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ABSTRACT The number of globin genes in human cells
was determined by hybridizing DNA from human spleens
to 3H-labeled DNA complementary to human globin
mRNA. Assuming the rates of reannealing of complemen-
tary DNA and cellular DNA are similar, the extent of hy-
bridization of complementary DNA at various ratios of cell-
ular DNA to complementary DNA indicate that there are
fewer than 10 globin gene copies per haploid human ge-
nome. An alternative analysis of the data, which introduces
no assumptions concerning the relative rates of reaction
of complementary DNA and cellular DNA, indicates fewer
than 20 globin gene copies are present. DNA isolated from
the spleen of a patient with g+ thalassemia contained a
number of globin gene copies similar to that of normal
DNA.

The mechanisms regulating human hemoglobin synthesis at
the gene level are poorly understood. Since both transcrip-
tional and translational controls may be involved, it is of im-
portance to determine the number of globin genes in man.
The availability of highly radioactive DNA (cDNA) com-
plementary to globin mRNA (1-3) provides a useful tool for
this purpose. Recent reports of the use of mouse liver and duck
reticulocytes indicate that there are fewer than 10 copies of
the globin sequences present per haploid genome (4-6). In
addition, the number of globin genes present in duck reticu-
locytes and liver cells has been found to be similar (4). The
experiments reported here were undertaken to measure the
number of globin genes present in human genomes, and to
compare the number of genes in the cells of patients with g+
thalassemia and without thalassemia. Human ¢cDNA was used
to probe DNA from human spleens for the number of globin
gene copies. The results are consistent with genetic evidence,
and indicate that fewer than 20 globin genes are present in
normal haploid human genomes. In addition, there is no
detectable difference in the number of globin genes present in
DNA from the cells of a patient with 8+ thalassemia.

METHODS

Preparation and Characterization of Human DNA. Human
DNA was isolated from individual spleens of patients with
and without thalassemia obtained when splenectomy was in-
dicated for treatment of the patient. The spleens were collected
within 1 hr after surgery, cut into small pieces, frozen im-
mediately in liquid nitrogen, and stored at —70°. The spleens
were ground to a coarse powder in a mortar cooled with dry

Abbreviations: cDNA, DNA complementary to human globin
mRNA; Cot, product of concentration of DNA nucleotides and
time of incubation; T., melting temperature of hybrids measured
as the midpoint of the elution profile from hydroxylapatite.
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ice, and the DNA was isolated by the following procedure
modified from those reported (7, 8): Frozen spleen powder
(10-50 g) was suspended at 4° in 5%, sucrose buffer containing
1 mM MgCl; and 1 mM NaH.PO, (pH 6.5). The cells were
broken by 25 strokes in a tight-fitting Dounce homogenizer.
The nuclei were separated by centrifugation at 800 X g for 10
min, washed once with the 5%, sucrose solution, and taken up
in 10-20 volumes of 10 mM Tris (pH 8.3), 0.15 M NaCl, 5
mM EDTA, 19, sodium dodecyl sulfate, 1.0 M NaClO,.
After addition of an equal volume of CHCl;-isoamyl alcohol
(24:1), the mixture was shaken for 30 min at room tempera-
ture. The aqueous phase was removed and the material at the
interphase was again extracted. The pooled aqueous phases
were extracted until no significant precipitate remained at the
interphase. Two volumes of 95%, ethanol were layered over the
aqueous solution and the DNA was collected on a glass rod.
The DNA was dried under reduced pressure and dissolved in
1.5 mM NaCl, 0.15 mM sodium citrate. The DNA solution
(0.5-1 mg/ml) was treated for 2 hr at 37° with RNase A (50
ug/ml, Sigma, Type 3A) and, under similar conditions with
Pronase (50 wg/ml, Calbiochem, nuclease-free B grade).
Sodium dodecyl sulfate was added to 1%, and the DNA was
extracted twice with phenol-cresol-hydroxyquinoline solution
(8). The DNA was again collected under ethanol and dis-
solved in 1.5 mM NaCl, 0.15 mM EDTA (pH 7.0) at 1 mg/
ml; NaOH was added to 0.01 M, and the DNA was sheared
by sonication. The DNA was then extracted with phenol-
cresol solution, precipitated with ethanol, dried, and dissolved
in 0.12 M phosphate buffer (pH 6.8), 1 mM EDTA.

Isolation of Globin mRN A. Human globin mRNA was pre-
pared from reticulocytes by phenol extraction and subsequent
oligodeoxythymidylate [oligo(dT)] column chromatography,
as described (9, 10). The mRNA used was biologically active
when added to a Krebs ascites tumor cell-free system (10,
11). )

Human DNA-[*H]cDNA Hybridization. Globin ¢cDNA
labeled with [PH]dCTP (26 Ci/mmol, ICN) was prepared as
described (1). Hybridizations were performed in 50 pl of 0.12
M sodium phosphate (pH 6.8), 0.4% dodecyl sulfate. Re-
action mixtures were assembled in 100-ul capillary pipettes,
heated in a boiling H,O bath for 15 min, and incubated at 68°.
At various times, the capillaries were frozen on dry ice. For
analysis, the contents were expelled into 2 ml of 0.12 M
sodium phosphate (pH 6.8), 0.4%, dodecyl sulfate and applied
to 1-g columns of hydroxylapatite (Bio-Rad) equilibrated with
the same buffer at 68°. The nucleic acids were eluted with 3
aliquots of 2 ml each of the same buffer and subsequently



Proc. Nat. Acad. Sct. USA 71 (1974)

o
T

n
o

8 ¢

% D%UBLE-STRSANDED DNA

107 10° 107 107 10° 10' 10° 10° 10°
Cet

F1e. 1. Kinetics of hybridization of 10S globin RNA and DNA
from various species to cDNA. ¢cDNA (0.96 ug) was hybridized
to 1.8 mg of DN A for various times to obtain Cot values. The per-
centage of double-stranded DNA was determined by hydroxyl-
apatite chromatography (see Materials and Methods). ®, Human
10S RNA; 4, E. coli DNA; @, calf thymus DNA; broken line,
human normal DNA. The points of the latter hybridization are
in Fig. 2.

with 0.4 M sodium phosphate (pH 6.8), 0.4% dodecyl sulfate.
Under these conditions, single-stranded DNA elutes in 0.12 M
phosphate and double-stranded DNA in 0.4 M phosphate
(12).

RESULTS

Characterization of cDNA and Céllular DN A. The extent of
homology between the cDNA and its template was determined
by the use of micrococcal nuclease (13). The cDNA hybridizes
completely to the globin mRNA and contains no noncomple-
mentary “tails” (Fig. 1). The hybrids formed are stable and
exhibit a sharp melting curve when eluted from hydroxyl-
apatite by increasing temperature (10). The T, (tempera-
ture of the hybrids at the midpoint of the elution profile,
analogous to the T, measured in solution) is 90°. This value
is the same as that found for rabbit globin mRNA -cDNA
hybrids (14) and indicates a high fidelity of transcription of the
RNA sequences into DNA.

The sizes of the sonicated cellular DNA and the ¢cDNA
probe were determined by sedimentation in alkaline sucrose
gradients, with $X174 DNA (18 8) as refererice. The cDNA
sedimented at about 7 S, indicating a molecular weight of about
200,000. This value is identical to that obtained with rabbit
¢DNA. The cellular DNA gave a broader profile, somewhat
larger in size. The average molecular weight was 280,000, or
about 1.4 times larger than the cDNA.

Determination of the Number of Human Globin Genes. The
number of genes coding for globin in man was determined by
hybridizing in solution various amounts of globin ¢cDNA to
human cellular DNA. Under these conditions the cDNA com-
petes for its genome complement with the other strand of
cellular DNA. The rate and extent of the hybridization re-
action will thus depend upon the ratio of ¢cDNA to cellular
DNA, as well as the rates of the two competing reactions. If
we assume that these two rates are the same, the analysis be-
comes straightforward.

We designate the cDNA as (+) and those sequences com-
plenentary to it as (—). The cellular DNA contains equal
numbers of its own (+) and (—) globin sequences; therefore,
by adding [*H]eDNA we create an excess of (+) strands over
the complementary (—) strands. Hybridization can only pro-
ceed until the (—) strands are exhausted, and the reaction will
terminate before all the cDNA has hybridized. The final extent
of hybridization thus depends upon the initial ratio of cDNA
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TABLE 1. The number of globin sequences present
in human cellular DNA

% Hybridization at
saturation*

Input Expected for No. of

cDNA no. of copies Ob- gene
Expt. (ng) 1 5 10 servedt copies
Nonthalassemia
1 0.32 38 75 86 59 2-3
2 0.96 17 51 67 47 5
3 3.20 6 24 38 30 7
Thalassemia .
1 0.32 38 75 86 59 2-3
2 3.20 6 23 38 30 7

* The specific activity of the cDNA is 1.4 X 107 cpm/ug (as-
suming 80 dCTP molecules per cDNA). 4500 cpm were used in re-
action 1; representing 0.32 ng of input cDNA. The human hap-
loid genome is 1.8 X 102 daltons (27). The globin gene is about 2
X 10° daltons. The fraction of the total human genome that is
globin gene is, therefore, 1.1 X 1077, Cellular DNA (1.8 mg) was
used in each hybridization reaction. If a single globin gene were
present, the input DNA (1.8 mg) would contain 1.8 mg X 1.1 X
107, or 0.198 ng of globin DNA. From Eq. [1] we can calculate
the 9, hybridization, P, expected for any number of globin gene
copies present. For example, in Exp. 1, if one globin gene is present,
there would be 0.198 ng of cellular globin DNA and P = (0.198
X 100)/(0.198 X 0.32) = 389,. If five globin genes are present,
we would expect 5 X 0.198 ng of globin gene DN A in the cellular
DNA and P = (5 X 0.198 ng)/(5 X 0.198 ng 4 0.32) = 75%,.
Since we observed P = 599, hybridization, there are between 1
and 5 cellular globin gene copies by this calculation. The expected
percent saturations for different numbers of globin gene copies
have been calculated for various cDNA inputs by this method.

t Background (49%,) has been subtracted.

to cellular DNA. The percentage, P, of cDNA taken up into
hybrids is equal to the fraction of total (+) strand hybridized,
since the labeled and unlabeled material are assumed to be-
have the same. Since the amount of total (+) strand hy-
bridized is equal to the amount of cellular (—) strand se-
quences, we may write:

(+) strand hybridized X 100
total (4) strand
_ ng of (—) cellular globin DNA X 100
" ngof (+) cellular globin DNA + ng of (+) cDNA

Since the cellular (4) and (—) sequences are present in equal
amounts and the quantity of cDNA is known, we can deter-
mine P and solve for the amount of globin sequences present
in the cellular DNA used in the hybridization reaction (Table
1).

We have performed hybridizations at three different ratios
of cDNA to human spleen cellular DNA. The results obtained
are shown in Fig. 2 and Table 1 (15). An analysis of the re-
sults by the method described above indicates that there are
fewer than 10 copies of the globin genes per haploid human
genome (Table 1). The percent hybridization at saturation is
reproducible in duplicate experiments within 2-5%,. The lack
of hybridization of cDNA to cellular DNA at a Cgt less than 10
indicates that the probe is free of contaminating ribosomal
RNA complements and will not hybridize to repetitive DNA
species. The T, of the hybrids formed between cellular DNA

P =

(1]
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Fic. 2. Hybridization of normal cellular DNA with ¢cDNA.
Each reaction contained 1.8 mg of cellular DNA. The time was
varied to obtain the Cot values shown. Percent of double-stranded
DNA was measured by hydroxylapatite chromatography. The
amount of cDNA was varied: O, 0.32 ng of cDNA; A, 0.96 ng of
¢cDNA; 4, 3.2 ng of cDNA; @, The 9, cellular double-stranded
DNA (as As).

and ¢cDNA is 84°, indicating that the vast majority of the

DNA:cDNA hybrids are faithfully base-paired (Fig. 3).

This 7', is identical with that of the renaturing cellular DNA

(Fig. 3). No significant hybridization was observed between

the ¢cDNA probe and Escherichia colt DNA. The extent of

hybridization with calf thymus DNA was less than in the
- homologous system, as expected (Fig. 1).

The progresswe increase in copy number as the ratio of cDNA
to cellular DNA increases suggests that the assumption that
the rearinealing cDNA and cellular (4) globin DNA to (=)
cellular globin DNA occurs at the same rate, is not completely
correct. Treatment of the data without this assumptioh is
presented in the Appendiz. The results of this latter analysis
indicate that fewer than 20 copiés of globin genes are present
in the haploid human genome, and that the rate of hybridiza-
tion of ¢DNA is only !/; that of reannealing cellular globin
DNA sequences.

Hybridization of [*H]cDNA with 8 Thalassemia Cellular
'DNA. DNA was isolated from a patient with 8+ thalassemia
and hybridized to cDNA. The results at two concentrations of
¢DNA are comparable to those obtained with the same
amounts of cellular DNA from nonthalassemic subjects (Table
1). In another experiment, rabbit mRNA enriched 4- to 5-
fold for 8 globin mRNA was used to prepare [*H]cDNA, which
was hybridized to spleen DNA from a patient without thal-
assemia and to that from the g+ thalassemic subject. The
kinetics and extent of hybridization were the same with both
samples. About 329, hybridization occurred at saturation,
compared with 599, hybridization obtained with an identical
amount of homologous probe. The lower level of hybridization
with the enriched g globin rabbit ¢cDNA probe than with
human ¢DNA is probably due to the noncomplementary
regions between rabbit cDNA and human DNA (16).

DiISCUSSION

The results of these studies indicate that there are fewer than
20 globin genes present in haploid human genomes. There are
six types of globin genes in human genomes: a, B, §, v, ¢, and 8
(17). The ¢cDNA probe was prepared with globin mRNA
from sdult reticulocytes syrthesizing predominantly « and 8
globin chains; thus, faithful hybridization of the cDNA would
ineasure only a and 8 globin genes. The & chains, however,
differ from 8 chains by only nine amino acids, and 8 cDNA
might be expected to crossreact with § DNA. It is less likely
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.F1c. 3. Melting profile of cellular DNA and ¢DNA-DNA
hybrids. Hybridization of ¢cDNA to cellular DNA and thermal

elution of single-stranded DNA was performed as described in
Materials and Methods. ®, Cellular DNA (A4:s); O, cDNA-DNA.

that v genes will crossreact since there are differences in 38
amino acids between g and v chains, but even a small region of
homology is sufficient to detect the gene by hydroxylapatite
chromatography. It is unknown whether the amino-acid ho-
mologies are faithfully reflected at the nucleotide level. We can
only speculate on the relative number of «, 8, v, §, and other
genes represented in our studies. At one extreme, we would sug-
gest that the minimum of three genes measured includes two o
globin genes and one g globin gene. These values agree with
genetic studies of several types (17). It is, however, possible
that 8, v, and other globin genes are also being measured. The
precise number of each of these genes is unknown in humans;
however, at least two, and perhaps more, ¥ genes are present in
haploid human genomes (18). In addition, untranscribed globin
genes may be present; for example, so-called minor, multiple &
globin genes have been reported in apes (19). The small number
of globin genes present in the human genome are in agreement
with the findings in studies of nonerythroid cells and erythroid
cells at different stages of development in other species (20).
These results suggest that the large amounts of globin mRNA
present in erythroid cells are not due to a large number of globin
genes, but rather to an increase in globin gene transcription.
In the erythroid cells of patients with g thalassemia, there is
a decreased amount of 8 mRNA present, as determined by
biologic activity assay in cell-free systems (21-23) and by
molecular hybridigation (16, 24). The underlying gene defect
responsible for reduced 8 globin mRNA synthesis may be due
to (Z) deletion of g globin genes, (2) a regulatory gene muta-
tion with repression of g globin genes, or (3) abnormal process-
ing of B globin mRNA from heterogeneous nuclear RNA.,
This first possxblhty would theoretically occur only in so-called
B° thalassemia, since genetic data indicate that only one 8
globin gene is present per haploid chromosome set. Since the
human B gene is probably unique (17), and represents only a
small fraction of the total globin genes present, it is not sur-
prising that we observed no difference in the total number of
globin genes between the genomes of normal subjects and of one
with 8+ thalassemia. Hybridizations with other 8+, as well
as B°, thalassemia patients will be necessary to evaluate
whether deletions of the g globin gene sequences can account
for any of the g thalassemia syndromes. However, we can con-
clude that there is no extensive deletion of globin genes in the
one B+ thalassemia patient studied. The isolation of cDNAs
specific for a, 8, 8, and ¥ mRNAs will be necessary to quanti-
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Fic. 4. Relationship of ratio of amount of cDNA and cellular
RNA (R,) to fraction of cDNA hybridized (F), by Eq. [2] in
Appendiz. The ki/k; values used were as follows; ¢--) 0.1; (-++9)
1.0; ¢--9 5.0 ; and (—) 10.0.

tate more precisely the number of each of the globin genes in
the genomes of patients with and without thalassemia.

Studies of globin gene regulation would be greatly aided if
globin genes containing operator sequences could be obtained
in pure form. The specificity of hybridization of ¢cDNA to
cellular globin gene sequences is potentially of use in experi-
ments whose aim is the isolation of human globin genes.

APPENDIX

Using a simplified method of calculating the number of globin
genes, we found a progressive increase in the copy number as
the ratio of cDNA to cellular DNA was increased. This result
suggested that the rate of hybridization of ¢cDNA with its
cellular complement might not be the same as the rate of the re-
annealing of the two cellular globin DNA strands. We have,
therefore, chosen to analyze our data by procedures that make
no assumptions regarding the rates of the two competing reac-
tions.

Straus and Bonner (25) have derived the equations neces-
sary to describe the system under study. In particular, they
show that

ky _ log 1=F) 2]
ki log Ry + log F

where ks is the rate constant for the hybridization of the
¢DNA with its complement; k, is the rate constant for the re-
annealing of complementary cellular globin DNA sequences;
Ry is the ratio of the concentration of probe to that of its com-
plementary cellular DNA sequences; and F is the final extent
of hybridization expressed as a decimal fraction.

Those authors applied the equation to systems in which the
DNA sequences were in moderate excess over an RNA probe.
The derivation of the equations they used did not, however,
make any assumptions concerning the relative amounts of the
species present. They are thus generally applicable to the
problem of reannealing a single-stranded probe to a double-
stranded DNA.

Fig. 4 shows computer-generated plots of F against R, for
values of Ry between 0 and 25. The curves are labeled with
various values of the ratio ki/k. It is clear that for reasonable
ki/ks the hydridization reaction gives little information for
values of R, greater than five, since the extent of annealing at
saturation is small (less than 209,) and insensitive to Ro. One
can verify that hybridization reactions are being done at R,
values that yield meaningful resuits by testing several ratios
of probe to cellular DNA. If the saturation value is insensitive
to changes in Ry and is less than 309, the experiments must
be done with a smaller ratio of probe to cellular DNA.
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TaBLE 2. Calculation of number of copies
and relative rate constants

Hybrid- Human  Globin
‘ization DNA cDNA

no. (mg) (ng)* ka/kr = F
log (1 — F)
1.8 0.32 —_— 0.59
1 log 1R, + log F
log (1 — F)
2 1.8 0.96 —_— 0.47
9 log 3R, + log F
log (1 — F)
1.8 .2 —_———— 0.30
3 3 log 10R, + log F
Reactions
paired R, ]Cz/kl
1&2 0.082 0.295
1&3 0.127 0.368
2&3 0.113 0.329

In the upper part of the table, the initial amounts of cellular
DNA and ¢cDNA are given together with the final extent (F) of
hybridization. The expression for k»/k; is also given, expressed in
terms of Ro, the initial ratio of cDNA to its complementary se-
quences in reaction 1. Since reactions 2 and 3 contain, respec-
tively, three and ten times more cDNA, the R, is correspondingly
higher for those reactions. By equating the expression for any pair
of hybridizations, we can solve for R, and then for ky/ki. When this
is done, the results shown in the lower half of the table are ob-
tained. The average value of R, is 0.107. Since reaction 1 contains
0.32 ng of cDNA, then it also contains 0.32/0.107 = 2.99 ng of
globin sequences complementary to cDNA. Since 0.198 ng repre-
sents a single globin gene copy (see legend of Table 1), there are
15(2.99/0.198) globin genes present.

In each of three hybridizations (Tables 1 and 2), we have
varied only the concentration of the cDNA; the cohcentra-
tion of the cellular DNA, as well as the temperature, ionic
strength, and viscosity, remained unchanged. Since the
amount of the cDNA is insignificant compared to the cellular
DNA, the reaction conditions were unaltered and, thus, the
rate constants (but not the rates) for the two reactions are
unchanged. By multiplying R, by the appropriate constant,
we may equate the right-hand side of Eq. [2] for two hybridiza-
tion curves and solve for By and for the ratio ky/ki. We can
thus determine the number of copies and the relative rates of
the two competing reactions. We analyzed the three hybridiza-
tions in this manner and calculated the values of Ry and k./k;
for each of the three possible pairs. As can be seen in Table 2,
the values of Ry and k»/k; obtained from the three pairs of
of curves are in excellent agreement, taking into account a 5%
range of error (*5%) in the value of F. From the value of B,
obtained, we calculate that there are a total of 15 copies of the
globin genes. The value for the ratio k./k, is 0.341, suggesting
that the rate constant for reannealing of the cellular DNA
globin sequences is 2.9-fold more than that for hybridization
between the cDNA to its cellular complement. From the differ-
ence in size between the cellular DNA and the ¢cDNA, we
would expect ki/k: to be only 1.2. As noted by Straus and
Bonner (25), the value of Ry is quite sensitive to variations in
the extent of hybridization, but the value of k./k; is insensi-
tive to the exact value of R,.

It has generally been assumed that cDNA and cellular DNA
reannealing occurs at the same rate. The results obtained
above suggest that this might not be the case. To further test
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Fie. 5. Computer-generated theoretical hybridization curves
satisfying simultaneous equations (25) as described in the Appen-
diz. Reactions are as labeled in Table 2. (—) Reaction 1; ¢---)

reaction 2; (=3 reaction 3. The points are the actual values taken
from Fig. 2.

the validity of the k»/k: and R, values, we have determined
how well they specify the actual hybridization curves. As
noted by Straus and Bonner (25) and by Melli et al. (26), the
shape of the reannealing curve varies with Ry and k./k;.
If we insert the values obtained above into the system of differ-
ential equations that describes the annealing of a single-
stranded probe to double-stranded DNA, we can generate the
hybridization curves by numerical approximation with a com-
puter. Values of k; and k. were chosen such that ratio ks/k; =
0.341. The relative shapes of the curves and their positions
with respect to one another are fixed by R, and k,/k;. The posi-
tions of the curves relative to the Cot value are themselves
not determined; however, values of &, and k; may be found by
fitting the experimental and theoretical curves. The curves
are superimposable upon the experimental data (Fig. 5). ,

There are several possible explanations for the observed
greater rate of reannealing of the cellular globin sequences
compared to the hybridization of the ¢cDNA to its cellular
complements. One explanation is that some ¢cDNA initially
forms weakly bound complexes with vy and & globin sequences
and is thus taken from the pool of free cDNA. Subsequent
interaction between these weak complexes and the cellular
DNA minus strands might then result in formation of the
more stable cellular DNA duplex and the release of the cDNA.
The net effect would be to reduce the rate of hybridization of
the cDNA relative to renaturation of the cellular sequences.

The fact that the cellular DNA is randomly sheared and
contains pieces with both globin and nonglobin sequences,
while the cDNA contains only globin information, may also
influence the rates. The magnitude of these effects cannot be
determined without some knowledge of the types of sequences
adjacent to the globin genes in the cellular DNA. If repetitive
sequences are adjacent to the native globin DNA, the rate of
hybridization of cellular DNA would be markedly increased.
In addition, the cDNA may be more highly structured than
the randomly broken cellular DNA and, thus would hybridize
more slowly. Additional factors that may affect the reaction
rates include: the possible thermal degradation of the nucleic
acids during the long incubation period; the effect of increased
viscosity of the reaction mixture with time since, as the ratio
of cDNA to cellular DNA is increased, the hybridization of the
¢DNA reaches its plateau value at shorter times; and intrinsic
rate differences between the various types of globin sequences
present.
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