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FOREWORD

The ACS SymrposiuM Series was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the SEriEs parallels that of the continuing ADVANCES
IN CHEMISTRY SERIES except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. As a further
means of saving time, the papers are not edited or reviewed
except by the symposium chairman, who becomes editor of
the book. Papers published in the ACS SymposruM SERIES
are original contributions not published elsewhere in whole or
major part and include reports of research as well as reviews
since symposia may embrace both types of presentation.
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PREFACE

This book is the result of the eigth annual series of lectures for con-

tinuing education sponsored by the Chicago Section of the American
Chemical Society. It is also the first volume in the ACS Symposium
Series to be sponsored by a local section of the ACS. The purpose of
the lecture series and this volume is to present topics that have a clinical
chemical basis but are also of interest to specialists in other clinical
areas. Indeed, several contributors to this volume represent the disci-
plines of pediatrics, endocrinology, and hematology. The material in-
cluded is appropriate to both the clinical aspects of the subject and to
analytical and technological advances. Chapters in this book are con-
cerned with etiology of disease and diagnosis as well as technical ad-
vances which can be applied more practically in the very near future.
We believe the chapters are excellent examples of the integral part that
the clinical chemist plays in modern medicine. The chapters on com-
petitive protein binding assays and drug interference in laboratory test-
ing were not originally presented as lectures but were added because
of the current interest in these subjects.

The editors hope that this book will be as enlightening and useful
to the reader as the lecture series was to the participating audience.
It is a great pleasure to thank our contributors and publisher for their
excellent cooperation, without which this volume would not have been
possible. A special note of grateful acknowledgment goes to Florence
Forman and Debra H. Forman for their meticulous editorial assistance.

Evanston Hospital and Northwestern University
School of Medicine

Chicago, IlL DonaLp T. FORMAN
Abbott Laboratories
North Chicago, Il Ricaarp W. MATTOON

September 20, 1976
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Separation and Characterization of Hemoglobins

TITUS H. J. HUISMAN

Departments of Cell & Molecular Biology and Medicine, Laboratory of Protein
Chemistry, Cdms::hensive Sickle Cell Center, Medical College of Georgia,
and Veterans Administration Hospital, Augusta, Ga. 30902

Human red cells are ideally suited for studies of genetic
disorders mainly because they can easily and at any degree of
frequency be obtained in relatively large quantities. It is,
therefore, not surprising that in the course of time many
genetic disorders involving this cell have been detected. It
is interesting that some of these result in a severe hemolytic
anemia, while other genetically imposed changes might not
affect the life nor the function of the cell. An excellent
example is the hemoglobin molecule; in some variants the
chemical change does not influence the properties of this
protein, whereas in others the change occurs at a critical
site affecting its stability and/or functional properties.
Identification and characterization of these variants have
become routine procedures in some laboratories. The results
of these studies have led to extensive investigations of
patients with unexplained hereditary hemolytic anemias, of
structure-function relationships of normal hemoglobins and of
variants found in patients with an unexplained alteration in
their oxygen transport system, of the different types of
genetic polymorphism, and of the incidence of selected variants
in several populations. It therefore appears appropriate to
summarize general aspects of the normal hemoglobins and of
selected hemoglobin variants, to review methods used to identify
and separate these proteins, and to discuss some procedures
useful in the characterization of possible chemical changes in
this molecule.

Normal and Abnormal Hemoglobins

Hemoglobin is a large complex protein molecule; the atomic
model of oxyhemoglobin at 2.8m§ resolution has been reported in
1968 by Perutz and coworkers, and a similar model of deoxy-
hemoglobin in 1970 (1,2). The molecule is a spheroid, approx-
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imately 65 8x558x50R8 1tis composed of four polypeptide
chains each resembling quite closely the myoglobin chain. The
three dimensional structure of the subunits is held together by
weak noncovalent bonds. The polar amino acid side chains are
in contact with the solvent, and the nonpolar residues are
located in the interior of the molecule or in regions which
form the contacts between chains. The heme group is located

in a pocket in each chain; residues in contact with heme are
invariable ({.e. are the same in different mammalian hemoglo-
bins) and the bonds between heme and chain are hydrophobic
interactions. Contacts between like chains (a-a; B-B) are
limited to salt bridges involving the terminal residues but
contacts between unlike chains (a-B) are many. The largest
number of contacts is between the o) and B1 (34 residues with
110 atoms being within 4 R). These are primarily contributed
by amino acid residues of the B, G, and H helices. The a1-g8,
contact is formed by 19 residues (in helices C, F, and G) and
is of importance for the functional interactions between sub-
units. The effect of deoxygenation causes an alteration in
distance between iron atoms. The most pronounced change is in
the B1-Bo distance, which increases 6 to 7 R. The a1-B; contact
undergoes only slight change whereas drastic changes seem to
occur in the a;-Bjcontact. Figures 1 and 2 (from reference 3)
give further details on the structures of the a-and B-chains of
Hb-A and list the residues that participate in the contacts
with heme, and between chains.

The major type of human adult hemoglobin (Hb-Ap) is com-~
posed of two pairs of identical chains, and its formula can be
written as o2B82. The primary structure of the two chains has
been known for several years. The second adult hemoglobin is
Hb-A2 and it constitutes 2.5 to 3.0 percent of the total hemo-
globin. Hb-A2 also consists of four polypeptide chains, two
of these are a-chains and the other two (the 8-chains) differ
from the B-chains of Hb-Ag by amino acid substitutions in 10
positions. The formula of Hb-A2 can be written as a282. A
small amount (less than one percent) of fetal hemoglobin (Hb-F)
is also present in red cells of the human adult. The electro-
phoretically fast moving fraction Hb-A3 (which separates as
Hb-A] by chromatography) is a mixture of at least four distinct
minor fractions. One of these fractions (Hb-Aj.) is present in
adult red cell hemolysates for 3.5 to 4.5 percent and is com-
posed of two normal oa-chains and two B-chains each with the
NH2 terminal group being blocked by a carbohydrate. A second
fraction (Hb-Are) has been identified as a mixed disulfide of
one molecule of Hb-Agp and two glutathione residues. Increased
quantities of Hb-Aje are found in aged red cell hemolysates.

Fetal hemoglobin is the major hemoglobin of the red cells
of the fetus and the newborn. It has the characteristic
property of being resistant to denaturation by alkali. Hb-F is
composed of two a-chains (the same as in Hbs A and A2) and two
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Figure 1. Two-dimensional presentation of the a-chain of human hemoglobin.
@, residues in contact with the heme group; @), residues that participate in the
a;-B1 contact; @, residues that participate in the «;-Bs contact (3).
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esentation of the B-chain of human hemoglobin. See
o0 legend of Figure 1 (3).
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Y-chains which differ from the B-chains in 39 positions. The
formula of Hb-F can be written as a2y2. A minor hemoglobin
fraction, Hb-F1, which is present for about 7 to 10 percent in
a cord blood sample, has the structure of azysacetyl indicat-
ing that the NH2 terminal glycyl residue of the y-chain is
acetylated. Recently the existence of two structurally differ-
ent y-chains has been demonstrated; these two chains (the Gy-
and Ay-chains) differ at a minimum in one position, namely
position 136, which is occupied by a glycyl residue in the Gy-
chain and by an alanyl residue in the Ay-chain. The two chains
are present at birth in a ratio (Gy to Ay) of 7 to 3 whereas
this ratio changes gradually after birth to the adult ratio of
2 to 3 (for references, see (3)).

Two additional hemoglobin chains exist which have been
termed the e-and the fZ-chain. The e-chain is found in two
hemoglobin components in young human (and animal) embryos.

One of these hemoglobins (Hb-Gower-2) has the probable structure
of a2e2, whereas Hb-Gower-1 (e,) lacks a-chains. These hemo-
globins are not present in a fetus 12 weeks and older, and are
apparently specifically synthesized during embryonic development.
A third embryonic hemoglobin (termed Hb-Portland-1l) is composed
of a pair of r-chains and a pair of y-chains (thus z2y2) and

has been found in very small amounts in normal newborn infants,
and in increased amounts in newborns with D1 trisomy. The Z-
chain is likely an embryonic a-chain (4,5).

The occurrence of several hemoglobin polypeptide chains
(o, B, ¥, 8, €, L) makes it necessary to assume the presence of
at least six structural loci involved in the synthesis of the
different hemoglobins. This number is larger because the two
structurally different y-chains (Gy and Av) are the product of
non-allelic y-chain structural loci. There is also increasing
evidence that duplication of the a-chain structural locus may
have resulted in an a-chain gene multiplicity in some human
populations which is comparable to that found in several
mammalian species. It is obvious that the marked developmental
changes require additional mechanisms which regulate the rate
of synthesis of certain polypeptide chains during various stages
of development.

The demonstration of an abnormal form of hemoglobin (Hb-S)
in sickle cell anemia by Pauling et af. in 1949 (g) was followed
by the discovery of a large number of additional variants.

Many are distinguished from Hb-A by electrophoretic or chroma-
tographic methods. The number and types of abnormal hemoglobins
that have been discovered thus far are indeed overwhelming. At
the latest count (December, 1974) at least 135 B-chain variants,
72 a-chain variants, 8 §-chain variants, and 11 y-chain
variants have been found. These include variants with single
amino acid substitutions (the majority), variants with two
substitutions (the B-chain variants, Hb-C-Harlem and Hb-Arling-
ton Park), variants with deletion of one or more residues
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(nine variants of this type have been discovered), and even a
variant with an insertion (the a-chain variant Hb-Grady).
Moreover, there are 7 fusion hemoglobins, £{.¢. hemoglobins with
either 88-,B8-or yB-chains, and 5 hemoglobins with chains that
are extended at the COOH- terminal end. Several of these
variants have altered physical and/or functional properties
interfering with the life-span of the red cell or with the
normal oxygen delivery system. (For recent reviews see refer-
ences 3, 7, 8; a list of variants is available upon request
from the Director of the International Hemoglobin Information
Center, Medical College of Georgia, Augusta, GA 30902, USA.)

The synthesis of an abnormal a-chain will result in the
presence of more than one abnormal hemoglobin since all normal
hemoglobin types are composed of the same pair of identical a-
chains and of different pairs of non-a-chains. An adult heter-
ozygous for an a-chain abnormality produces several hemoglobin
types, namely 2282, 0282, azcyz, o AWZ, and the abnormal
variants a2 82, azksz, a2X st a288ys., Four of these are
readily observed in the blood of the adult heterozygote, while
the y-chain-containing components are usually identified
through analyses of blood of a heterozygous newborn. An adult
individual heterozygous for an a-chain variant and for a B-
chain variant will produce two additional hemoglobins since the
components a282Y and a2 82 are the result of the presence of
a B-chain structural gene abnormality. The observation of two
different a-chain variants together with Hb-A in some members
of a family of Hungarian origin (9, 10) has been explained by
the presence of two non-allelic o-chain structural loci. The
absence of Hb-A in subjects with an apparent homozygosity for
the a-chain variant Hb-J-Tongariki (11,12) indicates that some
human populations have multiple o-chain structural genes while
others do not.

Abnormalities of structure may lead to changes in function
(for extensive reviews see references 3, 7, 8, 13, 14). A
hemoglobin will function normally if, (a) the hemes are present
and fixed in the appropriate position in each chain; (b) the
iron remains in ferrous form in deoxyhemoglobin; (c) the molecule
is able to change its configuration in the process of oxygena-
tion-deoxygenation through changes at the aj-as, B1-By @3-B;, and
a-Bo contacts. Hemoglobin abnormalities can be classified by
grouping the chemical replacements according to their positions
in the chains. Such an analysis leads to four major subgroups.
The §4{%8% concerns variants with replacements of residues which
are in contact with heme. This group includes several unstable
hemoglobins and also the four M hemoglobins in which either the
proximal or the distal histidyl residue is replaced by a tyrosyl
residue. The second group consists of variants in which resi-
dues participating in the 0;-B; contact are replaced, and the

group that in which replacements of residues of the a;-8;
contact have occurred. Many of the structural changes occurring
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in positions participating in the aj;-B, contact are associated
with alterations in function. The foutth group concerns
variants with replacements in external regions of the molecule
which are usually without any direct effect on structure and
function. There are notable exceptions such as some unstable
hemoglobins and the notorious Hb-S which shows a decreased
solubility in its deoxygenated form and will therefore be
accompanied by pathological symptoms in homozygotes.

Some of the abnormal fetal hemoglobin variants are the
product of an allele of the Ay structural locus and others of
an allele of the GY structural locus. The structural abnor-
mality in all eight variants of Hb-A2 has been determined.

Nine variants resulting from deletions have been described;
all are B-chain variants. Deletions leading to shortening of
the chain (from one to five residues) usually have severe func-
tional consequences. It is likely that the genetic event
causing the deletion of one or more of the corresponding
nucleotide base triplets is the result of an unequal crossing
over between homologous genes. Hb-Grady is a variant in which
the a-chains are extended by three residues because of a tandem
repetition of a short sequence (15). The underlying genetic
alteration responsible for the a-Grady chain appears to be a
tandem duplication of nine base pairs which might have arisen
by a process of mismatched intragenic crossing over.

Another group of hemoglobins are the fusion hemoglobins of
which seven have been reported. The three Lepore hemoglobins
are composed of two normal a-chains and two chains that are
part §-chain (NH2-terminal region) and part B-chain (COOH-
terminal region). The 8B-chain of Hb-Lepore is, like the B-
chain and the §-chain, 146 amino acid residues long. The
genetic event leading to the formation of these hybrid chains
involves a nonhomologous crossing-over between corresponding
points of the § and B structural genes. Three "anti-Lepore"
hemoglobins, {f e4t variants with a chain that is part B-chain
(NHz2-terminal region) and part §-chain (COOH-terminal region),
have recently been described (Hbs-Miyada; P-Congo; P-Nilotic).
This B8 hybrid chain apparently is the product of a gene which
is the counterpart of that synthesizing the &8 hybrid chain of
the Lepore hemoglobins. The discovery of the yB-chain of
Hb-Kenya (16, 17) is important because it has indicated for the
first time that the y, §, and B structural genes are closely
linked. The chain is a y-B-chain in which the crossing-over has
occurred between residues 80 and 87. The structure of this
chain suggests that the nonhomologous crossing-over has removed
parts of a vy and the B structural genes and the entire §
structural gene.

Hb-Constant Spring (18, 19) was the first variant discovered
that has 31 additional residues at the COOH-terminus of the a-
chain. Comparable hemoglobins are Hb-Icaria and Hb-Koya-Dora,
and Hb-Tak which has 10 additional residues at the COOH-terminus
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of the B-chain (ZQ). It seems possible that these variant
chains have either arisen from a crossing-over with a gene for
a protein unrelated to hemoglobin or through a mutation of a
terminal codon thus permitting elongation of the protein.
Hb-Wayne, the fourth variant with an elongated a-chain, results
from the deletion of a single base in the DNA of the a-chain
causing a "frameshift" which results in a sequence of different
amino acids which are coded by the new succession of codons.

Different hemoglobins lacking a-chains have been described.
They consist solely of B-chains (By or Hb-H), y-chains (yy or
Hb-Bart's), S-chains (84), or e~chains (ey or Gower-1). In
most instances these variants are present in patients with a-
thalassemia in which a decreased synthesis of a-chains will
lead to the formation of an excess of non-o-chains. The exis-
tence of different forms of o-thalassemia (heterozygous and
homozygous forms of ai1-~thalassemia and of as-thalassemia, and
Hb-H disease) has been noted; these forms are best characterized
by the amount of yy present at time of birth (for references,
see (3)). Homozygosity for aj-thalassemia is incompatible with
life because the major hemoglobin in this condition at time of
birth, vy, has a greatly increased affinity for molecular
oxygen and is unable to release it to the tissues. The hetero-
geneity of a-thalassemia is difficult to explain and the
genetics of the abnormality is complex; it is considered
possible that more than one a structural loci are involved.

In a second type of thalassemia the synthesis of specific
non-a-chains is impaired. The heterozygous form of B-thalas-
semia is characterized by a mild hypochromic microcytic anemia,
by an increased level of Hb-A2 (4 to 7 percent), and, in the
majority of the cases, by an elevated Hb-F (1 to 15 percent).

In homozygotes, the synthesis of B-chains is greatly decreased
and as a result a severe anemia may develop after birth when
the y-chain production ceases. B-Thalassemia, like a~-thalas-
semia, is a heterogeneous condition which can be concluded

fzom the differences in suppression of B-chain synthesis. In
sore cases B-chain production is completely absent (the B° type)
wher=as, in others, a considerable B-chain synthesis can be
observed (the gt type). The severe anemia will lead, by a
mechanism which is still not completely understood, to an
increased production of y-chains. Both types (Gy-and Ay-chains)
are present and are produced in heterozygotes in either one of
two distinct ratios, namely 7:3 as in the newborn or 2:3 as in
the normal adult (for a summary see 21).

Other types of thalassemia concern the suppression of both
§-chain and B-chain production (8B-thalassemia), and the exis-
tence of a §-thalassemia and a y-thalassemia.

Changes in the quantities of the various normal hemoglobin
components during developmental stages can be explained in terms
of ill-defined regulatory mechanisms which control the rate of
synthesis of the polypeptide chains. Such mechanisms have to
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be responsible for the unequal suppression of the two types of
y-chains (Gy and Ay) after birth and the simultaneous stimu-
lation of the B-and 6-chain production. It is of great interest
that a silent structural B-chain locus is present in Caprini
species (goats, sheep) which is activated during (experimental)
anemia and which is stimulated by erythropoietic factors of yet
undefined nature. Apparently humoral factors may have important
functions in the regulation of gene activities.

The condition known as the hereditary persistence of fetal
hemoglobin (HPFH) is characterized by the presence of 5 to 35
percent Hb-F in the heterozygote and in 100 percent Hb-F in the
homozygote. It has been postulated that this anomaly, which is
clinically benign, is caused by deletion of specific structural
loci. The condition is rather heterogeneous. For instance,
only Ay—chains are found in the Hb-F from carriers of the Greek
type of HPFH and only Gy—chains in the Hb-F from carriers of a
certain type observed in India and among blacks, whereas both
Ay_and Gy-chains are present in varying ratios in the Hb-F of
the HPFH condition that is most frequently observed in blacks.
In most forms of HPFH the production of B-and S6-chains is com-
pletely absent {n cis of the HPFH determinant.

Only a few of the many hemoglobin variants occur in high
frequencies in certain parts of the world. The Hb-S and Hb-C
abnormalities are observed mainly in blacks, and occur in
tropical Africa and in emigré populations. Hb-D-Los-Angeles is
common in certain areas of India and Hb-E is rather exclusively
found in the population of Southeast Asia. The various forms
of B-thalassemia are known to occur mainly in the population of
Mediterranean countries and in Asia, with a specific form being
present in the Negro. The a-thalassemias are primarily found
in the Far East and the Mediterranean area with again a specific
form in the Negro race.

The complexity of the problem of hemoglobin heterogeneity
has made it necessary to use rather advanced biochemical
investigative procedures. Many analyses require advanced pro-
tein chemical techniques. The second part of this review
describes some of these methods.

Identification And Characterization Of Hemoglobins

Hematological Methods. Hematological analyses can include
the determination of the total hemoglobin concentration (in gZ%),
the packed cell volume (PCV in %), the red blood cell count
(in 105/mm3) and reticulocytes count (in %), calculation of the
red cell indices, examination of a blood film, tests to demon-
strate the presence of inclusion bodies and of sickle cells,
tests to evaluate the distribution of fetal hemoglobin (Hb-F)
inside the red cells, the red cell osmotic fragility, the con-
centration of serum iron (SI), total iron binding capacity
(TIBC), and the survival time of the red cells. Details of all
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methods will not be presented; they are available in appropriate
laboratory manuals (22-26).

A search for Heinz bodies is helpful in the detection of
an unstable hemoglobin, of a-thalassemia, homozygous B-thalas-
semia and related abnormalities, because hemoglobin often
precipitates in the red cells of patients with one of these
disorders. Inclusion bodies may consist of precipitated un-
stable hemoglobin, of B~chains (in a-thalassemia), or of a
chains (in B-thalassemia).

Anemia is a constant feature of the thalassemias, the
Lepore hemoglobinopathies and of many (unstable) hemoglobino-
pathies. Morphological changes of the red blood cells are not
always characteristic. Determination of red cell indices is
of help in the diagnosis of B-thalassemia, and the MCH and MCV
values are useful in distinguishing milder forms of B-thalas-
semia from other forms of hypochromic anemia. It is not always
possible to differentiate between iron deficiency anemia and
heterozygous B-thalassemia, and the determination of the serum
iron content, the total iron binding capacity, and the
level of Hb-Ap; 1is of decisive importance. The presence of
inclusion bodies supports the diagnosis of thalassemia. In
Hb-H disease the number of inclusion bodies depends on the
amount of Hb-H that is present, and in heterozygous o~-thalas-
semia only a few cells will contain inclusion bodies. 1In
homozygous B-thalassemia and related disorders the number of
inclusion bodies is increased considerably after splenectomy.

Handling Of Blood Samples. A relatively small (5 to 10 ml)
sample is sufficient for nearly all hematological and biochem-
ical studies; the material is collected by venipuncture with
heparin, oxalate, or EDTA as anticoagulant. When micro-
techniques are used a small sample can be collected in hepa-
rinized hematocrit tubes from a fingerstick or on filter paper
from which the hemoglobin can be eluted with a few drops of a
hemolyzing solution. Blood samples should be stored in the
refrigerator for a period not exceeding 4 weeks. Shipment
requires that the sample of blood or the saline washed red
cells be kept cold but not frozen. Addition of a small amount
of penicillin and/or streptomycin is useful in preserving the
samples that are shipped around the world. Hemoglobin solutions
are prepared by centrifugation of packed red cells which are
washed at least three times with 0.9 g% NaCl and are hemolyzed
by addition of one volume of distilled water and about 0.3
volume of carbon tetrachloride, chloroform, or toluene.
Hemoglobin solutions should be stored in the cold for not
longer than four weeks, but can be kept at -50°C unchanged
for a longer period of time.

Electrophoretic Methods. Abnormal hemoglobins are usually
detected by electrophoresis either at pH 8.5 - 9.0 or at
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pH 6.0 - 7.0. Many types of supporting material are used, such
as: paper, cellulose-acetate, starch-block, starch gel, agar
gel, and acrylamide gel.

Stanch gel electrophonesis at pH 8.8 - 9.0 is considered
the most accurate and reliable method even in routine testing
programs. Several commercial systems are available, but simple,
inexpensive, horizontal models can be constructed in every
laboratory. The starch that is used is partially hydrolyzed
starch which has certain physical properties allowing superior
separation of hemoglobin variants. The buffers which have been
used most successfully for the preparation of the gels are
tris-EDTA-borate buffers, pH 8.6 - 9.0. The buffer in the
electrode vessels is usually 3 to 4 times more concentrated
resulting in a discontinuous system that gives improved reso-
lution mainly of slowly migrating minor hemoglobin components.

A phosphate buffer system (pH 6.5 - 7.0) is useful for detecting
small quantities of the hemoglobins H and Bart's; these variants
will both move toward the anode while Hb-A remains at the origin.
Figure 3 gives some examples of separations that can be obtained.
Cellulose acetate electrophoresis is a simple, fast, and
sensitive method for preliminary testing of abnormal hemoglobins.
Cellulose acetate media may differ in pore size, distribution,
volume, length of cellulose chain, and degree of acetylation of
the cellulose. Plates on which eight samples can be applied
simultaneously are satisfactory for screening purposes. Electro-
phoresis is made in tris-EDTA-borate buffer, pH 9.0, at about
350 volts for 20 to 30 minutes, after which the plate is
stained with 0.5% Ponceau S in 5% trichloroacetic acid, Figure
4. The method can be adapted for quantitative purposes.

Citrate agarn electnophonresis has the advantage of distin-
guishing Hb-S from Hb-D and hemoglobins C, E, and O-Arab from
each other. The method is also most useful for the demonstra-
tion of small amounts of Hb-A in samples from persons with
Hb-S-B" thalassemia. There are many modifications of this
method; however, the commercial kit marketed by Helena Labora-
tories gives excellent results. All methods use an 0.05 M
citric acid-citrate buffer, pH 6.0. The agar slides can be
stained with O-dimethylbenzidine until a blue color begins to
appear whereafter they are washed with distilled water.

Figure 5 gives examples of some separations that can be obtained.

Tsoelectrnic gfocusing is a more recently developed method.
Successful application of this method depends upon the difference
in the isoelectric points of at least 0.02 pH units between the
hemoglobins. Polyacrylamide gels are most popular as a support-
ing medium; they provide great stability, excellent resolution,
and are easily prepared. Analysis in polyacrylamide gel can be
carried out in slabs or in tubes, and the hemoglobins can best
be separated with a pH gradient between pH 6 and 8 in 47 poly-
acrylamide gels, developed with carrier ampholyte. When intro-
duced into such a system, each hemoglobin will migrate to the
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pH that is its isoelectric point, and will focus into a sharp
band. The separated hemoglobins can be quantitated either with
the use of a densitometer without staining or by elution of
each band.

The techniques mentioned here provide a basic approach to
the study of hemoglobinopathies since the identification of
many variants is dependent upon their net charge. However,
certain changes in the tertiary structure of a hemoglobin
variant may also alter its electrophoretic behavior. This
is well documented for many unstable variants such as for
Hb-K&1ln which migrates more slowly than Hb-A but in which the
neutral valyl residue in position B98 is replaced by the neutral
methionyl residue. It should also be mentioned that differences
in the level of heme oxidation will cause differences in the
electrophoretic mobility.

The selection of a certain electrophoretic technique for
the detection of abnormal hemoglobins in a large number of blood
samples is based on simplicity, convenience and economy; cellu-
lose acetate electrophoresis is, therefore, most often the
method of choice. This technique allows the separation of many
commonly observed variants but differentiation of rarer hemo-
globin variants and of the different forms of thalassemia-abnor-
mal hemoglobin combinations is often difficult to make. Citrate
agar electrophoresis has a restricted application for large scale
screening purposes because many of the common hemoglobin variants
have a mobility similar to that of Hb-A. This technique, how-
ever, is most important for the differentiation of Hb-S from
Hb-D, of Hb-A from Hb-F, of Hb-O-Arab and Hb-E from Hb-C, and
of the AS, AC, SS, CC, and SC conditions in newborns. Isoelectr-
ic focusing separates the hemoglobins F and A, and also the
hemoglobins D and S. Minor hemoglobin components are more
readily detected by this method than by any other electropho-
retic procedure. The technique has not yet been adapted to
routine screening.

The detection of abnormal hemoglobins in cord blood samples
is usually made with electrophoretic procedures. Four types of
hemoglobin variants can be present, namely y-chain variants,
B-chain variants, and Hb-Bart's or yy indicating some form of
a-chain deficiency or a-thalassemia.

ALL eleven y-chain variants, discovered thus far, exhibit a
change in electrophoretic mobility, and starch gel electropho-
resis is the recommended method for their detection. Quantita-
tion of the variant can best be done by chromatography on
columns of either DEAE-Sephadex or CM-Cellulose. The quantities
of some variants in heterozygotes differ greatly. For instance,
the relative amount (expressed in %Fy/Frotal) varies from 20-25%
(F-Malta-I) to 10-15% (most y-chain variants) to 5-6%
(F-Malta-II). Hybridization studies or chain composition
analyses are often needed to identify the abnormality as a y-
chain abnormal hemoglobin.
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The o-chain variants are characterized bi the presence of
two abnormal components, an abnormal Hb-F (a2®y2) and an abnormal
Hb-A (azxsz). Of these two, the a2Xy2 component dominates and
the a2®B2 component is often difficult to detect. The methods
of choice are starch gel electrophoresis and anion-exchange
chromatography using DEAE-Sephadex or DE-52 Cellulose. Chain
analyses of these isolated hemoglobin components will lead to a
definitive identification.

The demonstration of -chain variants in heterozygotes is
complicated by the presence of the large amount of Hb-F. Another
obstacle is the nearly identi