
Abnormal Human Hemoglobins. I. Biosynthesis in Vitro of

Fe59-Labeled Human Hemoglobin A and Hemoglobin S

By LORRAINE M. Kn�us, DEMPSIE B. MORRISON AND ALFRED P. KRAUS

N INVESTIGATION of the in vitro synthesis of Fe59-labeled human

hemoglobin A and hemoglobin S was undertaken in an attempt to

elucidate some of the mechanisms involved in the anemia associated with

hemoglobin S. That it is possible to label newly synthesized human hemo-

globin with isotopes by in vitro incubation of the cellular elements which

synthesize hemoglobin was demonstrated by London, Shemin and Ritten-

berg’ in 1948 using N’5 glycine, and by Walsh and co-workers2 in 1949

using Fe59. In 1955, this method, coupled with autoradiography, was used

by Lajtha and Suit:1 to show the site of synthesis of hemoglobin A within

the erythrocytic series of cells, while at the s�tme time Kraus and Morrison4

demonstrated the site of synthesis of hemoglobin S in the erythrocytic

series of cells during their various stages of maturation.

Sickle cell anemia, a molecular disease due to the presence of genes for

the production of hemoglobin 5, is characterized by two phases. In one

phase, the patient exists in a state of anemia in which there appears to be

a rather constant physiologic balance (below normal levels) which we

refer to as the “steady state” of sickle cell anemia. \Vithout warning, tile

patient develops pain and fever and is precipitated into tile other phase of

the disease called “crisis.”0 In the present study, we present evidence that

there is a difference between the rate of synthesis of hemoglobin S during

the steady state of sickle cell anemia and during sickle cell anemia crisis.

We have compared these differing rates of synthesis with the synthesis of

hemoglobin A from normal individuals.

MATERIAL AND METHODS

Two samples of peripheral blood and three bone marrow samples were obtained from

normal individuals homozygous for hemoglobin A. Bone marrow samples were obtained

from six sickle cell anemia patients during both steady state and crisis. One additional

bone marrow sample was obtained from a sickle cell anemiiia patient (luring steady state;
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#{176}Forthe purpose of this study the criteria of symptomatic crisis given by Diggs5 were

used. A patient was considered to be in crisfs when he suddenly developed otherwise

unexplained severe pain in the abdomen, back and/or extremities and slight to moderate

fever. In the patients observed the crises lasted from 2 to 14 days.
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TABLE 1.-Clinical Data: Peripheral Blood Findings
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1. A.K. Normal AA 39 M PB* 16.6 49.5 0.8 0

2. J.F. Normal AA 46 M PB 14.4 44.0 1.6 0

3. S.F. Normal AA 46 M BMt 14.4 44.0 1.6 0

4. RH. Normal AA 40 M BM 13.2 42.0 2.2 0

5. T.S.� Normal AA 27 M BM 11.7 33.0 5.3 0

6. B.H.-1958 Steady State SS 15 M BM - 25.5 33.5 56

B.H.-1955 Crisis SS 12 M BM 8.8 26.0 15.0 0

7. A.L.-1955 Steady State SS 37 F BM 8.8 22.5 13.6 410

A.L.-1957 Crisis SS 38 F BM 7.0 23.0 12.7 160

8. L.P.-1958 Steady State SS 17 F BM 8.0 23.0 9.1 72

L.P.-1955 Crisis SS 14 F BM 8.7 26.0 13.8 280

9. G.McC.-1958 Steady State SS 18 F BM 6.2 16.0 16.6 75

G.McC.-1958 Begin. Crisis SS 18 F BM 7.0 21.0 22.8 188

10. B.P.-1958 Begin. Crisis SS 23 M BM 8.5 26.0 15.9 726

B.P.-1958 Crisis S� 23 M BM 8.7 27.0 12.7 150

11. W.B.R. Steady State SS 25 F BM 4.1 12.0 23.0 330

12. C.S.-1954 Steady State SS 19 M BM 7.7 19.0 26.1 757

C.S.-1958 Crisis SS 23 M BM 7.8 22.0 17.2 536

13. P.S. Steady Statet SS 20 M BM 6.7 17.0 47.4 10.146

Peripheral blood.

tBone marrow.

�Hypopituitarism.

§Patient 5, while classified as normal in contrast to the sickle cell anemia patients, had a mild

normochromic. normocytic anemia and reticulocytosis at the time the marrow was studied. This man

was admitted for surgical repair of a non-union fracture of the tibia 4 months before his bone

marrow was studied and had been on continuous bedrest until 1 week before bone marrow aspiration.

On admission the hematocrit was 43 ml./100 ml. and returned to this value 2 months after discharge.

At no time was there any evidence of bleeding or increased hemolysis. The slight anemia is thought

to be the result of enforced bedrest. Spontaneous correction occurred after the patient was ambulatory.

this patient was not available in crisis. Bone marrow was also obtained from a patient

with hypopituitarism superimposed on sickle cell anemia. None of these patients had

received any transfusions for at least four months before being studied, with the exception

of patient 6, who was given 500 ml. of blood 5 days before the “crisis” marrow was

obtained. The hematologic findings on these individuals are reported in table 1.

As described previously,’ approximately 4 nil. of bone marrow was obtained by sternal

puncture, heparinized and mixed with 1 or 2 ml. of ferrous chloride labeled with Fe5#{176}

in 0.85 per cent sodium chloride solution. The radioactivity as total counts per minute

added, the micrograms of Fe added and the cellularity of the bone marrow at the initial

time of each experiment are reported in table 2. Aliqumots of the well mixed bone marrow-

Fe5#{176}suspension were placed in test tubes in an atmosphere of 5 per cent oxygen and
95 per cent nitrogen and were gently shaken at 37 C. for 0.5, 3.25, 6.5 and 24 hours.

At the end of these times the incubation mixtures were centrifuged at 3000 rpm for 10

minutes, the supernatants removed, and the cells washed with 5 ml. of 0.85 per cent

sodium chloride solution three times to remove the extracellular iron.

Cell hemolysates were prepared by the method of Drabkin.’ The hemoglobin content

of the cell hemolysates was measured by the oxyhemoglobin method7 or by the cyanmethemo-

globin method.5

The specific activity of the added iron, calculated by the relation,

S A - total counts per minute
added micrograms of iron
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FIG. 1.-In vitro synthesis of hemoglobin A in peripheral blood (1-2) and bone

marrow (3-5). The numbers are those assigned to each patient and correspond with

those used in tables 1 and 2.

does not represent the absolute specific activity of the iron available in the incubation
mixture for hemoglobin synthesis. The absohmte specific activity cannot be calculated,
because there is no way, at present, to determine the amount of iron available for

hemoglobin synthesis in the total iron pool of the bone marrow. Therefore the radio-
activity of the cell hemolysates was measured and expressed as counts per minute per

milligram of hemoglobin. All measurements of radioactivity were corrected for back-
ground and decay, using a suitable decay factor to correct the count to the initial time
of the experiment. A thin window Geiger-Mueller tube and, later, a well-scintillation

counter were used for radioactivity determinations. In order to retain the expression

of radioactivity in beta counts as previously reported,’ a correction factor was established

for conversion of gamma counts from the well-scintillation counter into beta counts. To

determine the per cent of the system’s total radioactivity that resided in the hemoglobin

fraction, fractionation of the cell hemolysate was done by paper electrophoresis imsing 3

MM Whatman filter paper and 0.06 M veronal buffer at pH 8.6, with 250 volts between
siliconized glass plates. The paper strip was divided into sections and the radioactivity
of each section was determined. The per cent of total radioactivity referable to the hemno-

globin fraction was calculated.
The cellular elements of peripheral blood obtained by veniptmncture were subjected to

the same experimental procedures as the bone marrow.

RESULTS

Control experiments w�ing peripheral blood .-T he control experiments

using peripheral blood of normal individuals homozygous for hemoglobin A

confirmed the work of Hahn9 that the stable iron of the hemoglobin molecule
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FIG. 2.-Fractionation by paper electrophoresis of cell hemolysates after incubation of

cells with Fe� at 37 C. Relationship of radioactivity to location of hemoglobin spot is

shown. 1, Normal (Hb. A) peripheral blood; 2, normal (Hb. A) bone marrow; 3, sickle

cell anemia (Hb. 5) bone marrow. The height of the blocks indicates per cent of total

radioactivity found. Each block represents a 20 mm. section in strip 1, and 16 mm.

sections in strips 2 and 3. The per cent of total radioactivity found in the entire hemoglobin

fraction is indicated by a line above the blocks in 2 and 3.

found in normal, nonreticulated, non-nucleated red blood cells does not

exchange with Fe59. When incubated for 3.25 hours, these peripheral blood

samples incorporated Fe59 at such a rate that the final isotope content

was only 66 counts per minute per milligram hemoglobin (fig. 1), a value

that can be ascribed to hemoglobin synthesis by the few reticulocytes present.

This count was established as the base level of radioactivity in these ex-

periments. Cell hemolysates from the incubated peripheral blood fractionated

by paper electrophoresis showed that an insignificant fraction of the radio-

active iron which had entered the red cells migrated with the hemoglobin;

about 80 per cent of the Fe5#{176}remained adjacent to the origin (fig. 2).

In contrast to peripheral blood, when bone marrow was incubated with

Fe59 and the cell hemolysates were fractionated by the same electrophoretic

procedure, both hemoglobin A and hemoglobin S (fig. 2) were found to

contain 80 to 90 per cent of the Fe59 present in the electrophoretic spectrum.

Synthesis of hemoglobin A and hemoglobin S by bone marrow.-The rate

of synthesis of hemoglobin A upon incubaticn of bone marrow with radio-

active iron in patients 3, 4 and 5 is illustrated in figure 1. The synthesis

was rapid in the beginning and leveled off after 3.25 hours. Although the
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‘-I CR1515

- STEADY STATE

Fic. 3.-In vitro synthesis of hemoglobin S in bone marrow. The numbers refer to

those assigned to each patient and correspond with those used in Tables 1 and 2 and figure

4. The small inserts in the graphs represent pain and fever as related to the time of

bone marrow aspiration in crisis.

radioactivity in the hemoglobin did not exceed 600 counts per minute

per milligram of hemoglobin, this represented a ninefold increase in rate

of synthesis over the base level of synthesis found in peripheral blood in

the control experiments.
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FIG. 4.-Comparison of crisis to steady state of sickle cell anemia. Labeled hemoglobin

S synthesized during incubation of bone man-ow with Fe. Patient’s numbers cOrreSpon(I

to those in tables 1 and 2 and figure 3. Patients 6 to 10 and 12 are also shown in figiir� 3.

As seen in figures 3 and 4, bone marrow from sickle cell anemia patients

6 and 7, in crisis, during an incubation period of 3.25 hours synthesized only

13 to 14 per cent as much hemoglobin S as bone marrow obtained during

the steady state. However, the low uptake of iron by the marrow from patient

6 is open to question, since the marrow was obtained five days after a

transfusion. Since the value obtained is in the general range of the others

we feel justified in including it. \Vhen bone marrow ol)tained from these

patients in steady state was incubated for 24 hours, hemoglobin S synthesis
was more than 10 times greater than hemoglobin A synthesis by bone mar-

row from normal individuals. Patients 8 and 12 exhibited a slower synthesis

of hemoglobin S in the steady state than patients 6 and 7, but steady state

synthesis was 4 times greater than when the patients were in crisis.

In two of our patients, 9 and 10, we were able to make observations

during the beginning or early phase of crisis. It may be observed from

figures 3 and 4 that the rates of synthesis in these two patients were sub-

stantially identical in the early phase of crisis.

Patient 11, as seen in figure 4, synthesized labeled hemoglobin S at

the same rate as the other steady state sickle cell anemia p�ttients. Also

(fig. 4) it may be noted that the synthesis of hemoglobin S was slower

in patient 1:3 with llypOpituitariSflTl. The cellularity of the marrow (table 2)

is not readily correlated with the rate of synthesis of hemoglobin A or

hemoglobin S under the conditions of these experiments.
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DIscussIoN

Incorporation of Fesa iIlt() the newly synthesized hemoglobin molecule

in vitro is a ready tool for the evaluation of hemoglobin synthesis of nor-

ma! and abnormal human hemoglobins. It has been- possible to measure the

decrease in synthesis of hemoglobin S as the sickle cell anemia patient

changes from steady state to crisis.

Correlation of the variations in hemoglobin S synthesis with the two

phases of sickle cell anemia has presented a concept of the mechanisms

in this disease not heretofore recorded. For several reasons the decrease of

hemoglobin S synthesis during crisis, as demonstrated in these studies, ap-

parently has not been detected previously in routine hematologic examina-

tions. Hemoglobin-deficient cells made in bone marrow during crisis may

not appear in peripheral blood until several days after crisis has terminated.

In addition, the number of hemoglobin-deficient cells in the circulating blood

is small in comparison with the total number of circulating red blood cells.

Any change in hemoglobin values due to these hemoglobin-deficient cells

being released into the circulation would fall within the range of normal

variations of hemoglobin determinations by methods used in routine hema-

tologic evaluations of the patients’ progress. Correlation studies, in progress,

indicate that the reticulocyte and the target cell (hemoglobin-deficient cell)

are usually the same cell in the shower of reticulocytes into the peripheral

blood which occurs following aplastic crisis in patients with sickle cell

anemia.

The rapid rate of synthesis of hemoglobin S in the steady state of sickle

cell anemia as compared to hemoglobin A synthesis in the normal individual

correlates well with the established fact of the short life span of red blood

cells in sickle cell anemia and compares favorably with observations made

in iron turnover studies.’ Rapid synthesis appears to be necessary in the

rapid turnover rate of erythrocytes so that the patient may maintain a

steady state of physiologic balance. Flemoglobin S synthesis decreases

in crisis falling into the same range as hemoglobin A synthesis in the nor-

mal individual. As the symptoms of crisis (pain and fever) disappear, the

rate of synthesis of hemoglobin S increases again approaching that of the

steady state. Hypopituitarism in patient 13 appeared to lower the level

of hemoglobin S synthesis in the steady state. Bone marrow was obtained

from patients 9 and 10 for determination of hemoglobin synthesis within

a few hours after the onset of pain and fever. At this time the decrease in

hemoglobin S synthesis was not as marked and had not yet decreased to

the rate of hemoglobin A synthesis. However, after patient 10 had been in

crisis for 48 hours the synthesis of hemoglobin S was at a level comparable

to that found in the other crisis patients.

SUMMARY

The synthesis of Fe�4 labeled-hemoglobin during incubation of bone mar-

row from normal and sickle cell anemia (crisis and non-crisis) patients has

been investigated. The in vitro synthesis of hemoglobin S in the steady
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state (noncrisis) sickle cell anemia individual was found to proceed at

a much faster rate than the synthesis of hemoglobin A from normal individ-

uals. In the crisis of sickle cell anemia, the uptake of Fe59 and synthesis of

hemogobin S was approximately at the same level as synthesis of hemo-

globin A from the normal individual. The results of this study indicate

that one of the mechanisms involved in sickle cell anemia crisis is a de-

crease in synthesis of hemoglobin S as compared to the synthesis of hemo-

globin S during the steady state of noncrisis.

SUMMARIO IN INTERLINGUA

Esseva investigate le synthese de hemoglobina marcate con F&9 durante le

incubation de medulla ossee ab subjectos normal e patientes con anemia a

cellulas falciforme (in le stato critic e in le stato non-critic). Esseva trovate

que le synthese in vitro de hemoglobina S in le caso de individuos con anemia

a cellulas falciforme in le stato stabile (non-critic) progrede multo plus rapide-

mente que le synthese in vitro de hemoglobina A in le caso do individuos

normal. In le caso de individuos con anemia a cellulas falciforme in le stato

critic, le acceptation de Fe� e le synthese de hemoglohina S esseva char-

acterisate per approximativemente le mesme rapiditate como le synthese de

hemoglobina A in le caso de individuos normal. Le restiltatos del presente

studio indica que un del mechanismos interessate in le crise de anemia a

cellulas falciforme es un reduction del synthese de hemoglobina S in com-

paration con le synthese de hemoglobina S durante Ic non-critic stato stabile.
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