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WENTY yeats ago, after having worked for a decade on the
determination of the structure of relatively simple inorganic
and organic molecules, I became interested in hemoglobin. This
interest arose from the consideration of the structural origin of the
sigmoid oxygen equilibrium curve. It was soon extended to include
the denaturation of hemoglobin and other proteins? and the mag-
netic properties of hemoglobin and its derivatives.*** The study of
magnetic properties has been especially fruitful in providing in-
formation about the natute of the bonds formed by the iron atoms
in hemoglobin with the neighboring atoms of the porphyrin ring
system, the globin, and attached molecules such as the oxygen
molecule 31218
The discovery of the abnormal hemoglobins was the result of
the consideration of hypothetical molecular mechanisms of the
disease. In the spring of 1945 I, together with eight men from
medical schools of the country, was serving as a member of the
Medical Advisory Committee which assisted in the preparation of
the Bush Report.** One evening Dr. William B. Castle, Professor
of Medicine in Harvard University, mentioned to the other mem-
bers of the Committee the disease sickle-cell anemia, with which
he had had some experience. He told about the discovery of the
disease by Dr. J. B. Herrick, in 1910,*" and described the charactet-
istic change in shape of the red corpuscles and the effect of oxygen
in preventing the sickling and of carbon dioxide in accelerating it.
I suggested that the action of carbon dioxide was to accelerate the
dissociation of oxygen from oxyhemoglobin, through the Bohr-
Hasselbalch effect (it had in fact been clearly stated by Hahn and
Gillespie®® in 1927 that sickling occurs only when the partial pres-
* Lecture delivered April 29, 1954.
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sure of oxygen is small), and I pointed out that the relation of
sickling to the presence of oxygen clearly indicated that the hemo-
globin molecules in the red cell are involved in the phenomenon
of sickling, and that the difference between sickle-cell-anemia red
corpuscles and normal red corpuscles could be explained by postu-
lating that the former contain an abnormal kind of hemoglobin,
which when deoxygenated has the power of combining with itself
into long rigid rods, which then twist the red cell out of shape.
The opportunity to test this idea arose when Dr. Harvey A. Itano
came to the California Institute of Technology, in the fall of 1946.
He had been a student of Professor Edward A. Doisy, of St. Louis
University School of Medicine, where Dr. Itano had received his
M.D. degree in 1945. Dr. Doisy suggested that he work with me,
and the opportunity for doing so arose in the course of his year as
an intern, when he was awarded an American Chemical Society
Predoctoral Fellowship in Chemistry, for the three years 1946 to
1949. In a letter to Dr. Itano I suggested that he investigate the
hemoglobin from the red cells of sickle-cell-anemia patients, in
order to see whether it was different from normal adult human
hemoglobin. On his arrival in Pasadena in September, 1946, he
began this investigation. He verified the published reports'® that
catbonmonoxyhemoglobin, like oxyhemoglobin, prevents sickling
of the red cells, and found that some other hemoglobin derivatives,
including alkyl isocyanide-ferrohemoglobin, ferrihemoglobin,
ferrihemoglobin azide, and ferrihemoglobin cyanide similarly pre-
vent sickling. He developed a rapid diagnostic test for sickle-cell
anemia and sickle-cell trait, based on the use of a chemical reducing
agent.®® Most of the properties of the hemoglobin from the blood
of sickle-cell-anemia patients were found to be the same, to within
the error of determination, as those of hemoglobin from normal
individuals, but it was finally cleatly shown, by careful measure-
ment of electrophoretic mobility, that the blood of the patients
contains nearly 100 per cent of an abnormal hemoglobin, differing
from normal adult human hemoglobin, and that the blood of the
parents of patients contains an approximately half-and-half mixture
of the abnormal hemoglobin and normal adult human hemo-
globin.®® This electrophoretic work was carried out with the col-
Jaboration of Dr. S. J. Singer and Dr. Ibert C. Wells.
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THE INHERITANCE OF SICKLE-CELL ANEMIA

The electrophoretic patterns reported in the first publication?®
are shown in Fig. 1. They were made by electrophoresis for 20
hours at a potential gradient of 4.73 volts per centimeter of solu-
tions of carbonmonoxyhemoglobins in phosphate buffer of 0.1
fonic strength and pH 6.90. The peaks « and 5, representing
normal hemoglobin and hemoglobin from the red cells of patients
with sickle-cell anemia, are single peaks, corresponding in each

|
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(a) Normat (c) Sickle-cell trait
{b) Sickle-cell anemia (d) Mixture of (a)and (b)

Fig. 1. Longsworth scanning diagrams of carbonmonoxyhemoglobin in
phosphate buffer of 0.1 ionic strength and pH 6.90, taken after 20 hours
electrophoresis at a potential gradient of 4.73 volts per centimeter.

case to an electrophoretically homogeneous material. The electro-
phoretic mobilities are different for the two hemoglobins; in fact,
at this pH the molecules of normal hemoglobin move toward the
anode, showing that they have a negative electric charge, and those
of sickle-cell-anemia hemoglobin move toward the cathode, show-
ing that they have a positive charge. The isoelectric points in phos-
phate buffer of ionic strength 0.1 were found to be 6.87 (in pH
units) for normal adult human carbonmonoxyhemoglobin and 7.09
for sickle-cell-anemia hemoglobin. The difference between these
values is nearly the same as that between the observed values 6.68
for normal ferrohemoglobin and 6.91 for sickle-cell-anemia ferro-
hemoglobin.
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The electrophoretic diagram of a solution containing a mixture
of normal carbonmonoxyhemoglobin and sickle-cell-anemia cat-
bonmonoxyhemoglobin, in equal amounts, is shown as & in Fig. 1,
and that of hemoglobin from the red cells of a parent of a patient
is shown as ¢. The blood from which this hemoglobin was obtained
showed the characteristic properties of sickle-cell trait (sicklemia);
the cells could be made to sickle, on removal of oxygen, but less
readily than the cells of a sickle-cell-anemia patient. It is seen that
the sicklemic hemoglobin is a mixture of two hemoglobins, pre-
sumed to be normal adult human hemoglobin and sickle-cell-
anemia hemoglobin, with the normal hemoglobin present in an
amount somewhat greater than 50 per cent.

The indication of a genetic basis for the sickling of erythrocytes
had been recognized by Emmel®* in 1917; and Taliaferro and
Huck,?? at a time when the distinction between sicklemia and
sickle-cell anemia was not clearly understood, suggested that a
single dominant gene was involved. The inheritance of sickle-cell
disease was then clarified by Neel, who in 1947?® had suggested
“that there is present in the colored population a certain factor
which, when heterozygous, may have no discernible effect, but
usually results in sickling, and, when homozygous, tends to result
in sickle cell anemia.” In 1949 he reported® that every one of 42
tested parents of children with sickle-cell anemia was found to be
sicklemic, their blood containing red cells which could be made to
sickle, though less readily than that of the sickle-cell-anemia pa-
tients. He concluded that sickle-cell anemia is the result of the
homozygous condition of the sickle-cell gene, and sicklemia the
result of the heterozygous condition. Beet*® arrived at the same
conclusion independently and almost simultaneously. The electro-
phoretic patterns shown in Fig. 1 had permitted this inference
to be drawn before Neel’s paper and Beet’s paper were published.
Moreover, the gene responsible for the sickling process could be
identified with an alternative pair of alleles of which neither one is
recessive or dominant, one allele being responsible for a part of the
process of manufacture of normal adult human hemoglobin, and
the other for the manufacture of sickle-cell-anemia hemoglobin.
The fact that all the red cells of a sicklemic individual can be made
to sickle by removal of oxygen shows that the cells are not of two
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classes, one containing normal hemoglobin and the other abnormal
hemoglobin, but that each cell contains a mixture of the two kinds
of hemoglobin. The presence of a larger amount of normal than
of abnormal hemoglobin in the blood of sicklemic individuals
indicates that the process of manufacture of the abnormal hemo-
globin is somewhat less efficient than that of normal hemoglobin.
It was suggested in the first paper on sickle-cell-anemia hemo-
globin®® that the two genes in the heterozygous individual might
compete for a common substrate in the synthesis of two different
enzymes essential to the production of the two different hemo-
globins, or that competition for a common substrate might occur
at a later stage in the series of reactions leading to the synthesis of
the two hemoglobins themselves.

An investigation of the amount of abnormal hemoglobin in the
blood of sicklemic individuals was carried out by Wells and
Itano,*® who found, using the electrophoretic method, that the
amount of sickle-cell-anemia hemoglobin varied from 24 per cent
to 45 per cent in 42 individuals with sicklemia. Neel, Wells, and
Itano?” reported a study of 32 sicklemic individuals who were mem-
bers of 7 Negro families, comprising 74 individuals altogether.
The amounts of abnormal hemoglobin, ranging from 22.3 per
cent to 45.2 per cent, showed significant differences between
family means. A postulate to explain the apparent inheritance of
a factor determining the amount of abnormal hemoglobin in
sicklemic blood was made by Itano.?®* He suggested that the differ-
ences can be attributed to differences in the rate of synthesis of
normal hemoglobin, and that the evidence requires that there be
at least three rate-determining modifications of the mechanism of
synthesis of normal hemoglobin.

Additional contributions to the problem of the genetics of nor-
mal and abnormal hemoglobins have been made by Neel**-*! and
other workers. 3232

‘THE PROPERTIES OF SICKLE-CELL-ANEMIA HEMOGLOBIN
AND THE MECHANISM OF SICKLING

Sickle-cell-anemia hemoglobin is closely similar to normal adult
human hemoglobin in most of its properties.?® The two proteins
have approximately the same sedimentation and diffusion constants,
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and hence nearly the same molecular weights. The acid-base titra-
tion curves of both hemoglobins in the neighborhood of neutrality
are linear, a change of 1 pH unit of the solution being associated
with the change in charge of the hemoglobin of about 13 electronic
charges per molecule. The normal molecule has about three more
negative charges than the abnormal molecule in this region. In the
search for the structural basis for this difference samples of
‘porphyrin dimethyl esters were prepated from the two hemo-
globins, and the samples were shown by their x-ray powder
photographs and by identity of their melting points and mixed
melting points to be identical. The difference in structure was
hence attributed to a difference in the globins.

An investigation by Schroeder, Kay, and Wells®* of the amino
acid composition of normal adult human hemoglobin (from not-
mal Negro individuals) and sickle-cell-anemia hemoglobin gave
results indicating that the hemoglobins do not differ with respect
to their content of basic and acidic amino acids; the investigators
concluded that sickle-cell-anemia hemoglobin probably contains
slightly less leucine and more serine than normal hemoglobin, and
possibly less valine and more threonine. These amino acids do not
contribute directly to the net charge of the proteins, but they might
affect the folding ot coiling of the polypeptide chains in such a
way as to change the acid or basic constants of other groups.
Havinga® investigated the phosphorus content, optical rotation,
ease of separation of hemes and globin, and number of terminal
amino acid residues of normal adult human hemoglobin and
sickle-cell-anemia hemoglobin, and found no significant differences
between the two proteins. Globins carefully prepared from the two
hemoglobins were investigated electrophoretically by Havinga and
Ttano® and found to have the same difference in electrophoretic
mobility as the hemoglobins themselves. On denaturation by treat-
ment with 4 N guanidinium chloride for 1 hour at 4° C. and
removal of the guanidinium chloride by dialysis, the globins were
found to have increased matkedly in heterogeneity, and to have
essentially the same electrophoretic properties. These results in-
dicate that the normal and abnormal hemoglobin molecules might
be composed of the same polypeptide chains, folded, however, in
different ways, and that on denaturation with guanidinium ion the
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resulting denatured proteins have the same complex of configura-
tions. The interesting possibility exists that the gene responsible for
the sickle-cell abnormality is one that determines the nature of the
folding of polypeptide chains, rather than their composition.

It was pointed out by Sherman®” in 1940 that sickled red cells are
observed under the polarizing microscope to be birefringent,
whereas normal cells are optically isotropic. Ponder®® suggested,
on the basis of this observation, that in sickled cells the hemoglobin
molecules assume an orderly or paracrystalline arrangement, which
is responsible for the sickling. A detailed mechanism of the
sickling process was suggested in the first paper on sickle-cell-
anemia hemoglobin,* as follows: *“We can picture the mechanism
of the sickling process in the following way. It is likely that it is
the globins rather than the hemes of the two hemoglobins that ate
different. Let us propose that there is a surface region on the globin
of the sickle-cell-anemia hemoglobin molecule which is absent in
the normal molecule and which has a configuration complementary
to a different region of the surface of the hemoglobin molecule.
This situation would be somewhat analogous to that which very
probably exists in antigen-antibody reactions.®® The fact that
sickling occurs only when the partial pressures of oxygen and
carbon monoxide are low suggests that one of these sites is very
near to the iron atom of one or more of the hemes, and that when
the iron atom is combined with either one of these gases, the com-
plementariness of the two structures is considerably diminished.
Under the appropriate conditions, then, the sickle-cell-anemia
hemoglobin molecules might be capable of interacting with one
another at these sites sufficiently to cause at least a partial align-
ment of the molecules within the cell, resulting in the erythrocyte’s
becoming birefringent, and the cell membrane’s being distorted
to accommodate the now relatively rigid structure within its con-
fines. The addition of oxygen or carbon monoxide to the cell might
reverse these effects by disrupting some of the weak bonds between
the hemoglobin molecules in favor of the bonds formed between
gas molecules and iron atoms of the hemes.”

A more detailed discussion of the effect of oxygen was made
possible by the results of an investigation of the combination of
hemoglobin with alkyl isocyanides.*® It was found that ethyl iso-
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cyanide, isopropyl isocyanide, and tettiary butyl isocyanide differ
greatly in their combining powers with hemoglobin, although they
have essentially the same combining power with heme; and this
fact was interpreted as showing that the four hemes in the hemo-
globin molecule are buried within the globin: “Our postulate
provides an obvious explanation of the action of oxygen in pre-
venting the sickling of sickle-cell-anemia erythrocytes. We have
visualized the sickling process* as one in which complementary
sites on adjacent hemogliobin molecules combine. It was suggested
that erythrocytes containing oxyhemoglobin or carbonmonoxy-
hemoglobin do not sickle because of steric hindrance of the at-
tached oxygen or carbon monoxide molecule. This steric-hindrance
effect might be distortion of the complementary sites through
forcing apart of layers of protein, as is suggested by the isocyanide
experiments.”

Substantiation of this picture was soon obtained through micro-
scopic investigations. Rebuck, Sturrock, and Monaghan,** sub-
stantiating the work of Sherman,* observed that in the early stages
of sickling the intracellular hemoglobin forms anisotropic aggre-
gates, suggestive of incipient crystallization. Perutz and Mitchi-
son,*? at the suggestion of Dr. C. A. Stetson of the Rockefeller
Institute, compared the dichroism of sickled cells and hemoglobin
crystals, and additional studies of the same sort were reported by
Perutz, Liquori, and Eirich.** These investigators found that the
dichroism of the sickled cells corresponds to an orientation of the
hemoglobin molecules such that the normal to the plane of the
heme groups is perpendicular to the long axis of the ctystal needles
and of the sickled cells. (This statement is based on the paper of
Perutz, Liquori, and Eirich;*® there is some conflict with the earlier
paper.®?) They also pointed out*®* that the solubility of sickle-
cell-anemia hemoglobin is much smaller than that of normal
hemoglobin or of either normal oxyhemoglobin or- sickle-cell-
anemia oxyhemoglobin. A detailed study of the solubilities of
mixtures of sickle-cell-anemia hemoglobin and other hemoglobins
has been made by Itano,* who has shown that a solubility meas-
urement provides a simple way of determining roughly the amount
of sickle-cell-anemia hemoglobin present in a mixture of hemo-
globins. A most significant investigation was then reported by



224 LINUS PAULING

Fi. 2. Hemoglobin formed in stroma-free solutions of deoxygenated sickle-
cell-anemia hemoglobin. Phase photomicrography, X 375. From John W.
Harris, Proc. Soc. Exptl. Biol. and Med. 15, 197 (1950).
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Fi. 3. Sickled erythrocytes in oxygen-depleted whole blood from a patient
with sickle-cell anemia, demonstrating the similarities in shape to tactoids
formed in stroma-free solutions of their deoxygenated hemoglobin. Phase
photomicrography, X 375. From John W. Harris, Proc. Soc. Exptl. Biol. and
Med, 15, 197 (1950).



















































