deoxy Hb self-associates with a lower dissociation 

constant. However deoxy Hb D self-association is weakly dependent on 

temperature. Sedimentation velocity data from 5 to 25 °C. are well described by 

both the monomer-dimer-tetramer and isodesmic models. Analyses of the 

temperature dependence of deoxy Hb D self-association by the integrated non-

linear vanʼt Hoff equation (Naghibi et al., 1995) are shown in Figure 3.10 and the 

thermodynamic parameters summarized in Tables 3.5 and 3.6 for the monomer-

dimer-tetramer and isodesmic models respectively.  

The contribution of ΔH° to ΔG° increases with increasing temperature 

while the reverse is true for ΔS° (Ross and Subramaniam, 1981). Of particular 

interest from the analysis of temperature dependence by both the models is their 

agreement concerning the trend of ΔCp°. The ΔCp° from the isodesmic model is -

141± 77 calmol-1K-1. While the vanʼt Hoff curve for the first association step for 

the monomer-dimer-tetramer model is essentially linear, indicating independence 

of ΔH° on temperature, for the second association step it is curved with ΔCp° 

value of -281±100 calmol-1K-1. A negative ΔCp° is considered to be a more 

reliable indicator of hydrophobic interactions than a positive ΔS° value (Stites, 

1997; Prabhu and Sharp, 2005). Taken at face value, these results suggest that 

hydrophobic residues mediate the interaction between the deoxy Hb D 

monomers.   
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Figure 3.10. vanʼt Hoff analysis for chicken deoxy Hb D self-association.  

Panel A, Monomer-dimer-tetramer association model, K12 (), K24 (). Panel B, 
Isodesmic association model to give linear Hb oligomers.   
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Table 3.5. Thermodynamic parameters for monomer-dimer-tetramer 
association 

T0 is the reference temperature and K (calc) the association constant calculated 
at that temperature. Values in parentheses are the ± standard errors. ΔCp° is the 
heat capacity change. Association constants were obtained from ∆C global 
analysis where the monomer, dimer, and tetramer s20,w were held constant at 
4.58S, 6.73S, and 11.82S respectively. Only the two association constants and 
the local concentrations were allowed to float. Hydrodynamic non-ideality 
constant was 0.009 ml/mg.  
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Table 3.6. Thermodynamic parameters for isodesmic association  

T0 is the reference temperature and Kiso (calc) the Kiso calculated at that 
temperature. Values in parentheses are the ± standard errors. ΔCp° is the heat 
capacity change.  
 

Despite the attractiveness of a definite self-association of the monomer-

dimer-tetramer scheme, the generally higher rmsd of the fit in spite of two extra 

parameters floated versus an isodesmic model makes it difficult to justify it. This 

trend is true for data at all temperatures. In the absence of any evidence that 

deoxy Hb D cannot self-associate indefinitely, the isodesmic model that gives rise 

to a linear Hb chain is the most parsimonious and consistent descriptor of the 

observed data up to Hb concentrations of ~ 12 mg/ml at five different 

temperatures.  
 

3.1.5 Does deoxy Hb D form fibers?  

If we assume that deoxy Hb D self-associates isodesmically to give linear 

chains, it is interesting to speculate whether it can form fibers at high 

concentrations. Tubulin, and its bacterial homolog, FtsZ are known to form long 
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protofilaments that associate laterally to give rise to cytoskeletal structures 

(Chrétien et al., 1995; Erickson et al., 1996). In fact, FtsZ polymerization to give 

the protofilament is thought to occur somewhat isodesmically (Rivas et al., 2000; 

Lomberg et al., 2001) although this has recently been challenged (Heucas et al., 

2008). Moreover, apart from the well-known deoxygenation-dependent sickling of 

human Hb S, there is evidence that Hb from various animals form fibers (Undritz 

et al., 1960; Evans, 1968; Simpson and Taylor, 1974; Ball et al., 1975; Simpson 

et al., 1982; Hárosi et al., 1998; Koldkjær and Berenbrink, 2007). However, no 

evidence for fiber formation was observed at ~ 2.5 mM Hb D by electron 

microscopy. In fact, the sample concentration was too high to allow any 

distinguishable structures to be visualized. Although the grids were prepared 

under nitrogen in a glove bag, subsequent manipulations were carried out in air. 

This may lead to the dissociation of any deoxy Hb D fiber although it seems 

unlikely. Studies of Hb S depolymerization show that the treatment of Hb S with 

the phosphotungstic acid stain preserves the fiber structure (Agarwal et al., 2002) 

even in the absence of any cross-linking agents. Efforts to fix the sample by 

treatment of the deoxygenated Hb D sample with 1-2 % glutaraldehyde produced 

large insoluble aggregates. An alternate method with low glutaraldehyde (0.02%), 

moderate deoxy Hb D concentration (20 mg/ml), and prolonged crosslinking (1hr) 

was abandoned when the control non-associating chicken deoxy Hb A sample 

showed similar size-exclusion chromatography elution profile as deoxy Hb D 

suggesting non-specific crosslinking.  

Thus, there is currently no evidence that deoxy Hb D form fibers. One 

might consider inspecting deoxy Hb D samples at low concentrations for protein 

filaments to distinguish between the isodesmic and monomer-dimer-tetramer 
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models of self-association. But the low association constants for both models 

ensure that hardly any oligomers larger than dimers will be present at protein 

concentrations ideal for visualization (~ 0.1-2 mg/ml).  
 

3.2 Oxygen Equilibria of chicken Hb D 

Linked-function analysis shows that the self-association of deoxy Hb D 

should lower the affinity of the deoxy Hb complex for oxygen (Riggs, 1998). This 

is confirmed in Figure 3.11A where the lower but not the upper asymptote is 

strongly concentration dependent. The lower and upper asymptotes reflect the 

binding of the first and last oxygens respectively. The binding affinity for the first 

oxygen decreases ~ 4-fold upon going from 20 µM to 1 mM Hb D. For the last 

oxygen this decrease is only ~ 1.4-fold. This difference in the asymptotes gives 

rise to a maximal Hill coefficient that increases with Hb concentration to finally 

exceed four at 1 mM Hb D as shown in Figure 3.11B, C. There is also a right-shift 

of the oxygen equilibria curve with increasing Hb concentration. However fitting 

the 5% to 95% oxygen saturation data to a Hill equation seems to miss this 

enhanced cooperativity. Figure 3.11C vividly shows this where the fitted Hill 

coefficient (n) is essentially unchanged from 0.33 to 1.5 mM Hb D while the 

maximal Hill coefficient (nmax) shows a steady increase with Hb concentration. 

Previous attempts to relate the increased maximal Hill coefficient to the fraction 

of deoxy Hb D oligomers in terms of a monomer-to-dimer equilibrium showed 

good correlation (Rana et al., 2008). This is clearly incorrect in view of recent 

results presented in the preceding section that show presence of higher-order 

oligomers of deoxy Hb D. Figure 3.12 shows the distribution of deoxy Hb D 

oligomers for both isodesmic and monomer-dimer-tetramer models of self-
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association. Irrespective of the model, it is clear that there are multiple species of 

Hb D present at concentrations in which oxygen-binding experiments are carried 

out. This is especially true at higher concentrations.  

 

 

Figure 3.11. Oxygen equilibria of chicken Hb D.  

Panel A, Hill plot of chicken Hb D at ~ 0.021 (green), 0.042 (red), 0.083 (blue), 
0.33 (magenta), 0.67 (cyan), and 1 (black) mM Hb tetramer. Panel B, 
Dependence of Hill coefficients on fractional saturation (Y) at ~ 0.021 (green), 
0.083 (blue), and 1 (black) mM Hb. Similar data for chicken Hb A at 1 mM Hb 
tetramer () is shown for comparison. Panel C, Dependence of maximal Hill 
coefficient () and fitted Hill coefficient () on Hb D concentrations.  
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Figure 3.12. Weight fraction of deoxy Hb D oligomers as a function of Hb 
concentration.  

Top panel, isodesmic association. The numbers next to the curve are the 
oligomer coefficients. Distribution of oligomers only up to a 6-mer is shown for 
clarity. Bottom panel, monomer-dimer-tetramer association. The thin line 
represents the monomer, dashed line the dimer and the thick solid line the 
tetramer. The two lines at ~ 0 and 70 mg/ml represent Hb concentrations of 10 
µM and 1 mM respectively.   
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Figure 3.13 shows the dependence of the maximal Hill coefficient and the 

log p50 on the IHP to Hb tetramer ratio. Although deoxy Hb D self-association is 

essentially independent of IHP, the phosphate effector is necessary for maximal 

Hill coefficients greater than four. Therefore the effect of self-association on 

cooperativity is additive to that intrinsic to the tetramer. Another interesting 

feature is the slight biphasic mode of oxygen binding by Hb D in the absence of 

any IHP. The effect is magnified upon addition of 1 mmol of IHP but is virtually 

abolished by addition of 3 mmol of IHP (Figure 3.14). Biphasic or polyphasic 

oxygen binding has been previously observed for human Hb solutions partially 

saturated with organic phosphates (Benesch et al., 1968; Imai and Tyuma, 

1973), embryonic blood containing multiple Hb components (Purdie et al., 1983), 

and amphibian Hbs (Lykkeboe and Johanson, 1978; Tam and Riggs, 1984; 

Bårdgard et al., 1997). The observed data are best interpreted as self-

association of deoxy Hb D giving rise to multiple Hb D species with differing 

oxygen affinities. A further note is that the maximal Hill coefficient is seen at ~ 

75% oxygen saturation suggesting that the dissociation of low affinity Hb 

oligomers to high affinity Hb tetramers takes place late in the oxygenation 

process.  

The observation that oligomeric Hb D has a lower oxygen affinity is 

consistent with that observed for polymeric Hb S (Sunshine et al., 1982) but not 

Hb Olympia (Edelstein et al., 1986). However, the explanation that the decrease 

in the lower asymptote with the upper asymptote remaining relatively constant 

gives rise to high Hill coefficients is phenomenological and without a molecular 

basis. Sunshine et al. observed that oxygen binding by Hb S could be described 

with a MWC two-state allosteric model but this provides no insight into the 
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molecular mechanism for the low oxygen affinity of Hb S polymers (Sunshine et 

al., 1982). 

 

 

 
 

Figure 3.13. Effect of IHP on maximal Hill coefficient (nmax) and log P50.  

Hb concentration was 1 mM and the pH 7.4. IHP was added from a 100 mM 
stock solution.  
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Figure 3.14. The slight biphasic oxygen binding by chicken Hb D. 

Hb concentration was 1 mM to which 0 (), 1 (), and 3 () mM IHP was 
added. Only data up to 30 mm Hg O2 pressure is shown for clarity.  
 

However, the crystal structure of deoxy Hb S shows that the E- and F- 

helices of the β-subunit are hindered by lateral contacts with the A-helix 

containing the Glu6Val6 (A3) substitution (Padlan and Love, 1985; Harrington 

et al., 1997) and thus provides a molecular explanation for both the non-

cooperativity and the low affinity of oxygen binding by Hb S polymers (Sunshine 

et al., 1982). Cobb et al. proposed a model for deoxy Hb D dimerization involving 

residues Lys71 (E20), Gln78 (EF7), and Glu82 (F3) of the αD-chain (Cobb et al., 

1992). While the results presented above concerning the oligomeric state of 

deoxy Hb D make these residues suspect they are nonetheless enticing for they 
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are likely to affect both the heme environment and the movement of the F-helix 

upon ligand binding (Perutz, 1970). Indeed, studies on invertebrate Hbs that self-

associate upon deoxygenation or form large multimeric complexes show that the 

interactions involving the E- and F-helices or the FG-region are necessary for 

cooperative oxygen binding (Royer et al., 2001).  
 

3.2.1 Do chicken deoxy Hb A and deoxy Hb D interact?  

Preliminary oxygen equilibria experiments of a mixture of chicken Hb A 

and Hb D suggested that they interacted to give a complex with low oxygen 

affinity but enhanced cooperativity (Hamad et al., 2004). Similarly, oxygen-

binding experiments of single red-blood cells of a turtle, which contains both Hb A 

and Hb D, suggested that they interacted (Frische et al., 2001). Further support 

for such a possibility came from the observation that the presence of 

stoichiometric amounts of chicken Hb A prevented the aggregation of deoxy Hb 

D at very high concentrations; this result was interpreted as indicating specific 

interactions between the two Hb tetramers (Baumann et al., 1984). Nonetheless, 

analysis by analytical ultracentrifugation of an equimolar mixture of deoxy Hb A 

and deoxy Hb D gave no evidence for formation of any large complexes (Cobb et 

al., 1992). Therefore, the possibility of specific interactions between deoxy Hb A 

and Hb D was re-tested by oxygen equilibria at high Hb concentrations. Such an 

interaction would be likely to explain the very high Hill coefficients observed for 

chicken blood (Lapennas and Reeves, 1983a). Moreover, there are precedents; 

the two Hb components of amphibians have been shown to interact and enhance 

cooperativity of oxygen binding (Tam and Riggs, 1984; Tam et al., 1993). Figure 
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3.15 shows the oxygen equilibrium results for a 1:1 molar ratio of chicken Hb A 

and Hb D at a final Hb concentration of 2 mM (~ 130 mg/ml).  

 

 

Figure 3.15. Oxygen binding by a mixture of chicken Hb A and Hb D. 

The Hbs are in a 1:1 molar ratio and a final Hb concentration of 2 mM. Hb A (), 
Hb D (), and Hb A + Hb D (). The dotted line is the arithmetic average 
expected in the absence of any interactions between Hb A and Hb D. The inset 
shows the lower regions of the curve.  The maximal Hill coefficients for Hb A, Hb 
D, and the 1:1 mixture of Hbs A and D were 2.75, 4.22, and 3.25 respectively.   
 

There is no evidence for any specific Hb A-Hb D interaction; the log P50 of 

the mixture is close to the expected average for a non-interacting system with no 

enhanced cooperativity. It is possible that the mechanism by which chicken Hb A 

prevents deoxy Hb D aggregation is similar to the action of human Hb A and Hb 
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F on Hb S where the formation of hybrid Hbs hinder deoxy Hb S gelation 

(Goldberg et al., 1977; Sunshine et al., 1979). This, however, seems unlikely as 

human Hb A, which according to the hybrid Hb mechanism should also hinder 

deoxy Hb D aggregation, does not do so (Baumann et al., 1984). A non-specific 

solution effect is equally dubious because the increase in solution non-ideality 

due to excluded volume effects from high Hb A concentrations should favor 

deoxy Hb D aggregation (Sunshine et al., 1979; Minton, 2005). 
 

3.3 Embryonic Hbs of the tammar wallaby (Macropus eugenii) 

Previous reports mention very high Hill coefficients in oxygen binding by 

the tammar wallaby embryonic red blood cells (Holland et al., 1988; Tibben et al., 

1991; Calvert et al., 1993). This has been attributed to the self-association of 

deoxy embryonic Hbs although no direct confirmation of this phenomenon has 

been undertaken. Oxygen equilibria of the hemolysate at ~ 250 µM Hb shows no 

evidence for Hill coefficients greater than 3.0 (Figure 3.16A,B). This is consistent 

with previous observations where the hemolysate did not show high Hill 

coefficients presumably due to the dilution of the Hb (Holland et al., 1988). The 

presence of non-associating Hbs will further mask any high Hill coefficients. 

However, the increase in the weight-average s20,w with increasing embryonic 

deoxy Hb concentration shows beyond any doubt that the deoxy Hb self-

associates (Figure 3.17A,B). The lower weight-average s20,w of the oxy Hb is due 

to the dissociation of the Hb tetramers to αβ-dimers at low concentrations. Due to 

the very minute amounts of embryonic hemolysate available, no attempt was 

made to separate the embryonic Hbs. At least four different embryonic Hbs are 
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present in the hemolysate from the embryonic blood cells viz. ζ2ε2, ζʼ2ε2, α2ε2, 

and α2ω2 (Calvert et al., 1993; Holland and Gooley, 1997). 
 

 

Figure 3.16. Oxygen binding by tammar wallaby embryonic hemolysate. 

Hb concentration is ~ 250 μM with 3 mM IHP at pH 7.45. The dotted lines are the 
asymptotes with slope = 1. The Hill coefficient is less than 3 for all parts of the 
curve.  
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Figure 3.17. Sedimentation velocity analysis of tammar wallaby embryonic 
hemolysate. 

Hb concentrations of ~ 1.2 (, ), 5 (, ), and 50 (, ) μM Hb analyzed by 
van Holde-Weischet analysis. Open symbols are oxy Hb and closed symbols 
deoxy. Lower panel shows the weight-average s20,w as a function of Hb 
concentration.  
 

Which one of them self-associates upon deoxygenation? Knowing that the 

αD-globin of Hb D is primarily an embryonic globin (Bruns and Ingram, 1973; 
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Chapman and Hood, 1982, Hoffmann and Storz, 2007), a reasonable hypothesis 

can be put forward. It is the embryonic α-globin that is necessary for 

deoxygenation-dependent self-association. As the ζ- and the ζʼ-globins are the 

only embryonic α-globins among the four embryonic Hb components, they are 

the best candidates. Recent studies of oxygen binding on the embryonic red 

blood cells of brush-tailed possum (Trichosurus vulpecula) show Hill coefficients 

greater than four (Henty et al., 2008). Correlation of the disappearance of 

observed high Hill coefficients with changes in the relative proportions of the Hbs 

during development (Henty et al., 2008) supports the conjecture that the ζ-globin 

is involved in embryonic deoxy Hb self-association. 

This raises an interesting question – do all tetrameric Hbs that have 

embryonic α-globins self-associate? Furthermore, are the same residues 

involved? A sequence alignment of the embryonic α-globins from chicken, pig, 

human, mouse, rabbit, and tammar wallaby is shown in Figure 3.18. Most of the 

strongly conserved residues are those involved in the α1β1 (α2β2), α1β2 (α2β1) 

interfaces, and heme binding. Glu138 (H21) situated in the cleft between the α1-

α2 chains in the tetramer has previously been speculated as being indirectly 

involved in Hb tetramer-tetramer interactions (Baumann et al., 1984; Schnek et 

al., 1985; Baumann and Meuer, 1992). It is conserved in all the embryonic α-

globin sequences and is a reasonable candidate for substitution by site-directed 

mutagenesis. Glu82 (F3), one of the residues previously proposed for deoxy Hb 

D self-association (Cobb et al., 1992), is replaced by lysine in all the embryonic 

α-globins.  
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Figure 3.18. Sequence alignment of the embryonic α-globins.  

The highly conserved Glu138 residue is highlighted by a red box. The black bars 
above the alignment represent the seven helices (A-H) of the α-globin. The αD-
globin is distinguished from the embryonic ζ-globins by the N-terminal residue. 
αD-globins usually have a Met (less often a Val) whereas the ζ-globins have a 
Ser (or Thr). Residue 82 of the ζ-globins is a Lys whereas this is usually a Glu in 
the αD-globins.  
 

Therefore a common mechanism, if it exists, of deoxy Hb tetramer 

interactions involving embryonic α-globins is unlikely to involve this residue as 

has been pointed out before (Gooley and Holland, 1997). More recently, an 

alternate set of hydrophobic residues has also been proposed (Knapp et al., 

1999). However the role of this set of residues appears doubtful because the 

basis for the speculation was the erroneous assumption that both deoxy Hb A 

and Hb D self-associate. 
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3.4 Hb D from turkey, goose, and ostrich  

3.4.1 Oxygen equilibria and sedimentation velocity 

Although the self-association of chicken deoxy Hb D is now well 

established, little is known of the Hbs D from other avian species. The ability of 

these Hbs to undergo deoxygenation-dependent self-association has been 

examined with the selection of the Hbs D of turkey, goose, and ostrich. Oxygen 

equilibrium and sedimentation velocity measurements were made on the Hbs D 

from these species. A motivation for these measurements was the need to 

identify residues that might mediate the deoxy Hb interactions. The tentative 

identification of interacting residues would be based on the amino acid sequence 

alignments and the observed differences in the strength of self-association. The 

results are shown in Figure 3.19 and are summarized in Table 3.7, which shows 

the extent of sequence correspondence. Turkey Hb D, which is ~ 98% identical to 

chicken Hb D is the only Hb D that shows maximal Hill coefficients higher than 

four. However, the weight-average s20,w value is ~ 2.5% lower than that of the 

chicken. This finding is consistent with the sedimentation equilibrium data. It is 

therefore unlikely that this is due to the difference in the molecular weights (< 

0.2%) or the molecular shape. Hbs D of both goose and ostrich have maximal Hill 

coefficients much lower than four although the deoxy Hbs do self-associate 

according to the c(s) distribution curves and the weight-average s20,w.  The weak 

self-association of the deoxy Hbs D from goose and ostrich are consistent with 

the lower maximal Hill coefficients. Higher values would presumably be found at 

Hb concentrations well above 1 mM Hb.  
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Figure 3.19. Oxygen binding and sedimentation velocity data for avian Hbs 
D.  

Panel A, Hill plots of oxygen binding by ostrich (green), goose (blue), turkey 
(red), and chicken Hb D (black). Panel B, Dependence of Hill coefficients on 
fractional saturation corresponding to data shown in panel A. Legends as in 
panel A. Panel C, c(s) distributions of deoxy Hb D at 50 μM of the Hbs D from the 
four birds. Legends as in panel A.  
 

Assuming an isodesmic model, and monomer s20,w the same as for 

chicken deoxy Hb D, the estimated Kiso for turkey, goose, and ostrich are ~ 

1×104, ~ 0.4×104, and ~ 0.4×104 M-1 respectively. In spite of similar association 

strengths of goose and ostrich Hb D, their maximal Hill coefficient differ by ~ 0.4 

units. This may be due to the differences in cooperativity intrinsic to the Hb D 
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tetramer and/or interactions with IHP. It is known that the major intracellular 

organic phosphate effector of ostrich red blood cell is inositol tetrakisphosphate 

(ITP) and not inositol pentakisphosphate (IPP) as in other birdsʼ red blood cells 

(Isaacks et al., 1977b). This difference is also reflected in the β-globin of the 

ostrich. The positively charged His residue at position 2 of the β-chain that 

interacts with IPP is replaced by a neutral Gln (Oberthür et al., 1983). This 

reduces the total number of residues that interact with the phosphate-effector 

from 10 per tetramer to only 8.   

 

 

Table 3.7. Summary of results for avian Hbs D.  

Summary of the oxygen binding and sedimentation velocity results along with the 
extent of sequence identities of the αD- and β-globins.  
 

3.4.2 Sequence alignment and residue selection 

Because Hb D but not Hb A, which differ only in their α-globin, self-

associates upon deoxygenation, it has been reasonably assumed that the αD-

chain is responsible for the effect. The experimental results support this 

conclusion; the β-chain of turkey, goose, and ostrich Hbs are all ≥ 95% identical 

to that of chicken. Thus the ~ 1.4 to 4-fold decrease in the association constant of 

deoxy Hb D from turkey, goose, and ostrich must be associated with the αD-chain 
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which differs more significantly than the β-chain (Table 3.7). While a simpler 

monomer-to-dimer association of the Hb D tetramers allows one to completely 

disregard the β-chain and model interactions as occurring only between the αD-

chains to give a terminal definite association (Cobb et al., 1992), the presence of 

larger oligomers seems to require that the β-chain play a role in the interactions. 

Figure 3.20 shows the results for the multiple sequence alignment of αD-globins 

for the four birds. A simple analysis based on the accessibility of the residues to 

participate in inter-tetramer interactions on the Hb surface gives only three 

candidates: Ser49 (CE7), Asn72 (EF1), and Ala81 (F2). The location of these 

residues mapped onto a bar-headed goose deoxy Hb A structure (Liang et al., 

2001) is also shown in Figure 3.20. It is interesting that two of the residues 

(Asn72 and Ala81) are near those proposed by Cobb et al. (1992).  

His replaces Ser at position 49 in ostrich and goose αD-globins. 

Sedimentation velocity measurements of ostrich deoxy Hb D at 50 µM Hb 

between pH 5.7 and 8.4 is similar to that for chicken deoxy Hb D (Figure 3.21) 

and essentially independent of pH between 6.4 and 7.5. Histidines in most 

proteins have ionization constants of 6.6±1.0 (Grimsley et al., 2009). This 

suggests that residue 49 does not play any role in inter-tetramer interactions as a 

different pH dependence profile of s20,w from that of chicken deoxy Hb D would be 

expected. The sequence alignment and surface mapping suggests a testable 

hypothesis 1. The decrease in the self-association of turkey deoxy Hb D relative 

to that of chicken is due to the Ala81Ser81 substitution. 2. The larger decrease 

in the self-association of goose and ostrich deoxy Hb D relative to that of chicken 

is due to the Ala81Ser81 and the Asn72Ser72 substitution.  
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Figure 3.20. Sequence alignment and surface mapping.  

The top panels shows the multiple sequence alignment of the αD-globins from 
chicken, turkey, goose, and ostrich. The three residues that are accessible on the 
tetramer surface are highlighted by a red box. Molecular surface representation 
of bar-headed goose deoxy Hb A (PDB code 1HV4). The yellow and light-yellow 
are the α-subunits and the blue and cyan are the β-subunits. The black area 
represents the heme moiety. Ser49 (magenta), Asn72 (red), and Ala81 (green) 
are mapped on the surface on the right figure. Glu138 (brown), which lies 
between the α-α cleft, is shown in the left figure. αD-globins are distinguished 
from αA-globins by the N-terminal Met (Val in αA-globins) and the distinct C-
terminal EKYR motif (AKYR in αA-globins).  
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Figure 3.21. pH dependence of ostrich deoxy Hb D self-association 

Weight-average s20,w for ostrich deoxy Hb D () at 20 ºC. Ostrich deoxy Hb D 
concentration was 50 µM. The data for chicken deoxy Hb D () from Cobb et al. 
(1992) are shown for comparison.  
 

3.5 Recombinant Hb D  

Three recombinant Hb D (rHb D) were generated to test the hypothesis 

presented in the previous sections. These were rHb D (wt) as a control, rHb D 

(E138A), and rHb D (A81S).  
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3.5.1 rHb D preparation  

Although the yield was usually greater than 12 mg protein per liter culture, 

the β-globin was not expressed. This is contrary to the observations for 

recombinant human Hb expression in E. coli where it is usually the α- rather than 

the β-globin that gives rise to problems. Neither use of a codon optimized 

synthetic β-globin gene (Genscript, NJ) nor strong bacteriophage T7 promoter 

present in the pET vector lead to avian β-globin expression as previously 

reported for human recombinant β-globin (Hernan et al., 1992). Gels are shown 

in Figure 3.22. Therefore, subsequent recombinant globins were expressed from 

constructs containing only the αD-globin gene. As the site-directed mutagenesis 

focuses only on the αD-globin, native β-chain was considered to be an adequate 

substitute to create the rHb D. While established chromatography protocols 

allowed the preparation of denatured β-globins (Figure 3.23), refolding attempts 

under various conditions were unsuccessful; the β-globins always precipitated. 

Addition of a 3.2-fold excess of hemin instead of only 1.2-fold excess causes β-

globin to remain in solution (Figure 3.24).  However, attempts to reduce the 

metHb in CO saturated buffer with sodium dithionite lead to prodigious amounts 

of a brown precipitate. It is feasible that the refolding difficulties and the lack of 

expression in bacteria of the β-globin are related although alternative reasons 

such as mRNA secondary structure cannot be ruled out. In view of the instability 

of human α-globin and role of the alpha-hemoglobin stabilizing protein (AHSP) as 

a chaperone (Yu et al., 2007), one wonders if an analogous beta-hemoglobin 

stabilizing protein exists in birdsʼ red blood cells.  
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Figure 3.22. Recombinant Hb D expression 

pHE7 (top) and pET3a (bottom) expression vector constructs showing absence 
of any β-globin expression. The β-chain is marked by an arrow. –P, JM109 (DE3) 
cells lacking expression plasmids.   
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Figure 3.23. Chromatographic separation of denatured αD- and β-globins 

The αD-chain elutes first followed by the β-chain as shown in the SDS-PAGE gels 
below the chromatogram. Buffer contained 8 M urea and the resin was CM-52. L 
– denatured chicken Hb D load applied to the column. The linear gradient was 
250 ml each of buffer containing 0 and 0.2 M NaCl.  
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Figure 3.24. Refolding of recombinant αD- and chromatographically purified 
β-globin.  

Panel A, Refolding attempts with 1.2-fold excess hemin in the final refolding mix. 
Panel B, Refolding attempts with 1.2-fold excess hemin and osmolytes or pre-
folded αD-globin. Panel C, Refolding with 1.2- versus 3.2-fold excess hemin in the 
final refolding mix. Final globin concentrations were ~ 0.1 mg/ml. Abbreviations: 
Sup, supernatant; Ppt, precipitate; Mix, initial mix of αD- and β-globins prior to 
hemin addition and dilution.  
 

Recombinant Hbs D were finally prepared using the low-pH protocol 

where the αA-globin is essentially replaced from the αAβ-dimer by the excess 

recombinant αD-globin to give αDβ-product. Result from an anion-exchange 

chromatography is shown in Figure 3.25. The procedure was laborious and the 

yield low with considerable precipitation of globins. Starting with ~ 30 mg of 

recombinant αD-globin, the final rHb D yield was ≤ 2 mg after the final MonoQ 

column. Further chromatographic purifications were eschewed to prevent protein 

loss during handling. Native- and SDS-PAGE are shown for the final rHbs D in 
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Figure 3.26 and the absorbance spectra of the rHbs D are compared to that of 

native Hb D in Figure 3.27. The native gel electrophoretic mobility of the rHb D 

(wt) and rHb D (A81S) is similar to that of native Hb D while that of rHb D 

(E138A) is retarded due to the loss of a negative charge.  

 

Figure 3.25. Low pH protocol for rHb D preparation.  

Four-fold excess recombinant αD-globin is combined with chicken Hb A and 
diluted to a final heme concentration of ~ 1-1.5 μM in pH 4.5 buffer. The pH is 
increased to 7.8 after an overnight incubation at 4 ºC., concentrated to ~ 5-6 ml, 
and applied to a fresh DE-52 column. Unreacted Hb A is allowed to elute out and 
the remaining globins are eluted with a linear NaCl gradient. The chromatogram 
is shown with the native gel (bottom left) and SDS-PAGE (bottom right). Pool A, 
chicken Hb A; Pool B, rHb D; Pool C; excess recombinant αD-globins; L, Hb 
applied to DE-52 column. Arrow marks the fraction when gradient was started.    



 79 

 
 

Figure 3.26. Gels of recombinant Hbs.  

Panel A, native gel of the recombinant αD-globins and the final rHbs D. Panel B, 
SDS-PAGE of the rHbs D.  
 

The absorption peaks for oxy Hb at 577, 542, and 415 nm are present 

although the ratio of the absorbance at 577 to 542 nm is ~ 1-4% lower than for 

native Hb D in all recombinants. Similarly, the peaks for deoxy Hb are at the 

correct positions of 555 and 430 nm although the Soret peak at 430 nm is lower 

for all the rHbs than the native. This may be due to the presence of small 

amounts of metHb, which causes a red shift of the Soret peak. Recent studies on 

the inter-subunit strengths between the α- and β-chains as well as the αβ-dimer 
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have shown that the Hb stability is correlated with the developmental profile with 

early embryonic Hb being the least and adult Hb the most stable (Manning et al., 

2007; Manning et al., 2009). Thus the low yield of rHb D, which is primarily an 

embryonic globin (Bruns and Ingram, 1973; Chapman and Hood, 1982, 

Hoffmann and Storz, 2007), can be rationalized on the basis that the adult αA-

globin binds preferably to the β-chain.   
 

 

Figure 3.27. Absorption spectra of recombinant Hbs 

Oxy (panels A, B) and deoxy (panels C, D) of recombinant Hbs D. Native Hb D 
(black), rHb D (wt) (red), rHb D (A81S) (blue), rHb D (E138A) (green). The arrow 
in panel D indicates some metHb D formation with a peak at ~ 630 nm. Oxy 
spectra were obtained in 10 mM TrisHCl, pH 7.8 buffer. Deoxy spectra were 
obtained in 50 mM TrisHCl, pH 7.4, 100 mM NaCl, 1 mM EDTA with 2 mg/ml 
sodium dithionite.  



 81 

3.5.2 Self-association of recombinant deoxy Hb D 

The c(s) distribution of deoxy rHb D (wt) at 50μM Hb is compared to that 

of native deoxy Hb D (Figure 3.28). It is obvious that the self-association of the 

rHb D (wt) is significantly reduced. There is also a small peak at ~ 3.0S not 

observed in the native deoxy Hb D. The s20,w value of 3.0S suggests that it is 

likely to be an αβ-dimer of ~ 30 kDa rather than a monomeric αD-globin that was 

not completely removed from the final rHb preparation. Nonetheless, the s20,w of 

all the rHbs are concentration dependent and therefore not an artifact arising 

from non-specific aggregation (Figure 3.29).    

 

Figure 3.28. Comparison of native and recombinant deoxy Hb D self-
association 

c(s) distributions of deoxy native Hb D () and wild-type (wt) rHb D () at 50 μM 
Hb at 20 ºC.  
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Figure 3.29. Self-association of deoxy recombinant Hbs D 

c(s) distribution of rHbs at 5 (Panel A) and 50 μM (Panel B) Hb at 20 ºC. rHb D 
(wt) (black), rHb D (A81S) (blue), and r Hb D (E138A) (red). rHb D (E138A) has 
the least of the 3.0S peak while rHb D (A81S) the most.  
 

Figure 3.29 also contains pertinent information on the 3.0S peak. First, the 

relative ratios of the 3.0S peak to the major peak for all the rHbs at 5 and 50 μM 

Hb is unchanged. Second, the position of the 3.0S peak is relatively constant at 5 

and 50 μM Hb. These observations suggest that this material is not taking part in 
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the deoxy Hb tetramer self-association and can thus be regarded as a 

ʻcontaminantʼ. Multi-angle laser light scattering experiments of carbonmonoxy 

rHbs support the results observed here. A minor late eluting shoulder is largest 

for rH D (A81S) followed by rHb D (wt), and rHb D (E138A). Ignoring the 3.0S 

peak, weight-average s20,w obtained by integrating the major peak between 3.5S 

and 10S versus Hb concentration is shown in Figure 3.30. For comparison, the 

weight-average s20,w values for native Hb D between 3.5S and 10S is also 

shown. The results show that all of the deoxy rHbs self-associate to a similar 

extent. The slightly lower self-association observed for the wild-type and A81S 

mutant can be explained by factoring in the loss in effective Hb tetramer 

concentration due to the presence of the 3.0S peak. In fact, the size of the 3.0S 

peak is inversely proportional to the 50 μM weight-average s20,w. Because the 

effect of the A81S mutation was expected to be weak, the current data is not 

precise enough to make any judgments. However a definite statement can be 

made about the E138A mutant; the Glu138 residue, which is conserved in all αD- 

and embryonic α-globins, does not play any part in deoxy Hb D self-association.  

The reduced self-association of deoxy rHb D compared to native Hb D 

may have multiple causes. First, it is possible that not all recombinant αD-globin 

is folded correctly or has heme in the correct orientation. Recombinant human Hb 

A expressed in bacteria usually display some heterogeneity (Shen et al., 1990; 

Hernan and Sligar, 1995; Hui et al., 1999). Oxidation followed by sodium 

dithionite reduction (Shen et al., 1990), separation of the α- and β-globin followed 

by reassembly (Hernan and Sligar; 1995), or the complete denaturation of the 

recombinant Hb tetramer followed by refolding with exogenous hemin (Hui et al., 

1999) have been utilized to improve recombinant Hb A function. 
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Figure 3.30. s20,w of recombinant Hbs D 

Weight-average s20,w of recombinant and native Hb D obtained by integrating c(s) 
distributions between 3.5S and 10S. Native (black), wt rHb D (red), A81S (blue), 
and E138A (green). 
 

Thus, the complete unfolding and refolding of the recombinant αD-globin 

may give more native-like Hb D. Second, during the low-pH protocol to produce 

rHb tetramers, the globins may have been degraded by proteases. A closer 

inspection of the native gel in Figure 3.26 (Panel A) shows that the mobility of 

rHbs (wt) and (A81S) is slightly higher than native Hb D. In fact, the mobility of 

unreacted chicken Hb A from the low-pH protocol is slightly retarded in 

comparison to Hb A that has not undergone the process. This could be assessed 
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by mass spectrometry measurements of the α- and β-chainsʼ masses before and 

after the low-pH process. Globin degradation can probably be greatly reduced by 

a thorough upstream purification of the recombinant αD-globins prior to combining 

with chicken Hb A at low pH. Third, the low-pH process somehow irreversibly 

changes the structure of the rHbs. However, unless the recombinant β-globin can 

be expressed, this particular problem cannot be avoided.  
  

3.6. Conclusions 

The present studies show that the previous results that suggested only a 

monomer-dimer equilibrium for deoxy Hb D self-association were incomplete. 

The use of higher Hb D concentrations in conjunction with rigorous sedimentation 

velocity analyses of weight-average s20,w isotherms as well as global curve 

fittings show that a monomer-dimer-tetramer or an isodesmic equilibrium 

association describe the data much better than a simple monomer-dimer 

equilibrium. Hb concentrations, currently unachievable by both absorbance or 

interference optics on the AUC machine used, would be necessary to distinguish 

unambiguously between these models. The maximal Hill coefficients of oxygen 

binding are concentration dependent and exceed four at Hb concentrations of 1 

mM (~ 67 mg/ml). This is independent of the correct model for deoxy Hb D self-

association. However, Hill coefficients obtained by fitting the entire data sets are 

unable to detect the increased cooperativity. Furthermore, organic phosphate 

effectors are necessary to give maximal Hill coefficients greater than four. As 

expected, the strength of association plays a role. Hbs D from chicken, turkey, 

ostrich, and goose all self-associate upon deoxygenation to differing extents. 

Thus maximal Hill coefficients of Hbs D from ostrich and goose are under four 



 86 

even at 1 mM Hb and self-associate ~ 4-fold more weakly than do the Hbs D 

from chicken and turkey. Similarly, embryonic Hbs from the marsupial tammar 

wallaby self-associate upon deoxygenation in spite of their maximal Hill 

coefficients being significantly less than four. These results underline the 

importance of carrying out both oxygen binding and sedimentation studies. 

Moreover, oxygen-binding experiments need to be carried out at relatively high 

Hb concentrations with a wide range of Hb concentrations being ideal. Hill 

coefficients are best calculated along the entire curve instead of fitting it to an 

equation.  

Three recombinant Hbs D were generated viz. rHb D (wt), rHb D (E138A), 

and rHb D (A81S). This was done despite non-expression of the β-globin in 

bacteria. The αA-globin from the αAβ-dimer of chicken Hb A was displaced by an 

excess of recombinant αD-globins at low pH. Although the preparations were 

heterogeneous and the self-association of deoxy rHbs reduced, the effect of the 

E138A mutation could be unequivocally assessed. Glu138 plays no role in deoxy 

Hb D self-association. The effect of A81S substitution, which was expected to be 

small, could not be accurately ascertained. This study has paved the way for 

generating avian rHbs in bacteria and a protocol for circumventing the difficulties 

of avian β-globin expression. It can be improved upon to generate rHbs to assess 

residues that may be involved in the deoxygenation-dependent self-association 

of avian Hb D. Identification of these residues should lead to a definite answer for 

the hypothesis proposed here – deoxygenation-dependent self-association is an 

intrinsic property of tetrameric Hbs composed of embryonic α-globins. Therefore, 

residues involved in chicken deoxy Hb D, which is primarily an embryonic α-

globin, are likely the same ones that mediate tetramer-tetramer interactions in 
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embryonic deoxy Hbs such as observed in the embryonic Hbs of tammar 

wallaby.   
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Appendix  

Monomer-dimer sedimentation equilibrium 

 

 

Figure A1. Monomer-Dimer sedimentation equilibrium of chicken deoxy Hb 
D 

Data at 13K (green), 16K (blue), and 19K (red) rpm and loading concentrations of 
~ 16 and 65 μM Hb were globally analyzed by a monomer-dimer equilibrium self-
association model. The open circles are raw data and the solid black lines are the 
best fits. Only data at ~ 65 μM is shown for clarity. The returned K12 was 
3.54×104 M-1 and the rmsd of the fit was 0.0730.  
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Recombinant DNA protocols 

Polymerase Chain Reaction (PCR): Reaction Mix 

1 ng/µl vector/template  = 10 µl 

100 µM forward primer  = 1 µl 

100 µM reverse primer  = 1 µl 

10 mM dNTP mix   = 4 µl 

10× Thermol buffer   = 20 µl 

2 units/µl Vent Taq   = 1 µl 

nano pure water   = 160 µl 

Total volume    ~ 200 µl 

 

Polymerase Chain Reaction (PCR): Temperature regime 

Step 1  94 °C.  1 min 

Step 2  92 °C.  40 sec 

Step 3  57 °C.  40 sec 

Step 4  75 °C.  1.5 min 

Step 5  Go To Step 2, 30 cycles 

Step 6  75 °C.  5 min 

Step 7  4 °C.  2 hrs 
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DNA Electroelution 

1. Visualize band on agarose gel with Ethidium bromide 

2. Cut band with razor 

3. Insert gel piece containing DNA fragment in dialysis tubing 

4. Add 200-300 µl nano pure water 

5. Elute band in gel apparatus running at constant 80 volts in Tris-

Acetate-EDTA buffer for 20 minutes 

6. Pipette out solution containing DNA fragment from dialysis tubing 

7. Add equal volume 100% ethanol, 5 µl glycogen (5 mg/ml), and 20 µl 

Ammonium acetate (7.5 M)  

8.  Leave solution undisturbed at ambient temperature for 5 minutes 

9. Spin solution at top speed on bench top centrifuge at 4 °C. 

10.  Aspirate out supernatant, wash precipitate with 70% ethanol 

11.  Allow precipitate to dry and dissolve in 10-15 µl TE buffer 

12.  Verify presence and size of DNA fragment with agarose gel 

electrophoresis 

 

Competent cell preparation 

1. Pick a single bacterial colony from freshly streaked plate and grow 

overnight at 37 °C. in LB media without any antibiotics 

2. Next morning inoculate 5 ml of LB in Falcon culture tube with 50 µl of 

bacterial culture 

3. Allow to grow at 37 °C. for 2 – 2.5 hours 

4. Spin cells down (3000g, 8 minutes, 4 °C.) 
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5. Aspirate out LB media and add 200 µl of 1×TSS solution supplemented 

with trehalose (10% PEG-8000, 5% DMSO, 25 mM MgCl2, 200 mM 

trehalose, prepared in LB media instead of water. Final pH of the 

solution is ~ 6.5). This is carried out in the 4 °C. cold room with cells on 

ice  

6. Carefully pipette cells and mix with 1×TSS solution. Disperse any 

clumps  

7. Leave cells on ice until ready to use.  

 

DNA Ligation 

Vector   = 0.5 µl 

Insert   = 3 µl 

10× Ligase Buffer = 1 µl 

10 mM ATP  = 1 µl 

Quick Ligase  = 0.5 µl 

Nano pure water = 4 µl 

Total    ~ 10 µl 

Incubate at ambient temperature for 30 – 45 minutes.  

 

Transformation 

1. Add 10 µl of the DNA ligation mix to 100 µl of 1×TSS competent cells 

This is best done in 6 ml plastic culture tubes 

2. Tap the tube gently to mix the DNA with competent cells 

3. Incubate on ice for 30 minutes without any disturbance 

4. Heat shock cells at 37 °C. for 5 minutes 
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5. Immediately place tube on ice and allow to sit for 5 minutes 

6. Add 870 µl of LB media (without antibiotics) and 20 µl of 1 M stock 

glucose solution to give a final volume of 1 ml. Final glucose 

concentration is 20 mM 

7. Outgrowth at 37 °C. for 1 hour 

8. Spin cells down, aspirate out 900 µl of the supernatant 

9. Resuspend cells in the remaining 100 µl media in the tube and plate 

onto LB-agar containing antibiotic of choice  

10.  Leave plate in 37 °C. incubator and check for colonies the next 

morning 
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Buffer Densities and Viscosities 

 
All buffers contained 2 mg/ml sodium dithionite.  
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List of Abbreviations 
 
Ala – alanine 
Asn – asparagine 
ATP – adenosine triphosphate 
Bis-Tris – 1,3-bis (tris(hydroxymethyl)methylamino)propane 
DEAE – diethyl aminoethyl  
deoxy – deoxygenated 
DMSO – dimethyl sulfoxide 
DNA – deoxyribonucleic acid 
dNTP – deoxyribonucleoside triphosphates 
DTT – dithiothreitol  
EDTA – ethylene diamine tetra acetate 
EST – expressed sequence tags 
Gln – glutamine 
Glu – glutamate 
Hb – hemoglobin 
HEPES – (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) 
IHP – inositol hexakisphosphate 
IPTG – isopropyl-β-D-1-thiogalactopyranoside 
LB – Luria-Bertani media 
Leu – leucine 
Met – methionine 
NADP+ – nicotinamide adenine dinucleotide phosphate 
oxy – oxygenated 
PAGE – polyacrylamide gel electrophoresis 
PCR – polymerase chain reaction 
PDB – protein data bank  
PEG – polyethylene glycol 
PEI – polyethyleneimine 
rmsd – root mean square deviation 
RNA – ribonucleic acid 
rpm – revolutions per minute 
SD – Shine-Dalgarno sequence 
SDS – sodium dodecyl sulfate 
TEM – transmission electron microscope 
Tris – tris (hydroxymethyl) aminomethane 
Val – valine 
wt – wild-type 
X-gal – bromo-chloro-indolyl-galactopyranoside  
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