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Extract

The fetal hemoglobin (Hb-F) of blood samples from 11 newborn babies (two normal
infants, two sickle cell trait carriers, two Hb-C heterozygotes, two infants with Hb-SC
disease, one infant with Hb-Richmond heterozygosity, one B-thalassemia heterozy-
gote, and onc infant with a heterozygosity for the hereditary persistence of fetal
hemoglobin) and from 16 adults (eight normals, two Hb-S heterozygotes, one Hb-C
heterozygote, and five SC patients) has been examined to determine the ratio of the
two structurally different v chains, namely the ¢y and 4y chains. This ratio is about
2:3 in the Hb-F of the adults and, therefore, significantly different from the 3:1 ratio
in the Hb-F of the newborn. This newborn ratio undergoes a considerable change
between the 3rd and 4th months of life, at which time it approaches that of the Hb-I*
of adults.

Speculation

'The mechanism by which the gradual change from vy chain synthesis to 8 and § chain
synthesis is controlled remains unclear. However, the change in the ratio of produc-
tion of structurally different v chains as a function of postnatal age indicates a rather
complex mechanism which probably involves an unequal repression of the y chain
structural genes. Any explanation of the mechanism must take into account the fact
that the production of two genes, the %y and %4, is greatly decreased, whereas that of
two other genes, the 8 and §, is started. Perhaps a closely related or even identical
mechanism controls not only the ratio of production of the ¢y and #y genes but also
that of the g and § genes.
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Postnatal Changes in the Chemical Heterogeneity
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Fetal hemoglobin (HDL-F or agys) constitutes 50-90% of
the total hemoglobin with an average value of about
75% in cord blood samples from full-term newborn
infants [25]). The gradual replacement of HDb-F by
adult hemoglobins A (asB2) and As (ag8s) is essentially
complete 150 days aflter birth [12, 32], although levels
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of 1-8% arc observed during the first 3 years of life
[23].

In the hemoglobin of normal adults, the alkali-re-
sistant residue is 0.4-1.0% [23]. Although this residue
may not be Hb-F alone [10, 22], it is gencrally assumed
to contain variable amounts of the same Hb-T that is
present in cord blood {10, 13, 15, 26]. However, appre-
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ciable amounts of Hb-F can be detected in the periph-
eral blood of individuals 6 months of age and older
who have an acquired hematologic disorder or a genetic
abnormality, such as g-thalassemia or a hemoglobinop-
athy [3, 4, 6,7, 11, 31].

In a previous communication [29], we presented evi-
dence that Hb-F of the newborn human infant is a
chromatographically and electrophoretically insepara-
ble mixture of two components that differ in the y
chains. In one type of y chain (the ¢y type [35]) a
glycyl residue is present in position 136, whereas in the
other (the 4y type) an alanyl residue is present in this
position. The ratio of %y to 4y chains in newborn
HDL-F is about $:1. Examination of Hb-F variants, ab-
normal in the y chain, and of the Hb-F from individu-
als with hereditary persistence of fetal hemoglobin es-
tablished that the ©y and 4y chains are the products
of nonallelic structural genes for the y chain [18-20,
29].

The question arises whether the 3:1 ratio of the Gy
and 4y chains in the Hb-F of the newborn infant
remains constant during carly postnatal life and is the
same in the minute amount of Hb-F found in adult
blood. The pattern of this ratio was investigated by
serial examination of Hb-F from infants in the st year
of life and by analysis of Hb-F from normal adults and
several patients with hemoglobinopathies. Some of
these data have been described in a preliminary report
[27].

Materials and Methods

Source of Blood Samples

Nine full-term Negro infants were studied at inter-
vals during the Ist year of life. Two subjects had sickle
cell trait, two were heterozygous for Hb-G, one was
doubly heterozygous for hemoglobins S and C, one was
heterozygous for Hb-Richmond {[9], one was a hetcro-
zygous B-thalassemia carrier, one was heterozygous for
the hereditary persistence of fetal hemoglobin, and
onc was normal. One normal infant and one with Hb-
SC discase were studied only once. Blood samples (2-4
ml increasing to 5-15 ml at 5 months of age or older)
were collected in ethylenediaminetetraacctate (EDTA).

Samples of blood, 250-500 ml, from three normal
adult females, from two adult sickle cell carriers, and
from one adult Hb-C trait carrier were collected in
acid-citrate-dextrose (ACD). A few milliliters of blood
were also placed in EDTA for hematologic analyses.
Smaller volumes (50-100 ml in EDTA) were obtained
from other adults: two Caucasian individuals from one

family with slightly elevated HD-F percentage [24],
three members of a Negro family with a comparable
elevation of Hb-F [14], and five patients with Hb-SC
discase [38].

Hematologic Examination and Hemoglobin Analysis

Hemoglobin concentration (in g/100 ml), packed
cell volume (PCV in percent), red cell (in 10%/mm3),
and reticulocyte counts (in percent) were determined
by standard techniques [33].

Red cell hemolysates were studied by starch gel elec-
trophoresis in Tris-EDTA-boric acid buffer, pH 8.1
[16], and by DEAE-Sephadex chromatography [8, 17].
The latter procedure allows the quantitation of rela-
tive amounts of hemoglobins A,, A (and/or S and C),
and F in the hemolysates. Quantitation of Hb-F in-
volved alkali denaturation [5] and a recently devel-
oped method [30]. Data obtained with these two tech-
niques are presented as %F,p and %Fy, respec
tively [30]. Comparative studies have shown that the
Fy,, data are probably more reliable [30].

Isolation of Hb-F for Chemical Examination

Column chromatography on DEAE-Sephadex was
also used for the isolation of larger amounts of Hb-F.
The Hb-A; + F fractions from several preparative
columns (2.5 by 50 cm) were combined and rechromato-
graphed in the same way to remove residual Hb-A,.
The relative amount of Hb-F in these purified A; + F
fractions varied greatly; rechromatography on a cation
exchange resin was made when the Hb-F was estimated
to be less than 15%. For this purpose the A; + F
fraction was applied to a column (3.0 by 35 cm) of
CM.-cellulose [36] which was equilibrated with 0.01
sodium phosphate buffer, pH 6.8. The chromatogram
was developed with a pH gradient (0.01 M sodium
phosphate buflers of pH 6.8, 7.2, 7.4, 7.6, and 7.8 with
100 mg KCN /100 ml) as previously described [17]. The
Hb-A, fraction was eluted from the column as a broad
heterogeneous zone that was followed by a small,
rather homogencous, zone primarily of Hb-F. The ap-
propriate hemoglobin fractions were converted into
globin by the procedure of Anson and Mirsky [1].

Chemical Examination of Hb-F

Investigation of the globins of the isolated Hb-F
components was made as previously described [29]; the
globin was cleaved with cyanogen bromide and the
smallest peptide, yCB-3, was isolated and analyzed.
The minimal amount of fetal globin for a single analy-
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sis was 15 mg. The results of these analyses are pre-
sented as the numbers of glycyl and alanyl residues in
peptide yCB-3 which comes from the C-terminal end
of the y chain and contains 13 amino acid residues. Its
amino acid sequence is:

135 140 145
Val-Thr-Gly(orAla)-Val-Ala-Ser-Ala-Leu-Ser-Ser-Arg-Tyr-His

(The numbers refer to the positions of the residues in
the y chain.) As mentioned, the ¢y and 4y chains
differ in position 136 which is occupied either by gly-
cine or by alanine. If the peptide comes from a Gy
chain alone, amino acid analysis will show the pres-
ence of 1 residue of glycine (136) and of 2 residues of
alanine in positions 138 and 140. Similarly, analysis of
the peptide from a 4y chain only will show no glycine
and 3 residues of alanine. The value for glycine in the
analysis is the simplest indicator of proportion of
the ¢y and Ay chain; thus, if glycine is 0.50 (and
alanine theoretically 2.50), the yCB-3 is derived from
HDb-F which is a mixture of 50% each of Hb-F with
Gy chains (a%yy) and of Hb-F with 4y chains
(aztys), and the ratio of the two types of chain is 1:1.
The reliability of the data bas been tested repeatedly
by duplicate analyses of fetal globin samples. The re-
sults indicate an order of precision and accuracy of
=+0.05 residue [18, 27, 28, 30].

Results

Data obtained from analyses of blood samples of the
11 infants are summarized in Table I. The table lists
common hematologic variables, levels of Hb-A, (except
for samples with Hb-G because of the inability to sepa-
rate these two hemoglobins), levels of Hb-F as %F,p
and %Fy,, and number of glycyl and alanyl resi-
dues in the yCB-3 peptides of the isolated Hbs-F. Simi-
lar data on blood samples from eight normal adults,
two sickle cell carriers, one Hb-C trait carrier, and five
patients with Hb-SC discase are summarized in Table
IL

Discussion

Since the original study [29], which examined the yCB-
3 peptides of the Hb-F from 12 newborn infants, 32
additional cases including six from the present report
have been studied. The mean value for glycine of these
44 cases is 0.73 with a range of 0.65 to 0.88 and that for
alanine is 2.31 with a range of 2.19 to 2.43. The aver-
age ratio of Gy and 4y chains in the newborn, there-
fore, is almost exactly 3:1. Values from two fetuses

of about 20 weeks gestational age (glycine 0.72 and
0.81; alanine 2.33 and 2.24, respectively) fall within the
range observed for newborn infants and suggest a com-
parable relative production of %y and 4y chains in
early and late gestation.

Technical difficulties in the isolation of 0.5-1.0%
Hb-F from 99-99.5% adult hemoglobins have limited
the investigation of Hb-F in the normal adult. Data
are available, however, from three normal adult fe-
males (AD, NB, and GD) and from two adult members
of a Swiss family (IF and LL) as well as from three
adult members of a Negro family (SR, ER, and RR) in
which slightly elevated levels of Hb-F have been ob-
served [14, 24] (Table II). The mean value for glycyl
residues is 0.38 (range 0.23-0.55) and for alanyl resi-
dues 2.71 (range 2.52-2.99). These values differ sig-
nificantly from those of the newborns and give a ratio
of about 2:3 for the ¢y and 4y chains of the Hb-F in
the adult. The ratio is similar in the Hb-F of pa-
tients with sickle cell trait, Hb-C trait, and Hb-SC
disease, although the relatively high values from pa-
tient JM with sickle cell trait and patient HO with
HD-SC disease remain unexplained.

The validity of the difference between the ratio of
Gy and 4y chains in the Hb-F of the newborn and
that in the adult is supported by the results of the
serial examination of Hb-F from the newborns in the
Ist year of life. Most data of Table I are also illus-
trated in Figure 1. The Gy and 4y ratio in the two
newborns with AS, two with AC, one with A-Rich-
mond, and one with SC changed considerably and, at
the age of 150-200 days (at which time the level of
HDb-F is less than 10%), approximates that seen in
normal samples from adults or adults with sickle cell
trait, Hb-C trait, or Hb-SC disease. Although compara-
ble data were obtained for all six infants, individual
variation is unexplained at present. Only a few analy-
ses were made on the Hb-F from two normal infants;
the results agree with those from the other infants.
There is, in fact, good general agreement of all data
from older infants and adults regardless of whether
the individual is normal or heterozygous for an abnor-
mal hemoglobin.

Of special interest are the data derived from baby
RS, who presented with a g-thalassemia trait, and baby
RB, who has the hereditary persistence of fetal hemo-
globin. When baby RS was first studied at 56 days of
age, the @, to 4y ratio was about 2:1. This ratio
steadily decreased with time and by 146 days approxi-
mated the adult value of 2:3. The nature of Hb-F
from subjects with g-thalassemia places these individu-
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Table I. Hematologic data on blood samples from infants 1 day-14 months of age, and the results of chemical analyses of Hb-F isolated
from these samples

Hb-F3
. —_— vCB-3
Case Rn::xx‘md b type? Age, days g/{(l)l(,)'ml PCV, % 133}3,,(‘:,{‘; Re(%c., "b%m' AD Ile _——Gly ™
%
CcG N-F AA 1 18.6 50 5.07 nds <0.1 n.d. (88.9) 0.72 2.33
200 9.5 32 3.03 0.3 2.1 3.4 4.8 0.57 2.50
KO N-M AA 270 nd. n.d. 4.05 nd. 2.4 1.8 n.d 0.42 2.69
ST N.F AS 1 17.1 51 5.48 nd. <0.1 n.d. (84.1) 0.71 2.34
30 10.2 33 3.00 1.5 0.4 n.d. 61.8 0.68 2.37
112 9.4 31 3.69 0.6 2.6 11.7 14.3 0.47 2.52
156 10.0 30 4.15 0.7 3.4 5.9 6.3 0.40 2.62
197 11.0 33 4.19 2.1 3.6 3.8 4.5 0.39 2.67
253 10.4 31 4.09 0.5 3.1 3.4 2.8 0.44 2.65
318 10.6 31 3.98 0.7 2.8 3.1 2.0 0.33 2.73
373 11.2 34 4.32 0.9 2.8 2.2 1.5 0.33 2,85
MW N-M AS 1 n.d n.d. nd n.d. <0.1 n.d. (86.4) 0.72 2.34
35 13.4 40 3.51 1.1 <0.1 nd. 71.5 0.71 2.42
65 9.1 30 2.99 n.d. 0.6 48.3 62.9 0.71 2.32
183 11.0 35 3.42 n.d. 2.8 5.6 8.4 0.52 2.49
336 9.4 30 4.18 3.2 2.8 3.4 2.7 0.39 2.66
AJ N-M AC 60 10.2 30 3.75 6.4 —8 20.3 23.5 0.57 2.45
101 12.5 34 4.46 1.9 —_ nd. 9.1 0.48 2.53
cB N-F AC 14 n.d. nd. n.d. nd. — n.d. (86.9) 0.69 2.35
28 11.2 38 3.37 0.3 _— n.d. (79.2) 0.66 2.38
56 10.7 33 4.01 n.d. —_ nd. (50.1) 0.66 2.42
84 n.d. n.d. nd. n.d. —_— nd. 19.3 0.55 2.49
120 11.3 30 4.41 nd. —_ n.d. 9.2 0.49 2.60
150 11.1 28 3.95 n.d. —_— 4.4 3.8 0.39 2.61
210 8.8 29 4.30 nd. —_— n.d. 3.4 0.38 2.70
255 9.3 28 4.03 1.1 —_ nd. 3.8 0.41 2.68
300 8.5 26 3.94 nd. —_ 1.6 2.5 0.30 2.78
KJ N-M SC 1 18.6 52 5.43 n.d. — nd. (89.8) 0.71 2.35
51 9.6 30 3.28 n.d. —_ n.d. (58.7) 0.64 2.34
114 8.6 27 3.10 6.2 _ nd. 14.4 0.56 2.48
184 8.8 28 3.33 nd. —_ 7.4 7.0 0.48 2.63
262 10.4 33 3.53 nd. —_ 4.1 4.5 0.45 2.59
317 9.5 30 3.49 3.6 _ 3.5 2.9 0.58 2.54
409 9.7 28 4.30 1.2 _ 2.8 n.d. 0.50 2.57
TH N-M SC 650 10.5 31 4.73 1.1 —_ 14.5 19.4 0.57 2.51
AS N-F A-Rich, 1 13.2 44 3.20 3.6 <0.1 42.9  70.5 0.72  2.30
53 10.4 32 3.19 2.2 1.2 38.5 43.0 0.68 2.35
127 10.8 32 3.60 0.6 4.4 6.1 6.7 0.48 2.57
RS N-F A-BTh. 56 10.6 31 4.2% n.d. 2.9 n.d. 29.9 0.56 2.54
117 11.4 37 3.67 n.d. 4.5 4.1 4.8 0.45 2.62
146 11.4 36 3.98 n.d. 3.9 nd. 2.5 0.42 2.70
439 9.7 32 5.30 1.8 4.4 1.6 1.6 0.30 2.72
RB N-F A-HIPFIT 1 n.d. n.d. n.d. nd. V] 59.3 87.2 0.67 2.29
63 11.8 3% 4.00 1.2 0.5 51.0 66.3 0.66 2.40
91 13.2 39 4.57 1.2 1.5 nd. 43.7 0.62 2.38
127 11.2 36 3.92 1.2 1.2 34.4 38.8 0.58 2.38
157 — -_— _— _— 1.3 30.9 35.4 0.58 2.49
190 12.8 38 5.25 0.5 1.6 30.7 36.7 0.55 2.45
203 11.8 37 4.23 0.7 1.3 31.4 31.8 0.58 2.43

1 N: Negro; F: female; M: male

3 Sce Materials and Methods for dcfinition of hemoglobin types.

3 Percentages of Hb-F in parentheses were determined by DEAE-Sephadex chromatography only [8, 17]; such values usually agree with %Fr)e values if the percent
Hb-F is large.

4 n.d., not determined.

5 11b-As was not dctermined because the hemoglobins C and Ajp are cluted together from columns of DEAE-Scphadex [8, 17].
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Table II. Hematologic data on blood samples from adult subjects, and the results of chemical analyses of Hb-F isolated from these

samples
Ho-F CB
. 7CB-3
Case Raceand b uyper  Age,yr gt PCV, % qhpens  Retic, % Hb-An % AD Il T
%o

AD C.F AA, 38 13.3 40 4.36 0.6 2.8 0.9 nd3 0.51 2.59

2nd sample 0.444 2.67¢
NB C-F AA 25 1.7 40 4.10 n.d. 2.7 1.0 nd. 0.23 2.99
GD N-F AA 30 nd. nd. nd. n.d. 2.4 0.9 nd. 0.29 2.80
F C-F AA 30 15.1 49 4.47 0.9 2.5 1.2 nd. 0.55 2.52
LL C-M AA 27 16.0 54 4.84 0.4 2.7 1.4 nd 0.55 2.52
SR N-M AA 43 14.2 50 4.98 0.8 2.8 1.4 0.8 0.37 2.67
ER N-F AA 12 11.3 39 3.90 2.0 3.2 1.9 1.3 0.31 2.73
RR N-M AA 10 11.6 38 4.19 1.4 3.4 1.8 1.0 0.25 2.82
JM N-M AS 26 nd. nd. nd. nd. 3.4 0.8 0.9 0.65 2.33
MT N-F AS 30 11.4 34 3.87 0.9 3.3 0.9 0.6 0.36 2.72
AB N-F AC 28 13.6 39 5.48 1.1 —8 1.5 1.3 0.47 2.57
wec N-M SC 24 14.6 45 4.93 4.2 — 1.4 n.d. 0.48 2.64
JJ N-M scC 14 11.3 34 4.37 n.d — 5.4 4.7 0.45 2.58
HO N-M sC 31 11.9 37 3.84 1.1 — 2.4 2.4 0.66 2.42
MR N-F sC 60 9.3 29 3.00 5.4 - 2.6 2.1 0.36 2.59
AR N-F SC 23 8.2 28 2.50 8.3 — 7.3 — 0.38 2.65

1 C: Caucasian; N: Negro; F: female; M: male.
3 See Materials and Methods for definition of hemoglobin types.
3 n.d., not determined.

4 This analysis was made on globin prepared from the alkali-resistant hemoglobin fraction. Red cell hemolyszte from about 250 ml blood was treated with alkali
[31]. The soluble fraction was dialyzed overnight against running tap water and concentrated on a 8 by 20 ¢m column of CM-Sephadex in 0.05 M Tris-maleic acid,

pH 6.5 [37], from which it was eluted with 0.1 m Tris-HCI, pH 8.0.

s Hb-Az was not determined because the hemoglobins C and Az are eluted together from columns of DEAE-Sephadex (8, 17].
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Fig. 1. Postnatal changes in the 9, Hb-F and the number of glycyl residues of the yCB-3 peptide of Hb-F from normal newborns and new-
borns with different hemoglobin abnormalities. Sce text and Tables I and II for further details.

als in one of two groups: in group I, the ratio of Gy to
4y chains is about 2:3 as in the adult, whereas in group
II it is about 3:1 as in the newborn [28]. Baby RS
obviously belongs in group I. There is convincing evi-
dence that this ratio is an inheritable characteristic in
B-thalassemia. This could not be tested in this family
because attempts to isolate a sufficient quantity of

Hb-F from the blood of the mother of baby RS who is
also heterozygous for g-thalassemia were unsuccessful.

Baby RB is the child of RE (family E in Table IA
[19]) who is an HPFH heterozygote with about 25%
Tne. The Gy to Ay ratio in the Hb-F from the
mother and three members of this family was about
3:2 and probably was different from the approxi-
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mately 2:3 ratio in the Hb-F of most HPFH heterozy-
gotes [19]. The Hb-F of infant RB descreased in about
150 days to the rather constant level of 35%, and a Gy
to 4y ratio of 8:2 was reached at about the same time. It
is also of interest that the glycine value in the Hb-F
of the cord blood sample (0.67 residue) is in the
lower part of the newborn range. This observation can
be explained by assuming that at birth the y chain loci
in cis to the HPFH determinant produce ¢y and 4y
chains in a ratio of about 3:2 and those in trans pro-
duce these chains in the newborn ratio of about 3:1.
The orderly appearance and disappearance of fetal
and adult forms of hemoglobin are probably the most
obvious and best known examples of the regulation
and control of protein synthesis and provide an excel-
lent opportunity to study the genctic mechanisms in-
volved. Although hypothetical explanations of the
switch from Hb-F to Hb-A, or more precisely from y to
B and § chains, have been advanced [2, 21, 34], insight
into this mechanism is lacking. Our data add little to
the understanding of this mechanism except to show a
complexity greater than previously realized, because
the evidence clearly suggests an unequal repression of
the 6y and Ay structural genes as the switchover
occurs. The determination of the ratio of Gy to 4y,
however, does allow an examination of the function-
ing of the switchover mechanism. Studies of Hb-F in
B-thalassemia, for instance, suggest [28] that in one
type it is partially inoperative whereas in another, as
in the case of baby RS, it is fully functional. This is
indicated by the fact that Hb-F in g-thalassemia heter-
ozygotes is not elevated over normal in both groups
that have been detected [28]. Because all hypothetical
explanations of the switchover mechanism were pub-
lished prior to the detection of the two types of y
chain, they could not take into account the presence of
the nonallelic genes as any future explanation must
do. One may well consider whether or not the eventual
explanation for the control of the ratio of Gy to 4y
chains and the change from 3:1 in the newborn infant
to 2:3 in the adult may not also give the answer to the
oft-asked question “Why are the g and § chains nor-
mally in the ratio of 40 to 1?” We must appreciate
that, in switching [rom the production of ytogand$§
chains, we actually are switching from the production
of two genes, ¢y and 4y, to that of two other genes, 8
and 8. Is the factor that gives a ratio of 3:1 Gy to Ay
chains in the prenatal state the same as or related to
that which controls the ratio of 40:1 g to § chains in
the postnatal state? The present data do not really
answer this question, but it may be possible to draw

pertinent conclusions as more is learned about the
ratio of the ¢y to 4y chains in those instances in
which Hb-F is elevated in adult life.

Summary

The fetal hemoglobin (Hb-F) of blood samples from
11 newborn babies and from 16 adults was examined
to determine the ratio of the two structurally different
y chains, namely the 8y and 4y chains. This ratio is
about 2:3 in the Hb-F of adults and, therefore, signifi-
cantly different from the 3:1 ratio in the Hb-F found
in newborns. The newborn ratio, however, undergoes
a considerable change between the 3rd and 4th months
of life, at which time it approaches that of the Hb-F of
adults.

The mechanism by which the gradual change from y
chain synthesis to 8 and § chain synthesis is controlled
remains unclear and probably involves an unequal re-
pression of the y chain structural genes. Any explana-
tion of the mechanism must take into account the fact
that the production of two genes, the ¢y and 4y, is
greatly decreased, whereas that of two other genes, the
B and §, is started. Perhaps a closely related or even
identical mechanism controls not only the ratio of
production of the 6y and 4y genes but also that of
the g and § genes.
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