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Haemoglobin A was acetylated using acetyl-3,5-dibromosalicylic (dibromoaspirin). The acetylated 
haemoglobin showed enhanced solubility compared to the unmodified haemoglobin and its solubility 
was found to increase with temperature in the range 13°°°°-37°°°°C. From the plot of log solubility against the 
reciprocal of temperature, the ∆∆∆∆H°°°° was calculated to be 23.74 and 30.06 kJmol-1, for the modified and 
unmodified haemoglobin respectively. This indicates a reduction in the ∆∆∆∆H°°°° for the modified species. 
Since the solubility of haemoglobin is enhanced by acetylation with dibromoaspirin, dibromoaspirin 
might be an effective antisickling agent when administered at optimum temperature.  
 
Key words: Haemoglobin, acetyl-3,5-dibromosalicylic acid, protein, sickle cell anaemia, antisickling agent. 

 
 
INTRODUCTION 
 
Sickle cell anaemia is a genetic blood disorder arising 
from a point mutation in the β-globin gene that leads to 
the replacement of glutamic acid residue by valine at the 
sixth position of the β-chain of haemoglobin. At low oxy-
gen tension, the mutant haemoglobin, sickle haemoglo-
bin, polymerises inside the red blood cells into a gel or 
further into fibres leading to transformation of the shape 
(sickling) of the red blood cells (Zaugg et al., 1980). 
These defective cells are fragile and have a shorter than 
average lifetime, making the patient anaemic. Since the 
molecular basis of the disease is known, research efforts 
are being made to develop medical therapy to prevent 
the sickling phenomenon. Antisickling agents are classi-
fied, based on the target to be modified, into three major 
classes: the gene, the haemoglobin molecule, and the 
red cell membrane modifiers (Mehanna, 2001). The hae-
moglobin modifiers or anti-gelling agents interfere with 
the mechanism or the kinetics of the haemoglobin poly-
merisation. It is recognized from experimental data that 
substantial stochastic fluctuations in conformation occur 
constantly in a protein molecule, even at equilibrium 
(Gurd and Rothgeb, 1979; Beece et al., 1980). Deviations 
in energy may be in tens of kcal/mol in magnitude. 
Chemotherapeutic approaches to control sickle-cell anae-
mia using anti-gelling agents aim at diminishing protein-
protein interactions that favour aggregation of haemoglo-
bin, thereby enhancing the solubility of haemoglobin. This 

may be achieved with minor perturbations in the ener-
getics of such interactions. It has been pointed out by 
Klotz et al. (1970) that a change as little as 1 kcal/mol in 
the ∆G° of association reactions can shift the solid-solu-
tion equilibria markedly. In solid-solution equilibrium, the 
solubility could be altered, by a two-fold factor with a 
change of only 0.4 kcal in the ∆G°. Such a small altera-
tion in free energy of interaction could be achievable with 
minor changes in structure. Such disruption would incre-
ase the solubility of deoxyhaemoglobin and even small 
changes in solubility will greatly retard the kinetics of 
polymer formation. 

The substitution of electron-withdrawing Br atoms into 
aspirin increases its reactivity towards small amines (e.g. 
propylamine) about eight-fold over that for unmodified 
aspirin. The observed augmentation in the rate of acety-
lation of haemoglobin is much greater however (Walder 
et al., 1979). It is possible that some selectivity is genera-
ted from dipolar interactions of the aromatic C–Br bond 
with loci of cationic lysyl residues in the haemoglobin 
macromolecule. X-ray diffraction studies have been em-
ployed as tool to reveal the haemoglobin binding sites of 
antisickling agents (Wireko and Abraham, 1991). Trans-
fer of the acetyl group of dibromoaspirin to amino groups 
of haemoglobins A and S seems to occur predominantly 
at just two or three sites on these proteins and acetylation 
appears  to occur at relatively specific sites on the protein 



 
 

 
 
 
(Walder et al., 1977). A substantial fraction of the 
attached acetyl group is lodged at Lys 144 of the β-chain 
(Nabaldian et al., 1972; Zaugg et al., 1980), which is in 
the vicinity of the cavity of the portal between the two β-
subunits. Also Lys 90 of the α-chains are substantially 
acetylated (Shamsuddin et al., 1974). 

The gelation and sickling phenomenon can be regard-
ed as one of relative solubilities under physiological 
conditions. Deoxyhaemoglobin S has a solubility of 160 
g/L (2.48 mM tetramer) (Ross et al., 1977), whereas 
oxyhaemoglobin S and both states of normal haemoglo-
bin have solubilities in excess of 500 g/L (7.76 mM 
tetramer) (Noguchi and Schechter, 1981). The solubility 
of deoxyheamoglobin S also is greater at 0°C than at 
room or body temperature. Eaton et al. (1976) found that 
when a solution of deoxyhaemoglobin S is warmed rapid-
ly from 0° to 25°C, a considerable delay time ensued 
before it sets into a gel of ordered fibres. Any pharma-
cologically active compound that could increase the 
gelation or delay time would help ameliorate the severity 
of the sickle cell disease. The solubility of a given subs-
tance depends on the relative affinity of solute molecules 
for each other (solute-solute interaction) and for the 
solvent molecules. Factors that decrease the solute-solu-
te interactions will tend to increase solubility. 

Schwert and Neurath (1950) found that factors such as 
high protein concentration, decreasing temperature and 
increasing pH promote precipitation and therefore de-
crease solubility. They found that the solubility of proteins 
also depends on ionic strength.  In the present study, the 
effect of temperature on the solubility of both the modified 
and the unmodified haemoglobin species has been exa-
mined.  
 
 
MATERIALS AND METHODS 
 
Preparation of acetyl-3,5-dibromosalicylic acid 
 
Acetyl-3,5-dibromosalicylic acid (dibromoaspirin) was prepared by 
brominating salicylic acid using liquid bromine. Iodine was used as 
the bromine carrier according to the method described by Robert-
son (1902). Salicylic acid was obtained from British Drug House 
and used without further purification. The bromination resulted in a 
mixture of 3,5-dibromosalicylic acid (melting point 226o-228oC) and 
5-bromosalicylic acid (melting point 163oC). The mixture was sepa-
rated by fractional crystallization from glacial acetic acid.  
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Acetyl-3,5-dibromosalicylic acid (melting point 156oC) was synthe-
sised by acetylation of the 3,5-dibromosalicylic acid using acetic 
anhydride and concentrated sulphuric acid as catalyst according to 
the method of Walder et al. (1977).  
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The solid product was recrystallised from benzene. The dibromoas-
pirin crystals were confirmed pure by checking the melting point 
using a standard melting point apparatus and recording the infrared 
spectrum on a Unicam SP 3-300 infrared spectrophotometer, using 
pressed KBr disc. The melting point and infrared spectrum obtained 
corresponded with those reported in literature (Robertson, 1902).   
 
 
Preparation and acetylation of Hb A with dibromoaspirin 
 
Human blood samples homozygous for haemoglobin A were obtai-
ned from the Blood Bank at the University College Hospital, Ibadan 
and were used to prepare haemoglobin solutions adopting the 
methods of Walder et al. (1979). The determination of the concen-
tration of the stock haemoglobin solution was done by standard 
methods (Cameron, 1965).     

To acetylate haemoglobin, the procedures of Walder et al. (1979) 
were adopted. 0.0338 g of dibromoaspirin was suspended in Tris 
buffer (pH 7.4) of ionic strength 0.05, followed by addition of 2.8 
cm3 of the 1.786 mM (tetramer) stock haemoglobin solution. The 
solution was then made up to 5 ml with the buffer. This gave rise to 
1 mM (tetramer) haemoglobin and 20 mM dibromoaspirin in the 
final solution. These were incubated at 37°C in a Wilkens-Anderson 
thermostated water bath for 2 h. After this, the solubility of the 
haemoglobin solution was determined.  
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Effect of temperature on the solubility of haemoglobin 
 
To determine the effect of temperature on the solubility of both 
modified and unmodified haemoglobins, the incubations were done 
with temperatures maintained at 13o, 19o, 25o, 31o, and 37oC. At all 
temperatures, the pH was maintained at 7.4 by the use of Tris 
buffers of ionic strength 0.05. The pH of 7.4 used for this study is 
the isoelectric point (I.E.P.) of haemoglobin where the solubility of 
haemoglobin is a minimum. This is because at the I.E.P., there is 
minimum electrostatic repulsion between protein molecules and the 
crystal lattice forces in the solid state are at a maximum and the 
molecules tend to aggregate and precipitate out of solution and 
usually giving minimum solubility. 
 
 
Determination of solubility of haemoglobin 
 
The solubilities of both modified and unmodified haemoglobin solu-
tions were determined using polyethylene glycol (PEG) according to 
the methods of Middaugh et al. (1979) with minor modifications. 
After equilibrations with PEG, the supernatant haemoglobin con-
centrations were measured spectrophotometrically as cyanmethae-
moglobin. This was done using a Perkin Elmer Lambda 3B 
UV/Visible spectrophotometer, at 540 nm where the molar extinct-
tion coefficient of cyanmethaemoglobin is 4.36 x 104 (Cameron, 
1965). 0.1 cm3 of the samples were pipetted into 3 cm3 of Drabkin’s 
solution and the absorbance of the resulting solutions were taken at 
540 nm. The concentrations in terms of mM (tetramer) were calcu-
lated from the equation: 
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Table 1. Effect of temperature on solubility of modified and unmodified haemoglobin at pH 7.4 
 

Unmodified haemoglobin Modified haemoglobin Temperature, T 
(°°°°C) 

1/T x 10–3 
(K–1) Solubilty, S (mM tetramer) Log S Solubilty, S (mM tetramer) Log S 

13 3.50 0.031 -1.51 0.054 -1.27 
19 3.42 0.042 -1.38 0.066 -1.18 
25 3.36 0.055 -1.26 0.082 -1.09 
31 3.29 0.068 -1.17 0.099 -1.00 
37 3.23 0.082 -1.09 0.114 -0.94 
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Figure 1.  Effect of temperature on solubility of modified 
and unmodified haemoglobin. 

 
 
 

1540 10
1.0

)1.03(
4.36
A

  C −×+×=  

 
Where C = concentration of haemoglobin in mM (tetramer); A540 = 
absorbance at 540 nm; 3 = volume of Drabkin’s solution in cm3; 0.1 
= volume of haemoglobin sample in cm3. 
 
 
RESULTS AND DISCUSSION 
 
The enhanced solubility of the acetylated haemoglobin 
shows that the haemoglobin molecules were appreciably 
acetylated at the pH value used for the experiment. The 
acetylation gave rise to an increase in the intrinsic solu-
bility of the haemoglobin (Table 1). The graph of the solu-
bility in mM (tetramer) of both modified and unmodified 
haemoglobin against temperature at pH of 7.4 is shown 
in Figure 1. The solubilities of both modified and unmodi-
fied haemoglobin at pH 7.4 were observed to increase 
with temperature. This finding is in line with previous rep-
orts which indicated much acetylation at higher tempera-
tures. (Schwert and Neurath, 1950; Klotz and Tam, 
1973). From the Van’t Hoff’s isochore: 
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Figure 2.  Plot of log solubility against 1/T for modified and 
unmodified haemoglobin. 

 
 
 
and by integration we obtain: 
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Likening K to the solubility of the haemoglobin species 
(S), a plot of log S against 1/T, at pH 7.4, is approxi-
mately linear within the region of the temperatures stu-
died. This is shown in Figure 2 for both the modified and 
unmodified haemoglobin species. The points were fitted 
into straight lines by the method of least squares. From 
the gradients of the lines in Figure 2, the ∆H° was 
calculated, for the modified and unmodified haemoglobin, 
to be 23.74 and 30.06 kJmol-1 respectively. This indicates 
that the ∆H° for the modified haemoglobin is lower than 
that of the unmodified haemoglobin. Because the plot of 
log solubility against the reciprocal of temperature is lin-
ear (Figure 2), the assumption that the enthalpy of 
solution, ∆H° is independent of temperature is valid.  

Acetylation of haemoglobin using acetyl-3, 5-dibromo-
salicylic acid is an example of non-covalent modification 
of haemoglobin aimed at improving its solubility. The 
results clearly established that acetyl-3, 5-dibromosali-
cylic acid serves as an effective reagent for the chemical 
modification of haemoglobin. Modification of haemoglobin 
with  dibromoaspirin increases the solubility of haemoglo- 



 
 

 
 
 
globin to some reasonable extent. Since the sickling 
phenomenon is one of relative solubility, administration of 
dibromoaspirin could have effect on sickling. If the poten-
cy of dibromoaspirin is as a result of its polarisability or its 
electron-withdrawing ability, then alternative derivatives 
of this compound that promise to be more potent could 
be tried in the future. This study also shows that the 
solubility of both the modified and unmodified haemoglo-
bin increased at higher temperatures within the range of 
temperature studied. This is because at higher tempera-
tures, more acetylation is achieved thereby increasing the 
solubility. This study provides in vitro background for 
appropriate in vivo experiments. 
 
 
REFERENCES 
 
Beece D, Einsenstein L, Frauenfilder H, Good D, Marden MC, Reinisch 

L, Reynolds AH, Sorensen LB, Yue KT (1980). Solvent viscosity and 
protein dynamics. Biochemistry 19: 5147-5157.  

Cameron BF (1965). Determination of iron in heme compounds. Anal. 
Biochem. 11: 164-169.  

Eaton WA, Hofrichter J, Ross PD (1976). Delay time gelation: a 
possible determinant of clinical severity in sickle cell disease. Blood 
47: 621-627.  

Gurd FRN, Rothgeb TM (1979). Motions in proteins. Adv. Prot. Chem. 
33: 73-165.  

Klotz IM, Langerman NR, Darnall DW (1970). Quaternary structure of 
proteins. Ann. Rev. Biochem. 39: 25-62.  

Klotz IM, Tam JWO (1973). Acetylation of sickle-cell haemoglobin by 
aspirin. Proc. Natl. Acad. Sci. USA. 70: 1313-1315,  

Mehanna AS (2001). Sickle cell anaemia and antisickling agents then 
and now. Curr. Med. Chem. 8: 79-88. 

Middaugh CR, Tisel WA, Haire RN, Rosenberg A (1979). Determination 
of the apparent thermodynamic activities of saturated protein 
solution. J. Biol. Chem. 254: 367-370.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Njoku       143 
 
 
 
Nabaldian RM, Nichols BM, Stehouwer EJ, Camp FR Jr. (1972). Urea, 

urease, cyanate and the sickling of haemoglobin S. Clin. Chem. 18: 
961-964.  

Noguchi CT, Schechter AN (1981). The intracellular polymerization to 
sickle cell disease. Blood 58: 1057-1068.  

Robertson W (1902). The action of nitric acid on bromophenolic 
compounds. J. Chem. Soc. (Lond.) 81: 1475-1484.  

Ross PD, Hofrchter J, Eaton WA (1977). Thermodynamics of gelation of 
sickle-cell deoxyhaemoglobin. J. Mol. Biol. 115: 111-134.  

Schwert MH, Neurath H (1950). The precipitation of insulin by 
thiocyanate. J. Am. Chem. Soc. 72: 2784-2786.  

Shamsuddin M, Mason RC, Ritchey JM, Honig GR, Klotz IM (1974). 
Sites of acetylation of sickle cell haemoglobin by aspirin. Proc. Natl. 
Acad. Sci. U.S.A. 71: 4693-4697.  

Walder JA, Zaugg RH, Iwaoka RS, Watkin WG, Klotz IM (1977). 
Alternative aspirins as antisickling agents: acetyl-3,5-dibromosalicylic 
acid (dibromoaspirin).  Proc. Natl. Acad. Sci. U.S.A. 74:  5499-5503. 

Walder JA, Zaugg RH, Walder RY, Steele JM, Klotz IM (1979). 
Diaspirins that cross-link chains of haemoglobins: bis(3,5-
dibromosalicyl)succinate and bis(3,5-dibromosalicyl)fumerate. Bio-
chemistry 18: 4265-4270.  

Wireko FC, Abraham DJ (1991). X-ray diffraction study of the binding of 
the antisickling agent 12C79 to human haemoglobin. Proc. Natl. 
Acad. Sci. U.S.A. 88: 2209-2211. 

Zaugg RH, King LC, Klotz IM (1980). Acylation of haemoglobin by 
succinyl disalicylate, a potential cross-linking reagent. J. Biol. Chem. 
255: 2816-2821.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 


