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Thalassemia major is a genetically determined
anemia of man in which the major biochemical de-
fect is a selective decrease in the synthesis of he-
moglobin A (1). Elucidation of the molecular
basis of this defect is of considerable importance
since it should provide a better understanding of
thalassemia as a disease entity and may give new
information concerning the regulation of protein
synthesis in mammalian cells.

Several possible defects have been postulated to
account for the decrease in hemoglobin A forma-
tion in thalassemia. Thus, it was suggested that
thalassemia may be associated with the formation
of a structurally abnormal hemoglobin that is made
at a rate slower than normal (2, 3). However,
analysis of the amino acid content of individual
tryptic peptides of hemoglobin from subjects with
thalassemia has, as yet, revealed no structural ab-
normalities (4). Alternatively, it was proposed
(4-6) that in thalassemia the defect in protein
synthesis involved a selective impairment in the
capacity of the ribosome-messenger ribonucleic
acid (mRNA) complex to form structurally nor-
mal hemoglobin A. In the present investigation,
a cell free system for protein synthesis has been
developed from human reticulocytes and this latter
hypothesis tested further by comparing the ca-
pacity for amino acid incorporation of ribosome
fractions prepared from erythroid cells of thalas-
semic and nonthalassemic subjects.
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The results of experiments reported here using
the cell free system indicate that there is a marked
defect in the capacity of the ribosome fraction pre-
pared from reticulocytes of thalassemic patients to
support the incorporation of amino acids into pro-.
tein. This will be referred to as endogenous ac-
tivity. In contrast to this markedly decreased
endogenous activity, there is no significant im-
pairment of the capacity of thalassemic ribosomes
to support polyuridylic acid (poly U)-directed in-
corporation of phenylalanine.

Methods
a) Preparation of ribosomes and supernatants. Heparin-

ized blood was obtained from 16 patients with thalas-
semia major, seven patients with sickle cell anemia, and
five patients with other hemolytic anemias. None of the
patients had been transfused for at least 1 month before
the study. For the preparation of rabbit reticulocytes,
blood was obtained from phenylhydrazine-treated rabbits
according to procedures detailed elswhere (7). Ribo-
somes and supernatant solutions were prepared by a
method similar to that described by Weisberger, Armen-
trout, and Wolfe (8). The blood cells were recovered
from whole blood by centrifugation, washed with a solu-
tion containing 0.13 M NaCl, 0.005 M KCI, and 0.0075
M MgCl2, and lysed by mixing the cells with 4 vol of
0.002 MMgCI, for 1 minute at 4°. One vol of a solution
of 1.5 M sucrose containing 0.15 MKC1 was then added.
Stroma and leukocytes were removed by centrifugation
for 15 minutes at 15,000 X g. The supernate fraction
was recovered and centrifuged for 2 hours at 150,000 X g.
The resulting pellet containing ribosomes was rinsed with
a solution containing 0.002 M MgClz, 0.017 M KHCOs,
and 0.25 M sucrose, and then resuspended in this solution
and frozen at - 700 C.

b) Analysis of ribosomes. Ribosome content is ex-
pressed as the optical density at 260 mys (OD 260) of
ribosomes per 10° reticulocytes. The total number of
reticulocytes present per milliliter of blood was obtained
by multiplying the red cell count per milliliter by the
per cent of the cells that were reticulocytes.

The sedimentation characteristics of ribosomes were
analyzed by the technique of sucrose density gradient
centrifugation (9). The per cent of the ribosomes that
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was polyribosomes was determined by planimetry of the
curve of OD260 obtained from the sedimentation pattern
in the sucrose density gradients.

c) Conditions for incubation of intact cells. Intact
cell incubations were performed as described previously
(5). After 80 minutes of incubation, the cells were

washed, lysed, and ribosomes prepared as described
above. Amino acid incorporation is expressed as counts
per minute per OD 260 unit of ribosomes. Amino acid
incorporation by cells was referred to ribosome content
of the incubated cells rather than cell count, protein
concentration, or hemoglobin concentration, because this
parameter was found to provide most reproducible re-

sults (10). In studies with whole reticulocytes, the rate
of amino acid incorporation is expressed as counts per

minute per OD 260 units of ribosomes per hour. The
incorporation of amino acids into soluble protein by cells
incubated under the present experimental conditions pro-

ceeds at a linear rate for at least 80 minutes (6). On
the other hand, amino acid incorporation associated with
ribosomes reaches a maximum within 5 minutes (6).
Radioactivity associated with ribosomes is expressed as

counts per minute per OD 260 of ribosomes and repre-
sents a capacity of the ribosomes to incorporate radio-
activity. Radioactivity associated with the ribosome
pellet was measured by using a portion of ribosomes re-

suspended in 0.002 MMgC1s, 0.017 M KHCO*, and 0.25
M sucrose.

d) Conditions for incubation of ribosomes in a cell free
system. The cell free assay system for protein synthesis
was similar to that described by Allen and Schweet (11).
Each incubation mixture contained 5.35 pmoles of Tris
buffer at pH 7.5, 0.29 pmole ATP, 0.036 jsmole guanosine
triphosphate (GTP), 20 mg pyruvate kinase (PK), 1.44
pmoles phosphoenol pyruvate (.PEP), 0.096 jamole 2-mer-

captoethanol, 2.1 pmoles magnesium chloride (MgCla),
5.1 jumoles potassium chloride (KCI), 8.0 smoles am-

monium chloride (NHICa), 0.022 ml of a mixture of 20
amino acids containing an average of 2.5 /Amoles per ml
of each amino acid minus the radioactive amino acids,
and 0.65 to 0.70 mVsmole radioactive amino acid-1C
(specific activity of 200 to 500 Isc per jsmole), 0.05 ml of
supernate fraction (with an average hemoglobin concen-

tration of 10 to 15 mg per ml), and 0.1 to 1.0 OD 260
of ribosomes in a final volume of 0.3 ml. In experi-

ments with phenylalanine-&'C, 13.2 &moles Tris buffer at
pH 7.5 was used and 100 jzg of poly U added where in-

dicated. The optimal magnesium ion (Mg++) concentra-
tion for poly U-directed amino acid incorporation was

12 mmoles per L compared with a Mg44 optimum of 7
mmoles per L for the endogenous reaction. Similar obser-
vations have been reported for a cell free system -pre-
pared from rabbit reticulocytes (12) and for a system
prepared from rat liver (13). Incubations were per-

formed at 370 C for 90 minutes, and the reaction was

stopped by the addition of 1 ml of cold 7.5% trichloroace-
tic acid (TCA).

e) Determination of radioactivity. The TCA precipi-
tates were washed once with 5% TCA, resuspended,
heated at 90° C for 30 minutes, and filtered onto Millipore

TABLE I

Requirements in the cell free system for
protein synthesis

Source of supernatant

Additions Rabbit Human

cpm per OD260
Complete system* 1,850 1,965
No ATP, GTP, PK, PEPt 695 0
No Mg 0 0
No supernate fraction 200 200
No ribosomes 414 320

* Complete system is as detailed in Methods. Leucine-
14C, valine-14C, and phenylalanine-14C were used in these
experiments.

GTP= guanosine triphosphate, PK = pyruvate ki-
nase, and PEP = phosphoenol pyruvate.

discs 2.5 cm in diameter. The Millipore discs were dis-
solved in 10 ml of Bray's solution (14) containing 4%
Cab-O-Sil 1 (15) and counted in a liquid scintillation
counter with an efficiency of 70%. The radioactivity
was corrected for background and is expressed as counts
per minute rather than millimicromoles per liter of
amino acid because in many experiments three radio-
active amino acids with different specific activities were
employed.

f) Statistical analysis. The methods used to evaluate
the data statistically are those of Lindquist (16).

Results

a) Amino acid incorporation by intact reticulo-
cytes. It has been previously reported that intact
reticulocytes of subjects with thalassemia have a
decreased capacity to incorporate leucine and valine
into soluble protein (6, 17). In preliminary ex-
periments with the subjects of the present study,
this observation was confirmed. The incorpora-
tion of leucine plus valine associated with the ribo-
somes of reticulocytes from patients with thalasse-
mia major averaged 156 cpm per OD260 of ribo-
somes compared with an average of 455 cpm per
OD260 of ribosomes from cells of nonthalassemic
subjects. Furthermore, the rate of incorporation
of leucine plus valine into soluble protein was
consistently lower in cells from thalassemic sub-
jects compared to those from nonthalassemic sub-
jects. The average rate for the cells of the thal-
assemic patients was 28,100 cpm per OD 260
ribosomes per hour compared with 88,500 cpm per
OD260 ribosomes per hour for the cells of non-
thalassemic subjects. Incorporation increased
linearly during the hour of incubation.

1 G. L. Cabot, Boston, Mass.
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TABLE II

Endogenous amino acid-incorporating capacity of ribosomes
prepared from cells of nonthalassemic and thalassemic

subjects*

Source of supernatant fraction

Subject Rabbit Human

cpm per OD260
Nonthalassemic subjects

S.C. 1,850 1,965
V.M. 1,640 1,700
A.C. 2,530 1,660
O.A. 2,140 1,670
K.N. 4,370 4,615
D.N. 3,925
B.B. 1,700
S.W. 1,500
C.W. 2,725

Average 41 SD 2,487 4± 970 2,322 i 1,155

Thalassemic subjects
M. D. 225
I.J. 238
R.M. 293 180
N.G. 980
T.D. 75 126
A.A. <50
F.P. 130 485
J.M. <50

Average ±t SD 255 + 280 264 i 157

* Valine-'4C, leucine-'4C, and phenylalanine-14C were
used in these experiments.

b) Characteristics of the cell free system. Max-
imal levels of amino acid incorporation into pro-
tein were dependent upon the presence of ATP,
GTP, PEP, PK, Mg++, ribosomes, and super-
natant fraction (Table I). Incorporation was di-
rectly proportional to the amount of ribosomes
when 0.1 to 1.0 OD260 of ribosomes was added.
This proportionality to ribosomes was also ob-
served when phenylalanine-14C incorporation was
measured in the absence and presence of poly U.

The capacity to incorporate amino acids into
protein employing supernatant fractions prepared
from cells of rabbits and of human subjects was
tested with the same human ribosomes. Of the
supernatant fractions used, those obtained from
cells of phenylhydrazine-treated rabbits with over
80%o reticulocytes reproducibly gave the maxi-
mal levels of amino acid incorporation with a given
ribosome preparation. With some supernatant
fractions prepared from cells of human subjects,
the level of incorporation of amino acids was simi-
lar to maximal levels achieved with the rabbit su-
pernatant fractions; other human supernatants
gave much less incorporation per OD260 of ribo-

somes used. Therefore, rabbit supernatants were
used in most of the experiments to compare the
capacities of ribosomes prepared from different
subjects to incorporate amino acids.

c) Endogenous incorporation of the ribosomes
of cells from thalassemic and nonthalassemic sub-
jects. Ribosomes from cells of thalassemic sub-
jects incorporated significantly less (p = < 0.01)
14C-radioactivity into protein per OD260 of ribo-
somes compared to those of nonthalassemic sub-
jects (Table II). This difference was observed
when supernatant fractions prepared from cells
from either nonthalassemic human subjects or rab-
bits were used. The endogenous amino acid in-
corporation, expressed per OD 260 of polyribo-
somes, was also markedly reduced in the thalasse-
mic subjects. When valine-14C, leucine-14C, and
phenylalanine-14C were used, the ribosome prepa-
ration from cells of nonthalassemic subjects in-
corporated, on the average, 5,800 cpm per OD260
of polyribosomes as compared to 1,300 cpm per
OD260 with those of thalassemic subjects.

The possibility that the decreased capacity of
thalassemic ribosomes to incorporate amino acids
might be due to the presence of an inhibitor or the
absence of an activator in the ribosome fractions
was tested by the following experiments: Between
0.2 and 1.0 OD260 of ribosomes from thalassemic
and nonthalassemic subjects were mixed in vary-
ing ratios. Neither inhibition of the capacity of
nonthalassemic ribosomes nor stimulation of the
capacity of thalassemic ribosomes to incorporate
amino acids into protein was detected (Table III).
Two other experiments mixing ribosomes isolated
from different subjects gave similar results. Su-

TABLE III

Effect on amino acid incorporation of mixing ribosomes from
cells of thalassemic and nonthalassemic subjects*

Ribosomes added
Amino acid incorporated

Thalas- Nonthal-
semic assemic Expected Observed

OD260 cpm
1.15 150
0.58 75

0.54 770
1.35 1,740

0.58 1.35 1,815 1,795
0.92 0.54 890 850

* Valine-'4C, leucine-14C,
used in these experiments.
formed as described in Meth

and phenylalanine-'4C were
The incubations were per-
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pernate fractions prepared from thalassemic reticu-
locyte lysates did not inhibit amino acid incorpora-
tion when added to the complete cell free system
containing either rabbit or normal human super-

nate with normal human ribosomes.
d) Poly U responsiveness of the ribosomes of

cells from thalassemic and nonthalassemic sub-
jects. Studies were done to determine the ca-

pacity of ribosomes prepared from cells of thal-
assemic and nonthalassemic subjects to support
poly U-directed incorporation of phenylalanine-'4C
(Table IV). In the presence of poly U, ribo-
somes from thalassemic reticulocytes had levels of
phenylalanine incorporation similar to those from
nonthalassemic cells (p = > 0.05). In the ab-
sence of poly U, the phenylalanine incorporation
of the thalassemic subjects was significantly lower
than that of the nonthalassemic subjects (p = <
0.01).

To further test the possibility that there are

functional differences between ribosomes pre-

pared from thalassemic reticulocytes, we assayed
the ribosomes under the following conditions.
First, the activity of the ribosomes was examined
by using different Mg++ concentrations in the
presence and absence of poly U. The optimal

TABLE IV

Polyuridylic acid-directed phenylalanine-14C incorporation
with ribosomes from cells of nonthalassemic and

thalassemic subjects*

Subject No poly Ut Poly U

cpm/OD 260 ribosomes

Nonthalassemic subjects
A.C. 685 18,800
K.N. 750 44,000
C.W. 368 12,200
S.C. 708 11,550
S.W. 350 19,600
O.A. 755 19,025

Average SD 602 170 20,862 4i 10,800

Thalassemic subjects
J.I. 410 19,900
F.P. 257 27,300
T.D. 210 10,200
M.D. 150 9,750
I.J. 29 8,200
N.G. 450 14,600
R.M. 172 19,725
S.C. 200 10,100

Average 41 SD 235 i 128 14,972 i 6,200

* Rabbit supernatants were used in these experiments.
t Poly U = polyuridylic acid.

TABLE V

Ribosome content and polyribosome distribution in cells from
nonthalassemic and thalassemic subjects

Reticulo- Polyri-
cyte Polyri- Ribosome bosome

Subject count bosomes* content content

% % OD260/1010
reticulocytes

Nonthalassemic subjects
K.N. 31 40 23 9.2
B.B 30 40 18 7.2
S.W. 6 50 23 1 1.5
O.A. 12 50 38 19.0
S.C. 8 60 11 6.6
A.C. 92 30 14 4.2
K.R. 11 30 6 1.8
D.N. 25 50 28 14.0
V.M. 20 50
Y.M. 17 19

Average lSD 23 ±24 43 ±10 20 ±8 9.2 ±5.2

Thalassemic subjects
S.C. 4 15 40 6.0
F.Z. 9 25 56 14.0
A.G. , 3 25
G.S. 4 15 38 5.7
N.G. 9 20 34 6.8
R.M. 12 20 31 6.2
J.I. 5 20 11 2.2
J.P. 9 20 16 3.2
T.D. 6 20 54 10.8
A.A. 3 41
J.M. 4 15
Z.T. 4 22

Average4SD 5± 3 204 3 33413 7.0±4.2

* Methods of analyses employed to determine polyribosomes, ribo-
somes, and reticulocyte count are detailed in Methods.

Mg++ concentration for ribosomes of both thalas-
semic and nonthalassemic cells was 12 mmoles per
L with poly U. Second, leucine-14C incorporation
in the presence of poly U was used to test for
possible ambiguous coding at high magnesium
concentrations (18). With ribosomes from both
thalassemic and nonthalassemic cells, the only ef-
fect noted was inhibition by poly U of endogenous
leucine-14C incorporation at magnesium concen-
trations between 7 and 20 mmoles per L.

e) Ribosome and polyribosome content of eryth-
roid cells. The ribosome content of the cells was,
on the average, 33 OD260 per 1010 reticulocytes
in subjects with thalassemia and 20 OD 260 per
1010 reticulocytes in nonthalassemic subjects (Ta-
ble V). The differences between these values are
not significant at the 2%o level (p = > 0.02 and
< 0.05). The proportion of the ribosomes that
was polyribosomes differed significantly (p = <
0.01) in the two groups. The proportion of poly-
ribosomes in cells of subjects with thalassemia
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FIG. 1. PATTERNS OF SEDIMENTATION OF RIBOSOMES

ANALYZEDBY THE METHODOF SUCROSEDENSITY GRADIENT

CENTRIFUGATION. A) 2.5 OD260 of ribosomes prepared
from the cells of nonthalassemic subject B.B. (Table V)
were layered on 26 ml of a 15 to 30% linear sucrose

gradient in a solution of 0.01 M KCl, 0.0015 M MgCl2,
and 0.001 M Tris HCl buffer, pH 7.4. Centrifugation
was at 25,000 X g for 2* hours at 4° in a Spinco SW25.1
rotor. B) 2.0 OD 260 of ribosomes prepared from the
cells of thalassemic subject F.Z. (Table V) were similarly
treated.

averaged 20%o, whereas that in cells of nonthalas-
semic subjects averaged 43%. Typical patterns of
sedimentation obtained after the sucrose gradient
density centrifugation of ribosomes from the cells
of nonthalassemic and thalassemic subjects are

shown in Figure 1. Multiplying the ribosome con-

tent by the per cent polyribosomes (see Table V)
yielded values for the polyribosome content per
1010 reticulocytes. When this calculation was em-

ployed, the polyribosome content of cells from
thalassemic and nonthalassemic subjects did not
differ significantly (p = > 0.20). The polyribo-
some content of cells from thalassemic subjects
averaged 9.2 OD 260 per 1010 reticulocytes,

whereas that of cells from nonthalassemic subjects
averaged 7.0 OD260 per 1010 reticulocytes.

There seemed to be a poor correlation between
the proportion of red blood cells that was reticu-
locytes and the ribosome or polyribosome content
per reticulocyte (Table V). In studies with rab-
bit red cells (10) it was similarly observed that
the degree of reticulocytosis did not correlate well
with the ribosome or polyribosome content of the
cells or the capacity of the cells to synthesize pro-
tein. The ability of rabbit reticulocytes to synthe-
size proteins is closely related to the polyribosome
content of these cells.

Discussion

Theories attempting to explain the defect in thal-
assemia have focused on mechanisms by which the
rate of globin chain synthesis might be diminished.
It has been suggested that a defective regulatory
gene might be responsible (2, 3). Alternatively,
Itano has proposed that a supernatant factor such
as a specific amino-acyl transfer RNA (sRNA)
might be rate limiting (19). Previous studies from
this laboratory (5, 6) suggested that the defect
may be at the level of the ribosome-mRNA com-
plex. This latter hypothesis is supported by the
present demonstration of a markedly decreased
endogenous capacity of ribosomes of thalassemic
cells to incorporate amino acids in the cell free sys-
tem. In addition, the inability of supernatant frac-
tions prepared from cells of nonthalassemic sub-
jects or from rabbit reticulocytes (see Table II)
to correct the low endogenous activity of ribosomes
from thalassemic cells is consistent with a defect
in the ribosome-mRNA complex rather than a
soluble supernatant factor such as an enzyme or
sRNA.

There is no significant difference in the capaci-
ties of ribosomes prepared from cells of nonthalas-
semic -and thalassemic subjects to respond to poly
U-directed phenylalanine incorporation, and to in-
corporate amino acids under various conditions
of Mg++ concentration. These data imply that in
thalassemia the ribosomes per se may not be de-
fective; on the other hand, the conditions under
which the ribosomes respond to poly Umay be dif-
ferent from those required for stimulation by
natural mRNA. It is currently believed that
ribosomes are necessary for the synthesis of all pro-
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teins (20). Since in thalassemic cells the impair-
ment in protein synthesis is selective for hemoglo-
bin A synthesis, the integrity of the ribosomes and
their responsiveness to synthetic mRNAmight be
expected. Taken together, the present evidence
leads us to focus on a decreased or altered mRNA
for hemoglobin A as the molecular basis for the
defect in thalassemia. It has been suggested that
a strand of mRNAholds the polyribosome com-
plex together (20-24). If this is true, then the
fact that the endogenous incorporation per OD260
of polyribosomes is significantly decreased in the
thalassemic cells may indicate that this mRNAis
relatively inactive qr abnormal in these cells. The
abnormality in mRNAcould be such as to lead
to a decreased rate of formation of structurally
normal hemoglobin A. Alternatively, polyribo-
somes may be held together by a structure other
than mRNAand the present findings can be ex-
plained by a decreased amount of mRNAfor he-
moglobin A in thalassemic cells.

The decreased capacity of ribosome fractions of
cells from subjects with thalassemia major to in-
corporate amino acids could reflect the fact that
the reticulocytes in thalassemia represent an older
population of cells than those of the control group.
This seems unlikely on the basis of several con-
siderations. First, thalassemia major generally
represents a chronic hemolytic state with as
marked erythroid hyperplasia as that encountered
in any of the chronic hemolytic anemias to which
it is being compared (25). Second, the ribosome
and polyribosome content per reticulocyte is not
significantly different in the cells of thalassemic
and nonthalassemic subjects. These findings sug-
gest strongly that the two groups of reticulocytes
are comparable in age. In rabbits, it has been
demonstrated that the maturation of reticulocytes
is associated with a decrease in the polyribosome
and ribosome content per cell (15, 26). The stage
of maturation of the rabbit reticulocytes correlated
well with the ribosome content of the cells. Third,
evidence has recently been presented that reticulo-
cytes of thalassemic subjects might be, on the
average, a population of younger cells (27) when
compared with other chronic hemolytic anemias.

Summary
A cell free system for protein synthesis has been

developed from peripheral erythroid cells of human

subjects with thalassemia major and with other
chronic hemolytic anemias. The endogenous ca-
pacity to incorporate amino acids of ribosomes pre-
pared from cells of thalassemic subjects is mark-
edly diminished compared to that of nonthalas-
semic subjects. The ability of the ribosomes to
respond to polyuridylic acid-directed phenylala-
nine incorporation is comparable for both groups.
The defect in endogenous activity of ribosomes
from cells of thalassemic subjects is not corrected
in the cell free system by the addition of super-
natant fractions prepared from cells of nonthalas-
semic subjects or from rabbit reticulocytes. It is
suggested that the primary defect in thalassemia
major involves a decrease or defect in messenger
RNAfor hemoglobin A.
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