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Abstract

Rabbits contain at least three B-like and two o-like globin polypeptides
which are differentially synthesized during embryonic development. The structure,
expression and chromosomal arrangement of the gene family encoding the B-like
polypeptides is described.

A novel procedure was used to isolate the rabbit B8 globin gene family which
does not require the partial purification of single copy genes. Large random rabbit
genomic DNA fragments were joined to phage lambda vectors by using synthetic
DNA linkers. The resulting recombinant lambda-rabbit DNA molecules were packaged
in vitro into viable phage particles and amplified to produce a permanent library
of rabbit genomic sequences. The library was screened using cloned globin eDNA
probes and an in situ plaque hybridization procedure.

From a screen of the rabbit library, nine clones were isolated which contain
four different B-like gene sequences (B1, B2, B3 and B4). Restriction enzyme mapping
and blot-hybridization studies indicated that the nine clones contain overlapping
restriction fragments, which together encompass 44 kilobase pairs (kb) of contiguous
rabbit chromosomal DNA. .Therefore, the four rabbit B-like globin genes are physically
linked. In addition, all four genes are transcribed off the same strand of DNA in
the orientation 5'- B4-83-B82-B1-3'. A combination of blot-hybridization, R-looping,
and DNA sequencing experiments demonstrated the presence of a large intervening
sequence in all four genes and a second, smaller intervening sequence in 81, B2
and B4.

Determination of the nucleotide sequence of 81 showed that this gene
codes for the second type of two common codominant alleles encoding the rabbit
adult B globin chain. A presumptive 1450 nt polyadenylated precursor to 81 mRNA
was detected in adult bone marrow. Mature mRNA transcripts from genes 83 and

B4 were found in rabbit embryonic erythroid cells, thereby identifying B3 and B4
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as embryonic and/or fetal B-like globin genes. RNA blotting experiments confirmed
that genes B1, B3 and B4 are differentially expressed during development.

No B2 transcripts were identified in anemic adult bone marrow or reticulo-
cytes or in 12-day rabbit embryos. A DNA sequence analysis demonstrated that
B2 cannot code for a functional B globin polypeptide and is therefore a globin pseudo-
gene.

The mRNA expression of B1 was analyzed in a heterologous host cell using
DNA-mediated transformations. Thymidine kinase (tk) minus mouse L cells were
cotransformed with a lambda clone containing a chromosomal copy of the rabbit adult
B globin gene, B1, and the herpes virus tk gene. The tk* transformants containing
copies of the rabbit gene were analyzed for rabbit B globin transcripts. One trans-
formant was found to contain 5 copies per cell of a eytoplasmic 9S polyadenylated
rabbit B globin transcript. Berk-Sharp S1 experiments demonstrated that both inter-
vening sequences are spliced out precisely from the rabbit 9S B globin transecripts
in the transformed mouse L cells. This result indicates that RNA splicing mechanisms
are not species-specific. However, the 5' termini do not contain 48 + 5 nucleotides
present in the B globin mRNA of rabbit reticulocytes. Therefore, the initiation
and/or 5' processing of rabbit B globin nuclear RNA precursors are not identical

in transformed mouse fibroblasts and rabbit reticulocytes.
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INTRODUCTION

Hemoglobin is a tetrameric protein composed of two a-like and two B-like
polypeptides, each bound with a heme porphyrin ring. In mammals, the o-like and
B-like globin chains are encoded by relatively small gene families whose members
are differentially expressed during embryonic development and, in some species,
during adult erythroid cell maturation as well (Kitchen and Brett, 1974; Bunn, Forget
and Ranney, 1977). The subject of the research presented in this thesis is the structure,
expression, and chromosomal arrangement of the rabbit 8-like globin genes.

Relatively little polypeptide data exist on the number of different B-like
and o-like globin chains encoded in the rabbit genome or on the timing of their
expression during development. The available experimental results indicate, however,
that at least two different embryonic B-like globins, ey and €z, and an embryonic
a-like globin, X , are synthesized in the nucleated erythroid cells derived from the
yolk sac blood islands of the embryo (Kitchen and Brett, 1974; Melderis, Steinheider
and Ostertag, 1974; Steinheider, Melderis and Ostertag, 1975). As the site of erythro-
poiesis shifts to the fetal liver, the € and x chains are replaced by their adult counter-
parts, B and q, respectively. A second, additional switch in B globin expression
is observed in humans, other primates and hoofed mammals. For example, in humans
the embryonic € globin is replaced in the fetal liver by two nonallelic fetal B-like

globins, G

Y and Ay, which in turn are replaced shortly before birth by the adult

§ and B globins (Bunn et al., 1977). The simpler pattern of 8 globin gene switching
found in rabbits (lagomorphs) is also seen in mice and hamsters (rodents). It should
be noted, however, that the absence of fetal-specific B8 globin polypeptides and
thus, the absence of a second switech, has not been definitively demonstrated by
experiments in either the rabbit, mouse or hamster B8 globin gene system.

The globin gene family provides an interesting system for a study of molecular

mechanisms involved in differential gene expression during development. Although



the patterns of globin gene switching have been characterized in several mammals,
including humans, mice, rabbits, and sheep (Marks and Rifkind, 1972; Benz et al.,
1979), rabbits are a preferred organism for the study of differential globin gene
expression during early embryogenesis. There are obvious obstacles to obtaining
human embryos with a precisely known time of conception. Mice can provide only
small amounts of erythroid tissue, especially in the early stages of embryogenesis.

In contrast, the time of conception can be controlled relatively easily in rabbits;

and each pregnant female carries about ten embryos, which provide sufficient material
for biochemical analysis.

The study of globin genes from different species should provide important
information regarding the evolution of regulatory mechanisms. An analysis of the
phylogeny of globin genes indicates that gene duplication and deletion have occurred
independently in the different mammalian a and 8 globin gene families (Efstratiadis
et al., 1980). Furthermore, the observation that distinct embryonic and fetal B-like
sequences appeared apbroximately at the time of mammalian radiation suggests
that patterns of globin gene switching during early development evolved independently
in the ancestors of the present-day mammalian species. Consequently, it is reasonable
to consider the possibility tﬁat regulatory mechanisms involved in differential globin
gene expression have evolved in a species-specific manner. Therefore, a study of
several globin gene families allows for a comparison of different mechanisms used

to control the expression of the same functional gene(s).
Chapter 1: Library construction and gene isolation

In order to study globin gene switching at the nucleic acid level in rabbits,
we established procedures to isolate the members of the B globin gene family.
Briefly, a collection or library of recombinant bacteriophage was constructed by

inserting a random population of rabbit DNA fragments 15 to 20 kilobases long into
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a phage lambda vector (Blattner et al., 1977). The lambda-rabbit recombinant DNA
molecules were packaged into viable phage particles in vitro (Sternberg et al., 1977)
and the resulting recombinant phage were grown in host bacteria. The library was
screened using cloned globin ¢cDNA probes and an in situ plaque hybridization procedure
(Benton and Davis, 1977). The library of rabbit DNA which we constructed contains

7.8 x 105 independent recombinant phage, a number large enough to contain any

single copy sequence with a 99% probability (Clarke and Carbon, 1976).

From a screen of 750,000 plaques, nine clones were isolated which contain
sequences homologous to rabbit adult 8 globin mRNA. Restriction mapping and
blot-hybridization experiments revealed that four of the clones contain the rabbit
adult B globin gene. Furthermore, two of these adult 8 globin clones contain additional
B-like globin gene sequences. This provided the first evidence for gene linkage

in the rabbit B globin gene family.
Chapter 2: Linkage arrangement of rabbit B-like globin genes

A total of four different rabbit B-like globin gene sequences, designated
B1, B2, B3, and B4, were identified in the set of nine clones isolated from the rabbit
DNA library. To establish the linkage arrangement of the four B-like genes, we
carried out extensive restriction mapping and hybridization experiments which showed
that the set of nine clones contains overlapping restriction fragments encompassing
44 kilobase pairs of contiguous rabbit chromosomal DNA. Therefore, all four rabbit
B-like genes are physically linked. In addition, all four genes are transcribed from
the same strand of DNA in the orientation 5'-84-83-82-81-3". A comparison of
the restriction map of 81 in cloned DNA to the map of the adult 8 giobin gene in

rabbit echromosomal DNA identified 81 as the adult 8 globin gene.
Chapter 3: Rabbit B-like globin gene fine structure and expression

In order to study the structure and expression of each of the four rabbit



B-like globin genes, we carried out nucleotide sequencing studies in combination
with blot-hybridization and R-looping experirﬁents using RNA isolated from both
embryonic and adult erythroid cells. These studies confirmed the identification

of B1 as the adult 8 globin gene and demonstrated the presence of a large inter-
vening sequence in all four genes. A second, smaller intervening sequence was also
identified in the 81 and B84 genes. No detectable homology was found among the
large intervening sequences in the 81-84 genes.

RNA blotting experiments detected a polyadenylated transecript of approxi-
mately 1450 nucleotides in bone marrow cells of anemic adult rabbits which hybridizes
to an intervening sequence probe from B1l. Presumably this transeript corresponds
to a nuclear RNA precursor containing both the intron and mRNA sequences of the
B1gene. We identified mRNA transcripts from genes 83 and B4 in nucleated reticulo-
cytes from 12-day rabbit embryos. In addition, RNA blotting studies demonstrated
that 83 and B4 sequence probes hybridize more efficiently to embryonic erythroid
RNA than to adult bone marrow RNA. Therefore, 83 and 84 are embryonic and/or
fetal B-like globin genes and B1, 83 and B4 are differentially expressed during develop-

ment.
Chapter 4: Structure of a 8 globin pseudogene

The B2 gene was not identified with any known globin polypeptide. In addition,
no B2 transeripts were detected in adult bone marrow and reticulocyte RNAs nor
in RNA purified from embryonic erythroid cells. To learn whether B2 contains
deletions, insertions or base changes thaf would generate a nonfunctional B globin
gene, I determined the nucleotide sequence of this gene and compared the sequence
to that of a known functional B globin gene, B1.

a and B globin genes which cannot be identified with known polypeptides

have now been observed in several mammalian species, including mouse, human,



and goat. DNA sequence analyses on a mouse o gene (Vanin et al., 1980; Nishioka,
Leder and Leder, 1980), a human a gene (Proudfoot and Maniatis, 1980) and a mouse
B gene (Jahn et al., 1980) have demonstrated that these sequences are globin pseudo-
genes, i.e., a- and B-like sequences that do not encode functional a- and B-like
globin polypeptides.

A comparison of the protein coding sequences of 81 and B2 revealed that
the B2 gene does not encode a functional B globin polypeptide and is therefore a
B globin pseudogene. In addition, the alignment of the 81 and B2 nucleotide sequences
showed that B2 contains two intervening sequences at the same locations in the
globin protein coding sequence as 81 and all other sequenced 8 globin genes. However,
an examination of the DNA sequences at the intron/exon junctions suggested that
a B2 precursor mRNA could not be normally spliced. The nucleotide sequence of
B 2 presented in this paper also made possible a detailed comparison of the flanking
and noncoding sequences of 82 and B1 as well as a discussion of the phylogenetic

relationship between these two genes.

Chapter 5: The use of DNA-mediated gene transfer to study the in vivo expression

of cloned B globin genes

In a collaboration with Richard Axel's lab at Columbia University, we have
developed an in vivo system for studying the functional significance of various features
of DNA sequence organization. Axel's lab has demonstrated that cellular genes
coding for selectable biochemical functions_can be stably introduced into cultured
mammalian cells by DNA-mediated gene transfer (Wigler et al., 1977, 1978; Pellicer
et al., 1978). The biochemical transformants are identified by the stable expression
of a gene coding for a selectable marker. Furthermore, these transformants repre-
sent a subpopulation of competent cells that integrate other physically unlinked

genes for which no selective criteria exist (Wigler et al., 1979). As an initial step



toward studying the transcription and translation of purified eukaryotic genes in
a heterologous host, thymidine kinase minus (tk~) mouse L cells were cotransformed
with ARBG1, a lambda clone containing the rabbit adult B8 globin gene, B 1, and
the herpes virus tk gene. Six of eight tk* transformants were found to contain from
1 to 20 copies of the rabbit 8 globin gene.

Barbara Wold in Axel's lab studied the expression of the rabbit gene in
the six independent transformants. Solution hybridization experiments described
in this paper detected transeripts in one of these cell lines at a steady state concen-
tration of 5 copies per cell. An RNA blot analysis showed that these transcripts
are polyadenylated and migrate as 9S on methylmercury gels. In order to define
the 5' and 3' boundaries of the rabbit globin sequences expressed in the transformed
fibroblasts along with the internal processing sites, I used a modification of the
Berk-Sharp S1 mapping technique (Berk and Sharp, 1977) which makes it possible
to detect less than 5 copies per cell of a mature mRNA transeript. Using this
procedure, I determined that the intervening sequences are removed precisely from
the rabbit 8 globin transcripts present in the transformed mouse fibroblasts. This
result indicates that RNA splicing mechanisms are not species-specific. However,
the initiation or 5' processing of nuclear precursors to rabbit 8 globin mRNA is
not identical in transformed mouse L cells and rabbit reticuloeytes since the 5' termini
of the 9S rabbit globin transcripts in the mouse cells do not contain 48 + 5 nucleotides

present in the mature B globin mRNA of rabbit reticulocytes.
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Summary

We present a procedure for eucaryotic structural
gene isolation which invoives the construction
and screening of cloned libraries of genomic
DNA. Large random DNA fragments are joined to
phage lambda vectors by using synthetic DNA
linkers. The recombinant molecules are pack-
aged Into viable phage particles In vitro and
amplified to establish a permanent library. We
isolated structural genes together with their as-
sociated sequences from three lIbraries con-
structed from Drosophila, silkmoth and rabbit
genomic DNA. In particular, we obtained a large
number of phage recombinants bearing the cho-
rion gene sequence from the silkmoth library and
several independent clones of g-globin genes
from the rabbit library. Restriction mapping and
hybridization studies reveal the presence of
closely linked g-globin genes.

Introduction

With few exceptions, it has not been possible to
purify single-copy structural genes from complex
aucaryotic genomes using conventional biochemi-
cal methods. The chromosomal arrangement of
such genes, however, and the nature of their asso-
ciated sequences, can be studied using recombi-
nant DNA techniques. If random fragments of gen-
omic DNA are cloned ('cloned library'’) and the
number of clones is large enough tor complete
sequence representation, in principle any gene can
be isolated by screening the library with a specific
hybridization probe (for example, see Young and
Hogness, 1977). The feasibility of constructing li-
braries from the DNA of organisms with small
genomes such as Drosophila or yeast has been
demonstrated (Wensink et al., 1974; Carbon et al.,
1977). Construction of libraries from larger ge-
nomes, however, has not been attempted because
of technical limitations, especially those related to
screening large numbers of clones. As an alterna-
tive, methods have been developed to substantially
enrich for structural gene sequences from mam-

malian DNA prior to cloning (Tilghman et al., 1977,
1978; Tonegawa et al., 1977).

Three recent technical advances, all concerning
phage lambda, have made possible the construc-
tion and screening of DNA libraries from complex
genomes. First, a rapid in situ plaque hybridization
procedure has been developed (Benton and Davis,
1977). Second, EK2-certified lambda cloning vec-
tors have been constructed (Leder, Tiemeier and
Enquist, 1977, Blattner et al., 1977). Third, in vitro
packaging systems have been developed for use in
recombinant DNA experiments (Hohn and Murray,
1977, Sternberg, Tiemeier and Enquist, 1977). In
vitro packaging substantially increases the effi-
ciency of introducing lambda DNA into bacterial
cells compared to transfection methods.

The strategy which we used to construct libraries
of eucaryotic' DNA is outlined in Figure 1. In brief,
high molecular weight DNA is fragmented either by
shearing followed by S1 nuclease treatment, or by
a noniimit endonuciease digestion with restriction
enzymes generating molecules with blunt ends.
Molecules of approximately 20 kb are selected by
preparative sucrose gradient centrifugation and
rendered Eco Ri-resistant by treatment with Eco RI
methylase. Synthetic DNA linkers bearing Eco RI
recognition sites are covalently attached by blunt-
end ligation using T4 ligase. Cohesive ends are
then generated by digestion with Eco R!. These
molecules are covalently joined to phage A DNA,
and the hybrid DNA molecules are then packaged
into viable phage particles in vitro. Amplification of
these phage produces a permanent library of eu-
caryotic DNA sequences. To demonstrate the gen-
orality of the approach, we present the characteri-
zation of libraries constructed from the DNA of
three organisms: Drosophila, silkmoth (Antheraea
polyphemus) and rabbit. The phage A vectors used
for the construction of these libraries (referred to
as "Charon 4 in the text) were the EK1 vector
Charon 4 (Drosophila and silkmoth libraries) and
its derivative EK2 vector Charon 4A (rabbit) (for a
description of these vectors, see Blattner et al.,
1977).

This paper demonstrates that these libraries can
be rapidly screened for individual structural gene
sequences. In particular, we describe the isolation
and preliminary characterization of cloned rabbit
p-globin genes. Each step of the approach out-
lined in Figure 1 is described in detail below.

Results

Preparation of 20 kb Eucaryotic DNA Fragments
The internal Eco RI fragments of Charon 4 can be
replaced by DNA inserts (in the size range of 8.2-
22.2 kb) bearing Eco RI cohesive ends (Blattner et
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Figure 1. Schematic Diagram Illustrating the Strategy Used to
Construct Librares of Random Eucaryotic DNA Fragments

al., 1977). For this purpose, high molecular weight
aucaryotic DNA was fragmented and fractionated
by size to obtain molecules of approximately 20 kb.
This reduces the number of plaques required for
screening an entire genome and minimizes the
possibility of smail eucaryotic DNA fragments join-
ing to each other and subsequently to the vector.
Although a nontimit Eco Rl digestion is the most
direct method of obtaining large DNA fragments
with Eco Rl cohesive ends (Glover et al., 1975), we
were concerned that a nonrandom distribution of
Eco Rl sites within and adjacent to particular struc-
tural genes might result in their selective loss from
the population of size-fractionated DNA. We there-
fore used two methods to obtain randem eucar-
yotic DNA fragments, both of which generate mol-
ecules with blunt ends that can be joined to Eco Rl
linkers and subsequently inserted into the cloning
vector.

In one method, DNA was fragmented by shearing
and the ends were trimmed using S1 nuclease.
Unfortunately, this method of preparing blunt-
ended DNA fragments is rather inefficient (see aiso
Scheller et al., 1977b; Seeburg et al., 1977). An
alternative, and in fact more efficient, approach is
to perform a nonlimit restriction endonuclease
digestion with two enzymes that cleave frequently
and generate blunt-ended molecules — that is, Hae
Il (GGCC) and Alu | (AGCT) (Roberts, 1976). The
combined activities of these two enzymes under
conditions of nonlimit digestion should generate a
collection of large fragments approaching the ran-
dom sequence representation of sheared DNA

11

more closely than the products of a nonlimit Eco
Rl digestion; the reason for this is that a recogni-
tion site for each of the two enzymes on DNA
should occur once every 256 (4*) nucleotides,
whereas Eco Rl recognition sites should be present
an average of once every 4096 (4%) nucleotides
(uncorrected for base composition). The greater
the number of possible cleavage sites, the larger
the number of possible ways of generating a 20 kb
fragment by nonlimit digestion of a higher molec-
ular weight molecule, and thus the more random
the collection of resulting fragments.

The resuits of an electrophoretic analysis of
nonlimit Hae Il and Alu | digests of rabbit DNA are
shown in Figure 2. Three reactions with different
enzyme to DNA ratios were performed separately
for each enzyme, and the digestion products con-
taining a substantial fraction of 20 kb fragments
were pooled and fractionated on a 10-40% sucrose
gradient.

Moditication of Eco RI Sites in Eucaryotic DNA
Since the synthetic Eco Rl linkers attached to
eucaryotic DNA must be cleaved by Eco RI to
generate cohesive ends, the Eco Rl sites within the
DNA fragments must first be rendered resistant to
cleavage. This was accomplished by reacting the
eucaryotic DNA with the Eco Rl modification-meth-
ylase in the presence of S-adenosyl-L-methionine
(Greene et al., 1975). Small aliquots of the methyi-
ation reaction mixture were taken before and after
the addition of methylase and mixed with A DNA to
monitor the extent of methylation; following elec-
trophoresis, the appearance of discrete A DNA
bands reveals incomplete methylation. The results
of a typical assay are shown in Figure 3. The
mixture of A and eucaryotic DNAs taken before the
addition of methylase is digested to completion,
while the methylated DNA is totally resistant to Eco
Rl cleavage.

Joining of Synthetic DNA Linkers to Eucaryotic
DNA
Duplex DNA linker molecules bearing restriction
endonuclease recognition sites have been chemi-
cally synthesized (Bah! et al., 1977; Scheller et al.,
1977a) and used to insert a number of different
DNA molecules into plasmids (Heyneker et al.,
1976; Scheller et al., 1977b; Shine et al., 1977,
Ulirich et al., 1977). In each case, the linkers were
first blunt-end ligated to the DNA of interest and
then digested with the appropriate restriction en-
zyme to generate molecules with cohesive termini
that could be joined to a vector with complemen-
tary ends.

We attached Eco Rl dodecameric linkers to in
vitro methylated eucaryotic DNA using T4 ligase
and assayed for blunt-end ligation by the formation
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Figure 2. Agarose Gel Electrophoresis of Nonlimit Hae (Il and Alu
1 Digests of Rabbit Liver DNA

High molecular weight rabbit DNA was digested with different
amounts of Hae Ill or Alu | and electrophoresed on a horizontal
0.5% sgarose gel containing 0.5 ug/ml ethidium bromide. and
the DNA was photographed on a short wave ultraviolet transillu-
minator (Sharp et al., 1973). (1, Pool) the pooled DNA trom the
Hee Il and Alu | digests of siots 6-8 and 10-12; (2 and 4, R)
undigested rabbit liver DNA; (3, A) undigested wiid-type A DNA
(49.4 kb) (Blattner et al., 1977); (5, T4) undigested T4 DNA (171
kb) (Kim and Davidson, 1974). (6-8, Hae |il) Hee Ili-digested rabbit
liver DNA; (9 and 13, 9) size markers, Eco Ri-digested Charon 9
DNA: (10-12, Alu I) Alu |-digested rabbit DNA. The approximate
sizes of the markers in kb are indicated on the side of the figure.

of linker oligomers. After ligation, the DNA was
sedimented through a 10-40% sucrose gradient (or
passed over a Sepharose 2B column) to remove
unincorporated linker oligomers. Without this step,
the digestion of linkers attached to eucaryotic DNA
is difficult, since linker oligomers not incorporated
into eucaryotic DNA compete for Eco RIl. Eco RI
digestion of the DNA thus purified provides large
fragments with Eco Rl cohesive ends that can be
joined to the vector DNA.

Ligation of Eucaryotic DNA to Charon 4 DNA

Charon 4 contains three Eco RI cleavage sites
(Figure 1). Digestion with Eco Rl produces two
internal fragments with genes nonessential for
phage viability and two end fragments. To maxi-
mize the efficiency of in vitro recombination and to
minimize the number of nonrecombinant phage in
the library, we removed the internal fragments by
sucrose gradient centrifugation. After annealing
the cohesive ends of Charon 4 DNA and Eco RI
digestion, excellent separation of the cohered A
DNA arms (31 kb) and the internal fragments (7 and
8 kb) can be achieved. To determine the ratio of
vector DNA to eucaryotic DNA that produces the

Figure 3. Assay for Methylation of Eco RI Sites in Eucaryotic DNA

A mixture of eucaryotic ONA and Charon 4A DNA was reacted
with Eco Rl methylase as described in Experimental Procedures
end analyzed by agarose gel electrophoresis. (1) DNA mixture
plus Eco RI methylase. minus Eco RI nuclease. (2) DNA mixture
plus Eco Rl methylase. plus Eco R! nuciease. (3) ONA mixture
minus Eco RI methylase, minus Eco RI nuclease. (4) DNA mixture
minus Eco Rl methylase. plus Eco RI nuclease. The arrows
indicate the positions of phage A Eco Ri fragments.

smallest number of background plaques without
reducing the absolute yield of recombinants, we
ligated varying amounts of eucaryotic DNA with a
constant amount of purified A DNA arms, packaged
the DNA into phage and determined the number of
plaque-forming units (pfu). Using the established
optimal ratio, ligation reactions were performed at
high DNA concentrations to minimize intramolecu-
lar joining and to maximize the formation ot con-
catemeric DNA recombinants, the substrate for in
vitro DNA packaging.

In Vitro Packaging of DNA into Phage Particles

The number of independently derived phage re-
combinants (library size) required for a 99% prob-
ability of finding any given single-copy sequence in
the library can be calculated if the average size of
the eucaryotic DNA inserts is known (Clarke and
Carbon, 1976). Thus 7 x 10°®* recombinants are
required for a mammalian DNA library of 20 kb DNA
inserts. Using the CaCl, transfection procedure of
Mandel and Higa (1970). approximately 2-10 x 10?
pfu/ug of cleaved and religated A vector DNA are
obtained (in contrast to 10* pfu/ug of intact A
DNA). Thus approximately 100-400 ug of DNA
fragments attached to synthetic linkers are needed
for the construction of a complete library, an
amount difficult to obtain. Fortunately, efficiencies
of 2 and 0.15 x 107 pfu/ug have been achieved for
intact and religated A DNAs, respectively, using in
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vitro packaging procedures (Hohn and Murray,
1977, Sternberg et al., 1977).

To use this technique for mammalian DNA clon-
ing, it was necessary to demonstrate that the pro-
cedure does not alter the biological containment
features of Charon 4A. Most in vitro packaging
procedures involve the temperature induction of A
lysogens which carry amber mutations in different
genes required for packaging. Each lysogen alone
is incapable of producing viable phage particles,
but mixed lysates of the two strains complement in
vitro to convert A DNA into a piaque-forming parti-
cle. If hybrid phage DNA carrying eucaryotic se-
quences is added to a mixed extract, there is a
possibility that endogenous prophage DNA will
recombine with the hybrid DNA in vitro or during
subsequent in vivo amplification to produce DNA
carrying the wild-type markers of the prophage.

Sternberg et al. (1977) have developed a pack-
aging system that minimizes these problems. First,
the prophage of their strains carry the Ab2 muta-
tion, which removes part of the attachment site and
therefore prevents prophage excision after induc-
tion. Second, the lysogens are recombination-de-
ficient (the prophage is red and the host is recA ).
To reduce further the chance of prophage DNA
packaging and recombination we ultraviolet-irradi-
ated the cells prior to their use in in vitro packaging
reactions. Hohn and Murray (1977) found that both
recombination and prophage packaging in their
extracts could be suppressed by irradiation with
ultraviolet light. To obtain EK2 certification for the
system of Sternberg et al. (1977), we examined
extracts derived from ultraviolet-irradiated cells for
recombination and for the presence of in vitro
packaged prophage. A procedure for the prepara-
tion and testing of in vitro packaging extracts for
EK2 experiments is presented in Experimental Pro-
cedures.

Following in vitro packaging of recombinant
DNA, the resulting phage particles were separated
from cellular debris by sedimentation on a CsC!
step gradient. This procedure concentrates the
phage and removes material prasent in the extracts
which inhibits the growth of bacterial cells.

Amplification of Libraries

An essential feature of our strategy for gene isola-
tion is to establish a permanent library that can be
repeatedly screened. To achieve this, it is neces-
sary to amplify the in vitro packaged recombinant
phage and to store the library in the form of a plate
lysate. There is, of course, a risk that a particular
recombinant phage will exhibit a growth disadvan-
tage and will be eliminated from the library during
amplification. It is therefore important to minimize
competitive growth. We accomplished this by plat-
ing the in vitro packaged phage on agar plates at

low density (10,000 pfu per 15 cm diameter plate).
In this manner, the phage are amplified approxi-
mately 0.1 to 1 x 10° fold and recovered as a plate
lysate.

Efficiency of Cloning Eucaryotic DNA

The efficiency of sucaryotic DNA cloning under our
conditions depends primarily upon the quality of
the in vitro packaging extracts (which varies be-
tween preparations) and the fraction of DNA frag-
ments bearing Eco RI linkers. The latter 1s deter-
mined by the fraction of molecules with two blunt
ends which, in turn, depends upon the method of
preparation. The efticiency of our extracts pre-
pared for EK1 experiments varies from 2-20 x 107
pfu/ug of intact A DNA. Extracts prepared for EK2
experiments are consistently less efficient, varying
from 0.4-5 x 107 pfu/ug of intact A DNA. When
using cleaved and religated DNA, this efficiency
drops. Even the lowest efficiency observed (3.8 x
10 pfu/ g of DNA in the case of the rabbit library),
however, is higher than that reported for cloning
religated A DNA by transfection (2-10 x 10° pfu/
ug: Thomas, Cameron and Davis, 1974; Hohn and
Murray, 1977).

Analysis of the data of Table 1, which describes
the characterization of the libraries, reveals that
DNA fragments produced by nonlimit endonucle-
ase digestion (rabbit library) are cloned more eftfi-
ciently than those produced by shearing followed
by S1 nuclease treatment (Drosophila and silkmoth
libraries). When the number of plaques formed per
ug of eucaryotic DNA 1s normalized to the particu-
lar efficiency of the in vitro packaging extract used
to construct each library, it becomes evident that
the rabbit DNA was cloned 15.8 and 3.4 times more
efficiently than the Drosophila and silkmoth DNAs,
respectively. (We cannot, of course, rule out the
unlikely possibility that the cloning efficiency is
genome-specific).

Fraction of Clones Containing Eucaryotic DNA

To test whether a library containing the entire
complement of genomic DNA can be constructed,
we have measured the number of recombinants
carrying eucaryotic sequences, the average size of
eucaryotic DNA inserts and the single-copy DNA
sequence representation in one of the libraries
(Drosophila).

To estimate the number of recombinant phages
in each library, it was necessary to determine the
number of background (nonrecombinant) phage
present. The number of background plaques was
minimized by separating the annealed cohesive
ends from the internal A DNA fragments. When the
purified cohesive ends of Charon 4 were ligated
without the addition of eucaryotic DNA, however, a
small number of pfu (on the order of a few percent
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Table 1. Characterization of Libranes
1 2 3 4 5 6 T
Total Number Number of
of Recombinant
Plaques per independent Phage
nQ of Relative % Blue Recombinant Mean Length Required for a
Efticiency Eucaryotic Etficiency of Plaques after Phage of Eucaryotic “Compiete”
Library of Extract DNA Cloning® Amp R DNA Library*
Drosophila 1 x 10° 8.0 x 10 1 3.0 6.0 x 10* 16 kb 4.8 x 10
Silkmoth 2 x 10° 5.8 x 10* 468 70 2.8 x 10* 19 kb 2.4 x 10
Rabbit 4 x10° 3.8 x 10* 15.8 28 7.8 x10* 17 kb 8.1 x 10°

* This number was determined by dividing the number of column 2 by that in column 1 and normalizing 10 the value caiculated for the

Drosophila library.

* Caiculated as described by Clarke and Carbon (1976) using the values in column 6 and sssuming genome sizes of 1.65 x 10° bp for
Drosophila (Rudkin, 1972), and 1 x 10° and 3 x 10° bp for silkmoth and rabbit, respectively (J. Yeh. L. Villa-Komarotf and A. Etstratiadis.

unpublished resuits).

of the final number of plaques in the libraries) was
recovered from the in vitro packaging reaction.
The number of nonrecombinant phage in the librar-
ies can also be estimated by an indicator plate
assay. One of the internal Charon 4 fragments
carries the E. coli lactose operator-promoter region
and the gene for g-galactosidase. The presence of
this fragment in library phage DNA can be detected
by plating the phage on a lawn of lac ™ E. coli grown
on an Xgal indicator plate. Phage carrying an intact
B-galactosidase gene produce blue plaques under
these conditions (for a discussion of this assay, see
Blattner et al., 1977). The number of blue (nonre-
combinant) plaques observed after amplification is
small (Table 1), indicating that most of the library
phage carry eucaryotic DNA.

An independent, nonquantitative estimate of the
degree of nonrecombinant phage contamination of
the libraries can be obtained by determining the
amount of internal Charon 4 DNA fragments in
library DNA. This was accomplished by growing an
aliquot of each library in liquid culture, purifying
recombinant phage DNA and digesting the DNA
with Eco RI. Figure 4 (lanes 2 and 4) shows the
results of such an analysis of Drosophila and rabbit
library DNAS. In addition to the left and right arms
of the Charon 4 DNA, a characteristic smear of
restriction endonucliease-digested eucaryotic DNA
can be observed in the two library DNAs (compare
to lanes 1 and 5 of Figure 4). The gel was intention-
ally overlioaded to show that a small number of
contaminating internal phage DNA fragments are
present in both libraries. A similar result was ob-
tained with the silkmoth library (not shownj. All our
assays together clearly demonstrate that most of
the phage in each library contain eucaryotic DNA.

Mean Length of Eucaryotic DNA in the Libraries
The number of independent phage recombinants
required for a complete library depends upon the

average size of the cloned eucaryotic DNA inserts,
which we estimated for each of the three libraries
by CsCl sedimentation equilibrium analysis. Since
the amount of protein in different A phage is con-
stant and the buoyant density depends upon the
DNA/protein ratio, the distribution of DNA sizes in
a A phage population can be determined by meas-
uring the distribution of phage in a CsCl density
gradient (Weigle, Meselson and Paigen, 1959: Dav-
idson and Szybalsky, 1971, Bellet, Busse and Bald-
win, 1971). Figure 5 shows the resuits of a CsCl
density gradient analysis of rabbit library phage.
The density of each fraction was determined by its
position in the gradient relative to two A phage
density markers. The average size of the rabbit
DNA inserts calculated from the midpoint of the
curve of Figure 5 is 17 kb, resulting in recombinant
Charon DNA molecules whose average size is 97%
of that of wild-type A DNA. Similar analyses of the
Drosophila (W. Bender and D. S. Hogness, per-
sonal communication) and silkmoth libraries
yielded insert sizes of 16 and 19 kb, respectively.

Knowing the approximate size of the eucaryotic
DNA fragments carried in each library and the
complexity of each haploid genome (Table 1), we
can calculate the number of independent recombi-
nant phage needed to find any given single-copy
sequence in the library with a probability of 0.99
(Clarke and Carbon, 1976), assuming that the en-
tire genome consists of single-copy DNA se-
quences. Thus a 99% complete library of Drosoph-
ila, silkkmoth or rabbit DNA would consist of 4.8 x
104, 2.4 x 10° or 8.1 x 10°® recombinant phage,
respectively. By comparing the theoretical library
sizes to the actual ones (Table 1), we conclude that
our libraries are ‘‘complete.”

Sequence Representation in Library DNA
To determine whether a significant fraction of sin-
gle-copy sequences is lost during amplification of
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Figure 4. Presence of internal Charon 4 DNA Fragments in the
Drosophila and Rabbit Librarres

Aliquots of the Drosophiia and rabbit librares were each grown in
hquid culture, and DNA was 1solated as described in Experimental
Procedures. The DNA samples were digested with Eco Rl and
analyzed on a 0.5% sgarose gel (1, Dm) Drosophita DNA, (2.
DmL) Drosophila library ONA, (3, Chd) Charon 4 DNA. (4, RL)
rabbit library DNA . (5. R) rabbit liver ONA.

the libraries, we measured the single-copy com-
plexity of library DNA using the procedure of Galau
et al. (1976). Tritium-labeled single-copy tracer
DNA was prepared from Drosophila DNA and driven
with both sheared library and embryo DNAs. As
shown in Figure 6, the reassociation rate and
extent of reaction of the tracer are identical in both
cases. We conclude that within the sensitivity of
our measurements, the Drosophila library contains
the entire complement of single-copy sequences
present in genomic DNA. Phage libraries produced
by nonlimit Eco RI digestion of sea urchin DNA (D.
Anderson and E. Davidson, personal communica-
tion) and Drosophila DNA (R. Robinson and N.
Davidson, personal communication) have been
shown to be nearly complete by this criterion.

Screening Libraries for Structural Gene
Sequences
Assuming an average size of 17 kb for the inserts in
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Figure 5. Average Size of Eucaryotic DNA Fragments in the
Rabbit Library

The density distribution of phage from the rabbit library was
determined by CsC! equilibrium centrifugation. Gradent fractions
were titered, and the distribution of hbrary phage (+) was com-
puter fitted 10 a Gaussian curve (solid line) The arrows indicate
the positions of the Charon 4A (93.6% A) and Charon 14 (83.7%A)
phage density markers. Phage DNA length (upper abscissa) was
caiculated from the density relative to marker phage (Davidson
snd Szybaiski, 1971). The insert length (lower abscissa) was
determined by subtracting the length of the Charon 4A DNA arms
(31 kb) from the total length of the phage ONA. The haif-maximal
band width of the curve is significantly greater than that observed
for the marker phage (data not shown), indicating that a hetero-
geneous size population of radbbit DNA inserts is present in the
library. This heterog y is not pi by the relationship
between insert size and packaging efficiency reported by Stern-
berg et al (1977).

the rabbit library and a genome size of 3 x 10° bp,
only 1 in 180,000 plaques will carry a particular
single-copy sequence. Optimal screening condi-
tions are therefore necessary to identify clones
carrying such a sequence. We examined a number
of variables in the plaque hybridization procedure
of Benton and Davis (1977), including the type of
medium used in the agar plates (L broth or NZCY),
the strain of host bacteria (KH802 or DP50SupF),
the concentration of plating bacteria and the
method of preparing filters. Most of the variables
had little effect on the intensity or the number of
positive signals observed. The most significant
ditferences resulted from varying the concentration
of plating bacteria; the best signals were obtained
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Figure 8. Single-Copy Sequence Representation in the Drosoph-
ila Library
A parison of the ot D phila embryo
and Drosophila library DNAs with *H-labeied single-copy tracer (1
x 10° cpm/ug). Drosophila library DNA was prepared from phage
grown in liquid culture (5 x 10® foid amplification). Single-copy
tracer DNA was prepared from Drosophila pupse DNA, and
I with D phila embryo DNA and Drosophila
library DNA g to the pr oe of Galau et al. (1976).
For each point, 3 ug of embryo DNA or 7.5 ug of library DNA were
with app! ately 800 cpm of single-copy tracer. The
library DNA was at 2.5 times the concentration of the embryo DNA
on the assumption that 40% of esch hybrid phage molecule
consists of eucaryotic DNA. The solid |ine is a computer fit of the
embryo data describing a single second-order component.

using 3.1 x 10°® exponentially growing bacteria per
15 cm plate. The best correspondence between
positive signals on duplicate filters occurred when
the filters were sequentially applied to the plates;
stacking filters often resulted in failure to observe
duplicate signals.

To determine the optimal plaque density for
screening, we plated various amounts of a mixture
of Charon 4A and a Charon 16-pgG1 hybrid (pgG1
is a g-globin cDNA plasmid; Maniatis et al., 1976)
at a constant ratio of 250:1. As many as 20,000 pfu
per 15 cm plate could be screened for globin with
no apparent loss of signal on autoradiograms. The
most serious problem encountered in screening
libraries is nonspecific background hybridization
to nitrocelluiose filters. Using conditions adapted
from those developed for Southern transfer exper-
iments (Jeffreys and Fiavell, 1977a), however, we
reproducibly observed low background.

All three libraries have been successfully
screened using gene-specific hybridization probes.
Several different phage recombinants that hybrid-
ize to different Drosophila cONA plasmid clones
have been selected from the Drosophila library (W.
Bender and D. S. Hogness, personal communica-
tion). The frequencies at which these clones were
detected and the single-copy complexity measure-
ment of Figure 6 indicate that most if not all
Drosophila structural gene sequences are present
in the library.

The silkmoth library was screened for genes,
sequentially expressed during oogenesis, which
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Figure 7. Screening of Silkmoth Library tor Chorion Gene Se-
quences

(A and B) Autoradiograms of dupiicate nitrocelliuiose filters show-
ing specific hybridization of chorron cONA to silkmoth library
phage clones. S000 phage were plated onto a 10 cm petn dish
end incubated for 18 hr at 37°C, and the phage DNA was trans-
lerred to two nit, Hlul filters appled in 1. Agarose
rather than agar was used In the 0.7% top agar layer. The filters
were prepared for hybridization as described in Experimental
Procedures and hybridized for 48 hr 10 50 ng/mi 2P-cDNA (spec.
act. 2.5 x 10" cpm/ug) prepared from total chorion mRNA . Filters
were . drned and exp to X-ray tiim for 48 hr using a
sungle intensifier screen. Five strong and two weak positive
signais appear on both filters identitying phage clones bearing
chorion gene sequences.

encode the approximately 100 eggshell (chorion)
proteins of the developing oocyte (for a review of
this system, see Kafatos et al., 1978). Aithough the
exact number of chorion genes is not known,
preliminary evidence suggests that each gene can-
not be present in more than a few copies (J. Yeh,
W. C. Jones and A. Efstratiadis, unpublished re-
sults). With an average insert size of 19 kb in the
silkmoth library and a genome size of 10° bp, we
expected to observe one positive signal per 530
plaques using cDNA transcribed from total chorion
mRNA as probe, assuming that the chorion genes
are unique. If some of the genes are closely linked,
positive signals will be less frequent. Figure 7 (A
and B) shows an autoradiogram of duplicate fiiters
prepared from a plate containing 5000 plaques.
100% of the duplicate positive signals proved real
when individual plaques were picked onto a bacte-
rial lawn and rescreened. When only single (instead
of duplicate) filters were prepared, 88% of the
initial positives proved real upon rescreening. To
date, screening of 350,000 plaques has yielded 350
independent isolates, about 53% of the number
expected if the genes are unlinked.

The rabbit library was screened for globin se-
quences using cDNA prepared from total globin
mRNA. Figure 8A shows an autoradiogram of a
filter prepared from a 15 cm agar plate carrying
10,000 plaques. Iin the example shown, two posi-
tives were observed on one filter (a rare event),
demonstrating two types of signals. One signal
reflects the plaque morphology, while the other
contains a head and a comet-like tail. The latter
frequently observed morphology could result from
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Figure 8. Screening the Rabbit Library for Globin Sequences

(A) Autoradiogram of a ni fitter prepa from a 15 cm plate g 10.000 plaques. The filter was hybridized
to 2.4 ng/mi *P-globin cONA (5 x 10° cpm/ug) for 36 hr, washed as described in Experimental Procedures, dred and exposed 10
preflashed X-ray film for 48 hr at - 70°C using a single intensifier screen. Arrows indicate the locations of two positive signals.

(B) Autoradiogram of a filter prepared from a plate containing 500 plaques obtained by plating a number of plaques from the area on the
plate (A) corresponding to the location of one of the two positive signals shown in (A). The filter was hybridized with 25 ng/ml of nick-

transiated pSG1 DNA (5 x 10" cpm/ug) for 12 hr, and exposed to preflashed X-ray film for 24 hr at  70°C using two intensifier screens.

the spreading of phage ONA from the plaque dur-
ing filter application or subsequent handling. Both
spots were shown to be true positives by their
appearance on duplicate filters and by rescreening
(Figure 8B). .

A total of four independent g-globin clones were
recovered from 750, 000 plaques screened with
globin cDNA. To identify clones carrying 3-globin
sequences, each clone was hybridized to in vitro
labeled psG1 DNA, a rabbit 3-giobin cONA plasmid
(Maniatis et al., 1976). With a genome size of 3 x
10® bp and cloned inserts of approximately 17 kb,
we expected to recover four {0 five clones of the
adult g8-globin sequence from 750,000 plaques, a
number close to that actually recovered. In this
calculation, we assumed that cross-hybridization
of adult g-globin probe to embryonic g-like rabbit
globin genes is inadequate to allow detection of
these genes in a total genome screen.

Characterization of Clones That Hybridize to
Rabbit Globin Probes

To demonstrate that the four clones hybridizing to
the g-globin plasmid actually carry the g-globin
gene sequence, we digested DNA from each clone
with Eco R, fractionated the products on a 1.4%
agarose gel, transferred the DNA to a nitrocelluiose
filter and hybridized them to in vitro labeled globin
cDNA. Figure 9A shows the Eco RI cleavage pattern

of DNAs from the four [-globin clones. As ex-
pected for DNA fragments generated by random
cleavage, each clone contains common and unique
Eco Rl fragments. Presumably the common set
contains the g-globin gene and its adjacent se-
quences, while the unique fragments lie further
from the gene in the 5’ or 3’ direction. Figure 98
shows the resulting autoradiogram of the hybridi-
zation experiment. In all four clones, two fragments
of approximately 2600 and 800 bp hybridize to the
probe. These fragments are, respectively, the sizes
of the 5’ and 3' g-globin Eco RI fragments found in
genomic DNA (Jeffreys and Flavell, 1977a, 1977b).
The identification of these bands is confirmed by
detailed restriction mapping and DNA sequence
analysis of the cloned DNA (our unpublished re-
suits). In addition to these two fragments, RBG2
(lane 2) contains one Eco RI fragment and RBGS5
(lane 4) contains three fragments that hybridize
weakly to globin cDNA. These data and the failure
of these two clones to hybridize a-globin probe
indicate that the additional Eco Rl fragments cor-
respond to B-like sequences closely linked to the
adult g-globin gene.

The 6.3 kb Eco RI fragment of R3G2 and RBGS,
which hybridizes weakly compared with the 2.6 kb
fragment, may correspond to the faint 6.9 kb Eco
RI fragment detected in genomic DNA (Jeffreys and
Flavell, 1977a). Preliminary restriction mapping
data from RBG2 indicate that the 3-like sequence
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Figure 9. Eco Ri Cleavage Patterns of DNAs from Rabbit 5-Globin Phage Clones
DNAs from rabbit -globin phage clones were digested with Eco R, fractionated on a 1 4% agarose gel. transierred to a nitrocellulose filter

(Southern, 1975) and hybridized to **P-giobin cONA (1 x 10° cpm/ug)

(A) Ethidium bromide-stained gel. (A) A\CH4A-RAG1; (2) A\Ch4A-REG2, (3) ACh4A-RAGI. (4) ACh4A-R[IGS
(B) Autoradiogram of the nitroceliulose filter prepared from the gel shown in (A). The sizes of various Eco RI fragments are indicated in kb
The arrows indicate DNA fragments bearing /i-like globin sequences that are not a part of the adult (--globin gene

carried on the 6.3 kb fragment is approximately 9.1

- kb away from the adult g-globin gene in the 5’
direction (data not shown). The g-like sequences
in RBGS5 have not yet been mapped.

Discussion

This paper shows that it is possible to isolate
structural genes directly from large eucaryotic ge-
nomes by screening libraries of DNA fragments
cloned in phage A. The overall efficiency of the
procedure described yields a collection of recom-
binants large enough to represent the entire ge-
nome of a mammalian cell. Such a collection can
be amplified by a factor of 10¢, with no apparent
loss of sequence complexity, to produce a library
of eucaryotic DNA that can be screened repeatedly
using different probes. This rapid method of gene
isolation provides many advantages over existing
techniques. For example, all the members of a
family of evolutionarily or developmentally related
genes can be isolated in a single step by screening
a library with a mixed probe. Furthermore, isolation
of a set of overlapping clones, all of which contain
a given gene, permits the study of sequences

extending many kilobases from the gene in the 5’
and 3' directions. Moreover, even more distant
regions along the chromosome can be obtained by
rescreening the library using terminal fragments of
the initially selected clones, allowing the isolation
of linked genes.

The power of this approach is clearly illustrated
by the isolation of globin and chorion genes. The
mammalian globin genes constitute a relatively
simple family comprised of at least two «-like and
at least four p-like embryonic and adult genes,
which are expressed during erythropoiesis in dif-
ferent cell populations at different developmental
times (Clissold. Arnstein and Chesterton, 1974;
Melderis, Steinheider and Ostertag, 1974; Steinhei-
der, Melderis and Ostertag, 1975, 1977). The gene
family that codes for the chorion proteins of the
silkmoth Antheraea polyphemus is considerably
more complex (Kafatos et al., 1978). Approximately
100 different chorion genes are sequentially ex-
pressed during oogenesis. We have used the pro-
cedure of cDNA cloning to purify to homogeneity
sequences that correspond to individual members
of the chorion gene family (Maniatis et al., 1977,
Sim et al., 1978; G. K. Sim, unpublished resuits).
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Some of these cDNA plasmids have been classified
according to the time of their expression during
development (Kafatos et al., 1978). Using these
cDNA plasmids to rescreen the phage recombi-
nants that hybridize to total chorion cDNA, it will
be possible to isolate and study genes that are
coordinately and/or sequentially expressed during
choriogenesis.

Since the libraries were prepared from random
DNA fragments, independent isolates of a given
gene will carry DNA sequences that extend for
various distances away from the gene in both
directions. This is clearly illustrated by the analysis
of the s-globin clones (Figure 9). In some cases,
the cloned DNA extends far enough in one direc-
tion to include a linked gene.

Although the possibility of linkage between dif-
ferent members of the rabbit a- or -globin gene
families has not been studied, evidence exists that
such linkage occurs in other mammals, including
mouse (Gilman and Smithies, 1968) and human
(Clegg and Weatherall, 1976). For example, in
humans the B-, §- and y-globin are genetically
linked (Huisman et al., 1972; Clegg and Weatherall,
1976) on chromosome 11 (Deisseroth et al., 1978).
In most human populations, the a-globin genes
are present in two copies per haploid genome
(Lehnmann, 1970; Hollan et al., 1972) and are lo-
cated on chromosome 16 (Deisseroth et al., 1977).
Thus the close physical linkage between rabbit
globin genes reported here is probably a general
characteristic of mammalian globin genes. Clones
bearing such genes can be used to study the
precise organization of linked genes and the pos-
sible relation between linkage and control of gene
expression. Moreover, a permanent library of
clones bearing overlapping sequences will facili-
tate the isolation of the many linked genes that
constitute a complex genetic locus.

Cloned segments of eucaryotic DNA can aiso be
used to study the fine structure of genes. Most
current methods of mammalian gene isolation in-
volve partial purification of genomic DNA frag-
ments generated by a limit restriction endonucie-
ase digestion prior to cloning (Tilghman et al.,
1977, Tonegawa et al., 1977). If the restriction
endonuclease used to fragment genomic DNA
cleaves within the coding sequence or noncoding
intervening sequences of the gene of interest, the
gene must be cloned in pieces. The rabbit «- and
B-globin genes, which carry a single Eco RI site
within the coding sequence (Maniatis et al., 1976,
Salser et al., 1976; Liu et al., 1977), and the chicken
ovalbumin gene, which carries at least one Eco Rl
site within each of three intervening sequences
(Breathnach, Mandel and Chambon, 1977; Wein-
stock et al., 1977; Lai et al., 1978), illustrate this
problem. If more than one Eco RI site is located
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within an intervening sequence. a portion of the
chromosomal gene structure will remain unidenti-
fied. The procedure described here avoids these
problems by cloning large pieces of randomly frag-
mented DNA that should carry intact genes includ-
ing their intervening sequences.

Experimentsi Procedures

Materials

DNA polymerase | and T4 polynucleotide kinase were purchased
from Boehringer Mannheim. T4 ligase was purchased from Be-
thesda Research Laboratores. Eco Rl methylase prepared ac-
cording to Greene et al. (1975) was provided by John Rosenberg.
DNA polymerase from avian myeloblastosis virus (AMV reverse
transcriptase) was provided by Dr. J. W. Beard and the Ottfice of
Program Resources and Logistics (Viral Cancer Program, NIH)
Eco Ri was prepared according to the procedure of Greene et al
(1975). Hee |il and Alu | were prepared as described by Roberts et
al. (1976) and Roberts (1978). respectively Proteinase K was
purchased from EM Labs. Pancreatic DNAase | was purchased
from Worthington Biochemicais. NZ amine was purchased from
Humko-Sheffield (Linnhurst, New Jersey) Nitrocellulose filters
were pur from Milhp S yl-L-methionine was
purchased from Sigma. «-’*P-deoxynucleoside triphosphates
were purchased from New England Nuclear (- 300 Ci/mmole) or
ICN (120-200 Ci/mmole). Oligo(T),,.,. was purchased from Collab-
orative Research.

Preparation of Bacteriophage A DNA

Charon phage were grown essentially as described by F. R.
Blattner in the detailed protocol that accompanies the Charon A
phages. Phage were purified as described in the above protocol
and by Yamamoto et al. (1970)

For preparation of phage DNA. punfed phage were dialyzed
against 10 mM Tris-Ci (pH 8), 25 mM NaCl, 1 mM MgSO,. brought
to 0.2% SDS. 10 mM EDTA, heated to 65°C for 15 min and
digested for 1 hr at 37°C with 50 ug/ml Proteinase K The DNA
was extracted several imes with phenol. sther-extracted and
distyzed ely ag. TSE (S mM NaCl. 10 mM Tris-Cl (pH
8). 1 mM EDTA|.

To prepare the end Iragments of Charon 4 (see Figure 1), the
cohesive ends were annealed by incubation tor 1 hr in 0.1 M Tris-
Cl (pH 8.0). 10 mM MQgCL, at 42°C. Dithiothrertol (DTT) was added
to 1 mM along with an excess of Eco Rl and the reaction mix was
incubated for 3 hr at 37°C  An ahiquot was run on a 0 5% agarose
Qel to venty that digestion was complete The DNA was extracted
with phenol and then with ether 50-70 ug of Eco Ri-cleaved
phage DNA were layered onto a 10-40% linear sucrose gradient
(Y M NaC!. 20 mM Tris-Cl (pH 8.0). 10 mM EDTA) in a Beckman
SW27 centrituge tube. The gradient was centrituged (at 27.000
rpm for 24 hr at 20°C) (Nea! and Florini, 1972), and 0.5 mi fractions
wers collected using an ISCO uitraviolet flow cell. Fractions were
enalyzed on an agarose gel and those containing the 31 kb
ar ond frag were pooled

To examine the restriction endonucliease cleavage patterns of
DNAs from individual plaques. DNA was prepared as described
above from phage grown in 4 mi cultures. Enough DNA was
obtained to perform several restriclion endonuciease digestions.

Orosophils DNA

Drosophila embryos (Canton S wiid-type) aged 6-16 hr were
collected, washed, frozen on dry ice and stored at - 70°C. DNA
was prepared according to Brutlag et al. (1977) with modifica-
tions ONA from the CsC! gradwent was dialyzed, digested with
Pre Kand p extracted. The DNA was then brought to
S M NaCl and chilled to 0°'C to minimize the generation of
moiecules with single-stranded tails during shearing (Pyentz,
Schiege! and Thomas, 1972). The DNA was sheared by slowly
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drawing it into a chilled 5 mi plastic syringe with a 20 gauge 1 in
needle and expelling it as hard as possible into a S0 mi conical
polyethyiene tube on ice. The number of passes through the
needie prior to the addition of S1 required to generate 20 kb
fragments following the nuclease treatment varied from prepara-
tion to preparation. For this particular DNA preparation, three
passes through a 20 gauge needie produced a mean size of 30
kb. The ONA was dialyzed against 0.5 M NaCl, 10 mM Tris-Ci (pH
8.0). 1 mM EDTA. Sodium acetate (pH 4.5) and ZnSO, were added
to tinal concentrations of 50 mM and 2 mM, respectively. An
amount of S1 nuclease sutficient to convert an equivalent amount
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with 0.5 ug of A ONA. The eucaryotic DNA and the four 10 ui
control reactions were incubated for 1 hr at 37°C. Each 10 ul
ahquot containing A DNA was mixed with 25 ul of a bufter
containing 0.2 M Tris-Cl (pH 7.5), 0.1 M NaCl. 20 mM MgCl,. and
2 mM DTT Two of the aliquots (one each withdrawn before and
after the addition of methylase) were mixed with Eco R! and
incubated for 1 hr at 37°C. The other two corresponding sliquots
were incubated without the addition of Eco RI (see Figure 3). The
methylated DNA was phenol-extracted. ether-extracted. ethanoi-
precipitated. redissolved in 100 ul of S mM Trns-Cl (pH 7.5).
dialyzed sgainst the same bufter in a Schieicher and Schuell

of single-stranded A DNA to small tfrag as by
agarose gel electrophoresis was added. Following mcubllion for

bag. and evaporated 10 40 ul under nitrogen

Covel g of Eco Al Linkers to Eucaryotic DNA

1 hr at 37°C, the reaction mixture was extracted r ly with
phenol and then with ether

Siikmoth DNA

DNA was isolated from silkmoth Antherasa polyphemus pupae as
previously described (Etstratiadis et al., 1976). Shearing and St
nuclease digestion were performed as described above.

Rabbit Liver DNA
The liver of the New Zealand rabbit was removed and frozen in
small pieces in liquid nitrogen. DNA was isolated using a modifi-
cation of the Blin and Statford (1976) procedure. After Proteinase
K digestion, phenol extraction and diatysis, soiid CsCl (0.95 g/ml)
and ethidium bromide (1/10 vol of a 5 mg/m! solution) were
added (final density 1.685 g/cm?). The solution was centrifuged (in
a Ti60 rotor at 45,000 rpm for 60 hr at 20°C) to separate DNA Irom
RNA and polysaccharides. and the DNA was collected as a viscous
band by puncturing the side of the tube with a needle. Ethidium
bromide was removed by several extractions with isopropanol
equilibrated with saturated CsCl, followed by exhaustive dialysis
9 TSE. The molecular weight of the DNA was estimated by
electrophoresis on neutral (Sharp, Sugden and Sambrook, 1973)
and alkaline (McOonnel. Simon and Studwer, 1977) 0.5% agarose
gels, using bacteriophage A Charon 4 DNA (48,200 bp. Biattner et
al., 1977) and bacteriophage T4 DNA (171,000 bp. Kim and
Davidson, 1974) as molecular weight standards. Both the duplex
and single-stranded lengths of the rabbit ONA molecules were
estimated to be >100, 000 bp or nucleotides.

Partial L Y cond were ved for
the restriction enzymes Hn il and Alu | by performing a seral
dilution of each enzyme in the presence of 1 uQ of rabbit liver
DNA in 1X restriction enzyme buffer (8 mM Tris-C! (pH 7.5), 8 mM
MgCl,, 6 mM - p anol). R were incubated for
1 hr at 37°C, and the extent of digestion was estimated by
electrophoresis on 8 0.5% neutrs! agarose gel using Eco Ri-
digested Charon 4 DNA as a molecular weight standard. On the
basis of this information, six large scaie digests (330 ug ONA per
reaction) were performed with 0.5, 1 and 2 times the estimated
lmoum of enzyme yelding the maximum proportion of 20 kb

Q The six dig were p . phenol-extracted and
concentrated by ethano! precipitation

Isolation of 20 kb Euum DNA

250-300 ug of sh d or enzy d DNA in 0.5 mi of
10 mM Tris-Cl (pH 8.0), 10 mM EDTA mn heated at 88°C for 20
min and ssdimented through a 10-40% linear sucrose gradient as
described above. Aliquots of fractions were analyzed by electro-
phoresis on a 0.5% agarose gel using Eco Ri-digested Charon 4A
ONA as a molecular weight rd. The fractions containing
19-20 kb DNA were pooled, dialyzed against TSE, concentrated
by ethanol p and res d in TSE.

Eco RI Methylation of Eucaryotic DNA

115 ug of 20 kb DNA were brought to a volume of 1 mi in 0.1 M
Tris-C! (pH 8.0), 10 mM EDTA, 8 um S-adenosyl-L-methionine.
Eco RI methylase (20 units in 1 mi) was added. Two 10 ul aliquots
were taken before and after the addition of the enzyme and mixed

The synthesis of dodecamer linkers produces molecules with 5
hydroxyl ends (Scheller et al . 1977a). Since the ligase requires 5°
phosphate ends, the first step in the joiming reaction is to
phosphorylate the linker. 5 uQ of dodecamer linker in 10 ul of 66
mM Trs-Cl (pH 7.6), 10 mM MgCl,, 1.0 mM ATP. 10 mM
spermidine. 15 mM DTT, 200 ug/mIi gelatin were added to 2 ui (10
units) of T4 kinase and incubated at 37°C for 1 hr. This reaction
mixture was then added directly to 100 ul of eucaryotic DNA (~
100 ug) in the same buffer. 5 ul (5 units) of T4 hgase were added
and the reaction was incubated at room temperature for 6 hr. AS
! aliquot of the reaction mixture was elecirophoresed on a 12%
polyscrylamide Tris-borate-EDTA gel (Maniatis, Jeltrey and ven
de Sande, 1975) and the DNA was visuslized by ethidium bromide
staining. A successful hgation was evidenced by the presence of
a seres of linker oligomers, from dimers up to 14-maers

The ligation reaction mixture was diluted 10 500 w! with 10 mM
EDTA. incubated for 15 min at 68°C. layered onto a 10-40% linear
sucrose gradent and centrifuged as described sbove. The gra-
dent fractions containing 20 kb DNA were identified by agarose
el electrophoresis. pooled, dialyzed against TSE and ethanol-
precipitated The DNA (25 ug) was resuspended in 100 xl of 5 mM
NaCl! and brought to 1X Eco RI butter (0.1 M Tris-Cl (pH 7.5), 50
mM NaCl. 10 mM MgClL,. 1 mM DTT), and 150 units ol Eco Rl were
edded. 3 ul of the reaction were mixed with 0.2 ug of A DNA ana
both tubes were incubated for 1 hr at 37°C. The small scale
reaction containing A DNA was electrophoresed on a 0.5% aga-
rose Qei, in which a complete digest of the linkers attached to
rabbit DNA was evidenced by a limit digestion pattern of A DNA.

The Eco Rl linkers were attached to 20 kb Drosophila and
sitkmoth DNAs using similar procedures, except that linker oligo-
mers were removed on & Sepharose 2B column rather than on a
sucrose gradent

Ligation of Cohesive Ends

High cloning efficiencies were obtained using a 2 fold molar
excess of Charon 4 arms to 20 kb eucaryotic DNA fragments. For
example. in the case of the rabbit library, the reaction mixture
contained 20.5 ug of eucaryotic DNA and S5 ug of puritied
Charon 4A arms in 300 ul of ligase buffer. The cohesive ends of
the phage were annealed for a second time n MQCL, Trnis and
gelatin for 1 hr at 42°C before adding ATP, DTT. eucaryotic ONA
and 19 ul (19 units) ligase. The mixture was incubated at 12°C for
12 hr. An aliquot was heated to 88°C, cooled and siectrophoresed
on 8 0.3% agarose gel with Eco Ri-digested Charon 4A DNA as @
moiecular weight il ion was evidenced by
the absence of Charon 4A end nnomom: (~12 and 18 kb) and the
pr of ic DNA molecules larger than intact
Charon 4A DNA.

in Vitro Packaging of R DNMA into Phage Particles

In vitro packaging extracts were prepared as described by Stern-
berg et al. (1977), except that both types (A and B) of extracts
which they describe were handied as 80 ui aliquots in 1.5
mi polypropylene tubes, which were frozen in liquid nitrogen and
stored at - 70°C. Proportionate amounts of lysozyme. then buffer
B (Sternberg et al., 1977) and glycerol were edded to each tube of
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resuspended B extract cells and thoroughly stirred into the
extremety visCOUS SuUSpension using a glass micropipet.

Preparstion and Testing of in Vitro Packaging Extracts for EK2
Experiments

NIH reguistions require that in vitro packaging extracts “be
irradiated with ultraviolet light to a dose of 40 phage lethal hits”
before they can be used in EK2 level recombinant DNA exper:-
ments. Wavelengths between 250 and 280 nanometers are the
most effective for phx i ( . 1955). We use
as an ultraviolet light source four 18 in 15 watt germicidal lamps
(GE G15T8), which emit 1.3 x 10° erg/cm?*-n (2200 uW/cm?*/sec)
at a distance of 20 cm. The killing efficiency of this light source
was calibrated as follows.

1 liter of NZCYM broth (1% NZ amine, 0.5% NaCl. 0.5% yeast
extract, 0.1% casamino acids, 10 mM Mg@SO,) was inoculated with
20 mi of an overnight culture of AC,857Sam7 (a heat-inducible A
fysogen). The culture was grown at 32°C to an ODg, of 0.3,
transterred to a 42°C shaking water bath for 20 min to induce the
lysogen and then incubated with shaking for 2.5 hr at 37°C. The
cells were transferred 1o an enamel dish (32 cm x 18 cm x §.5
cm) and irradiated at a distance of 20 cm with constant mixing on
a rotary shaker platform. 1 m! aliquots were taken after 5, 10, 20,
30. 40 and 60 min of irradiation. The cells were lysed by the
addition of two drops of chioroform and the DNA was removed by
adding 10 ul of a 1 mg/ml DNAase | solution. The mixture was
centrifuged for 2 min in a Brinkman Eppendor! centrifuge. and
the number of surviving phage was determined by titering the
supernatant on DP50SupF at 42°C under yellow hight to avoid
photoreactivation. Our yellow light ofa
cial “Gold" fluorescent lamp (GE) with a gold plexiglass filter. A
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DNA. Atter DNAase digestion and chioroform treatment, the
packaged phage were purified and concentrated on a CsCl step
gradwent. The reactions were pooled. mixed with solid CsCl (0.5
@/ml). brought to a final volume of 30 mi with 0.5 g/miI CsC! in SM
[0.1 M NaC!l, 0.05 M Tris-ClI (pH 7.5), 10 mM MgSO,. 001%
gelatin], layered onto CsCl gradients (each one composed of 1.5
mi steps of 1.45, 1.5, 1.7 g/mi CsCl in SM. in an SW41 tube) and
centrifuged (at 32,000 rpm for 1.5 hr at 4°C). 200 ul fractions were
collected and phage were iocated by spotting dilutions of 10 * to
10 *onto a lawn of DPSOSupF.

Library Amplification

The fractions containing phage were pooled and dialvzed aaanst
0.1M NaCl. 50 mM Trnis-Cl (pH 7.5). 10 mM MgSQO, Gelatin was
added 10 the dialysis bag to a concentration of 0.02% to stabilize
the phage. In vitro packaged phage from the rabbit hbrary were
plated onto a fresh avernight of DP50SupF at a density of 10.000
phage per 15 cm diameter plate (75 piates total). The phage were
preadsorbed with bacteria for 20 min at 37°C. mixed with 6.5 mi
of NZCYM-DT (NZCYM medium with 0.01% diaminopimelic acid
and 0.004% thymidine. Blattner et al.. 1977), 0.5% top agar and
plated. The plates were incubated for 14 hr at 37°C (Plating was
carried out in yellow hight and the plates were wrapped in
sluminum foil while growing to prevent photoreactivation ) The
top agar was scraped into a sterile beaker and the plates were
rinsed once with 3 75 mi of SM. The 285 mi lysate from 38 plates
was mixed with 10 mt of chioroform and stirred slowly al room
temperature for 20 min The lysate was transterred to a 1 liter
centrifuge bottie and centrifuged (in a Beckman J6 centrifuge at
52,000 rpm for 20 min at 4°C) to remove the top agar

plot of the log of survival versus time of irr
40 lethal hits at approximately 30 min of ultraviolet irradiation.
Cells used in preparing EK2 extracts were ultraviolet-irradiated
(as above) after heat induction and incubation at 37°C and prior
to pelteting (see Sternberg et al., 1977).

Before any r 1t ONA was packaged, every preparation
of extracts derived from ultraviolet-irradiated cells was tested for
recombination and the presence of prophage All of the steps
described below were performed under yeliow light. Extracts
were tested for prophage excision and packaging by performing
“mock’ packaging reactions without o DNA and plating
on DPSOSupF, which provides the appropriate suppressor for the
S amber 7 mutation of the prophage (Sternberg et al., 1977)
Plates were incubated at 42°C to inactivate the prophage repres-
30r. No more than one tenth (30 ul) of one packaging reaction
could be assayed on a single 10cm plate because the concen-
trated packaging mixture kills bacterial cells and thus masks the
presence of prophage. According to NiH regulations, “the ratio of
piaque-forming units without addition of exogenous A DNA (en-
dogenous virus) to plaque-forming units with exogenous DNA
(exogenous virus) must be less than 10 *." Exogenous viral DNA
means ONA. We y find that this ratio is <
10-* for recombinant A DNA and < 10 ® using intact Charon 4A
DNA in the assay. Without uitraviolet irradiation, the sbove ratio
is >10°°.

NIH regulations further require that when the EK2 vector is
packaged, “‘the ratio of am* phage (recombinants) to total phage
must be less than 10°°." We added Charon 4A DNA to the
packaging extract and plated the packaged DNA on Su' and Su
strains. The ratio of pfu on Su to pfu on Su°’ is a measure of the
freq y of with prophage DNA. We (ind that this
ratio is < 10°°; in fact, we have never observed a plaque resulting
from recombination. On the basis of these and similar data
obtained by N. Sternberg and L. Enquist (unpublished observa-
tions), the NIH has app in vitro packaging for EK2 ievel
experiments.

" extrap to

Packaging DNA for Libreries
To construct, for exampie, the rabbit library, 26 packaging reac-

8 g the Libraries

Amplified libraries were screened using the in situ plaque hybrid-
ization technique of Benton and Davis (1977). 10.000 recombinant
phage were plated on 3.1 x 10* exponential phase bacterial cells
on 15 cm NZCYM petri dishes. To prevent top agar from adhering
to the nitroceliulose filter when it was lifted from the plate (which
tends to increase the background hybridization), plates were
dried in a 37°C incubator for several hours or set on edge
overnight to drain excess liquid The use of O 7% agarose rather
than agar in the top agar layer aiso minimized this problem. The
plates were incubated at 37°C for 14-16 hr, at which time the
plaques were in contact but lysis was not confiuent. Plates were
refrigerated for an hour or longer before the liiters were appled
Nitroceliulose tilters were cut from rolls (HAMP 000 10) or circles
(HAWP 142 50) of Millipore (iiter paper (type HA. pore size 0.45
um) to fit easily over the agar plate. Phage and DNA were
adsorbed to these fiiters in duplicate by placing two filters on
eech plate sequentially, 2 min for the first filter and 3 min for the
second, at room temperature. The DNA was denatured snd bound
to the tilters as described by Benton and Dawvis (1977)

To prepare the filters for hybridization to a labeled probe, they
were wetted in about 10 mi per filter of 4X SET [1X SET = 0.15 M
NaC!, 0.03 M Tris-C! (pH 8). 2 mM EDTA| at room temperature for
30 min. washed for 3 hr at 68°C in about 10 mi per fiter of 4X SET.
10X Denhardt's solution (10X Denhardt’'s solution = 0.2% bovine
serum albumin. 0.2% polyvinyipyrohdone, 0.2% Ficoll, Denhardt,
1968) and 0.1% SDS, and prehybridized with continuous agitation
for at least 1 hr at 68°C in about 4 ml per filter of 4X SET, 10X
Dennardt's solution, 50 ug/mi denatured ssimon sperm DNA, 10
w@/mi poly(A), 0.1% SOS and 0.1% sodium pyrophosphate. De-
natured E. colt DNA (10-50 ug/ml) was included in the prehybr-
dization mix when using labeled plasmid ONA as probe The
prehy and sub: " hybrid N were carried out
in a thermally ssaled piastic bag. The filters were hybridized with

Q at 88°C in prehybrid lut g ¥P-la-
beled hybridization probe at the concentrations and for the times
indicated in the figure legends. After hybridization, the hiters
were washed once with agitation in about 15 mi per filter of 4X
SET, 10X Denhardt's solution, 10 ug/mi poly(A), 0.1% SDS, 0.1%

d pyrophosphate at 88°C for 1 hr; 3 imes in'a similar volume

tions were performed, each containing 2.5 ug of r
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of 3X SET, 0.1% SDS. 0.1% sodium pyrophosphate at 68°C for 15-
30 min; twice in 1X SET. 0.1% SDS. 0.1% sodium pyrophosphate
at 68°C for 15-30 min; and once in 4X SET at room temperature
In some cases. more stringent washing conditions (0.5X SET)
were used as a final step. The filters were blotted dry. mounted
on cardboard and exposed to preflashed Kodak XRS5 X-ray film
with Dupont Cronex:11R Xtra Lite Lightning-plus intensitying
screens at “70°C for 1-2 days.

Plaque Purtfs of Phage
Plaques from the region of a piate corresponding to a positive on
the autoradiogram were picked and suspended in 0.5 mi SM The
phage suspension was titered and the plate containing about 100
plaques was rescreened. The process of picking positives and
rescreening was repeated until ~ 90% of the plaques on a plate
gave positive signais after screening

Plate lysates were prepared using 10* phage from an individual
plaque on a 10 cm plate. and the lysates were harvested as
described in Library Amplification. 10'°-10"' phage were usually
recovered.

Hybridizstion Probes

CDONA plasmids were grown, punfied and labeled in vitro by nick
transiation as previously described (Maniatis et al.. 19768). Com-
plementary DNA to globin and chorion mRNAs was synthesized
as described by Efstratiadis et al. (1975) and Friedman and
Rosbash (1977).

CoCl Sedimentation Equilibrium Analysis of Recombinant Phage
Phage trom the amplitied radbit library (4 x 107 pfu) were mixed
with 3 x 10* ptu of Charon 14 phage (Blattner et al., 1977) in a
solution of CsCl. density = 1 514 g/mi, 10 mM Tris-C! (pH 7 5)
and 1.0 mM MgSO,. The phage were banded by centrifugation to
equilibnum in a TiS0 rotor. 5.38 x 10* g, hr at 4°C. One drop
fractions were collected from the bottom of the gradent into 0.5
mi SM for a total of 128 fractions. The fractions containing phage
were titered on DPSOSupF, a Su It + Su Ill strain, to determine the
distribution of densities of phage n the iibrary and aiso on Cla
(SupO) to determine the position of the marker Charon 14, a
nonamber phage. The position of a second marker, Charon 4A
(representing the background phage in the library), was deter-
mined by counting the number of biue plaques formed on KH802,
a Su !l /ac" strain, using Xgal plates. From the known sizes of
Charon 14 and Charon 4A, a calibration curve was constructed
relating fraction number, or buoyant density, to length of insen
DNA. The average density of the recombinant phage provides a
minimum estimate for the size of rabbit DNA inserts, since the
empirical relationship between phage density and DNA molecular
weight was established using A DNA (50% G+C) (Davidson and
Szybaiski, 1971), while the base composition of rabbit DNA s
44.2% G+C (Kritskii, Arends and Nikolaev, 1967).

Recombinant DNA Satety

Experiments involving the cloning or propagation of bacterio-
phage A carrying sucaryotic DNA were performed in accordance
with the NIH G res for DNA research. Drosoph-
ila and silkmoth cloning experiments were performed using EK1
vectors in P2 facilities located at the California institute of Tech-
nology and Harvard University. Rabbit DNA cloning experiments
were performed using the EK2 vector-host system A Charon 4A/
DPS0SupF in & P3 facility at the Calitornia Institute of Technology
The relevant genotypes of EK2 vectors were veritied prior to their
use in recombinant DNA experiments.
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Note Added in Proof

The NiH has recently revised the rules for in vitro packaging in
EX2 systems using phage A vectors. In perticular, ultraviolet
irradiation of extracts to & dose of 40 phage-iethal hits and as-
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saying extracts without the addition of exogenous A DNA are no
longer required (for current ruies. consuit Office of Recombinant
DNA Activities).
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Summary

Four different regions of rabbit S-iike globin gene
sequences designated 81, 82, 83 and £4 were iden-
tified in a set of ciones isolated from a bacterio-
phage A library of chromosomal DNA fragments
(Maniatis et al., 1978). Restriction mapping and blot
hybridization (Southern, 1975) studies indicate that
a8 subset of these clones containing 81 and 82
hybridizes to an adult S-giobin cONA cione (Man-
iatis et al., 1976) more efficiently than to a8 human
y-globin cONA clone (Wilson et al., 1978), while
another subset containing 83 and 84 dispiays the
converse hybridization specificity. 81 was identified
as the aduilt S-globin gene, while 82, 83 and B84
have not been identified with any known rabbit
globin polypeptides. Cross-hybridization and tran-
scriptional orientation experiments indicate that the
set of S-like gene clones contains overlapping re-
striction fragments encompassing 44 kb of rabbit
chromosomal DNA. In addition, all four genes have
the same transcriptional orientation and are ar-
ranged in the order 5'-84-83-82-81-3'.

Introduction

The genes encoding the mammalian a-~like and S-like
polypeptide chains of hemoglobins comprise a rela-
tively small gene family whose members are differen-
tially expressed during development (Kitchen and
Brett, 1974; Bunn, Forget and Ranney, 1977) Ge-
netic studies indicate that the human a-like and -
like globin genes are on ditferent chromosomes but
that different S8-like genes are closely linked (Weath-
erall and Clegg, 1972; Bunn et al., 1977). Similar
conclusions have been reached with the mouse globin
system (Giiman and Smithies, 1968. Russell and
MacFariand, 1974). Direct physical linkage between
different human S-like globin genes was recently
demonstrated by genomic biotting experiments (Flav-
ell et al., 1978; Mears et al., 1978, Fritsch, Lawn and
Maniatis, 1979; Little et al., 1979; Tuan et al., 1979)
and by analysis of clones containing the genes (Lawn
et al., 1978, Fritsch et al., 1979). In this paper we
describe the arrangement of four ditferent A-like
genes within a 44 kb segment of rabbit chromosomal
DNA. Analysis of overiapping recombinant phage has
made it possible to establish the linkage arrangement,
intergene distance and transcriptional orientation of
the genes. In the accompanying manuscript we de-

scribe the use of embryonic and adult hybndization
probes and detailed structural studies as a means to
identify each of the four genes (Hardison et al., 1979).

Resuits

Isolation of Phage Recombinants Containing Rabbit
B-Like Globin Gene Sequences

We previously described the construction and char-
acterization of a bacteriophage A library of random,
high molecular weight fragments of rabbit liver DNA
(Maniatis et al., 1978). By screening this library with
32p-jabeled cDNA prepared from adult rabbit reticu-
locyte mRNA, we obtained nine different phage re-
combinants containing S-like globin gene sequences.
Four of these recombinants displayed intense signals
after hybridization with a cloned adult rabbit B-giobin
cDNA probe (pRcB1; Maniatis et al., 1976) while the
remaining five clones displayed a relatively weak sig-
nal. The intensity of the signal for the two sets of
clones displayed the converse specificity, however,
when they were hybridized to a cloned human y-
globin cONA probe (pHcy-151; Wilson et al., 1978)
(data not shown). We will refer to the four clones
which efficiently hybridize the adult rabbit S-globin
probe as ‘‘adult’” and designate the clones ARBGn
(see Table 1 for an explanation of this nomenctlature).
The five clones which hybridize most efficiently to the
human y-globin probe will be referred to as "‘non-
aduit’” and will be designated ARS'Gn.

Physical Linkage between the Aduit (8) and Non-
aduit (8') Globin Gene Sequences
The arrangement of B-like sequences in the cloned
DNA was determined by constructing detailed restric-
tion maps and determining which fragments hybrid-
ized to the S-globin probes using the biot hybridiza-
tion procedure (Southern, 1975). In addition to using
standard single and double restriction enzyme diges-
tion procedures to derive the restriction maps, we
used a variety of other methods which are discussed
in Experimental Procedures. A restriction map derived
for the sequences present in three of the adult clones
is shown in Figure 1. We have designated the regions
of these clones which hybridize to S~globin sequence
probes as 81, 82 and 3. B1 is cleaved by Eco Rl into
fragments of 2.6 and 0.8 kb. Since these fragments
are, respectively, the sizes of the 5’ and 3’ adult -
globin Eco RI fragments found in genomic DNA (Jef-
freys and Flavell, 1877a, 1977b), 81 is the adult f-
globin gene. A characterization of 82 and B3 will be
presented in the accompanying paper (Hardison et
al., 1979). The restriction map in Figure 1 reveals that
B2 and B3 lie 5’ to 81, and that 82 is separated from
B1 by approximately 7.4 kb and from 83 by approxi-
mately 5 kb of DNA.

Figure 2 shows blot hybridization data used to lo-
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cate the globin sequences in the non-adult (8') recom-
binant phage DNAs. Each 8’ clone contains two Eco
RI fragments which hybridize to the human y-giobin
probe, in addition to a number of nonhybridizing frag-
ments which are common to all five clones (Figures
2A and 2B). Although the sizes of the hybridizing
fragments differ in each clone, only two of these (2.8
and 3.3 kb) are observed in whole genome blotting
experiments (Figure 2C, lane 2), indicating that only
one clone (ARB'G8; Figure 2B, lane 4) contains both
of the Eco RI fragments present in genomic DNA. The
other hybridizing bands observed in the genomic blots
of Figure 2C, lane 2, correspond to the 2.6 kb &'
fragment of gene 81 (lane 1), the 6.3 tragment ot 82
and to three other fragments which are not repre-
sented in our collection of clones and may theretore
correspond to other B-like giobin genes (for discus-
sion see Hardison et al., 1879). The other, smaller
hybridizing fragments observed in the 8’ clones (Fig-
ure 2B) can be explained in the following way. When
the rabbit DNA library was made, Eco Rl linkers were
attached to the ends of 20 kb fragments produced by
nonlimit restriction endonuclease cleavage of high
molecular weight genomic DNA. If the random enzyme
cleavage occurred between two Eco RI sites in a
region containing S-globin sequence, linker attach-
ment will produce a 8-globin-hybridizing Eco R! trag-
ment in the cloned genomic DNA which is shorter than
the one present in total rabbit genomic DNA. The
shorter Eco RI fragments are therefore the terminal
Eco RI fragments of the DNA inserts. To locate the
relative positions of the B-like giobin gene sequences
precisely, a restriction map was derived for ARB’'G8
(Figure 3). The map shows that both of the regions
which hybridize to the human y=giobin probe span
approximately 1.5 kb of DNA and are separated by
approximately 8 kb of nonglobin DNA.

Comparison of the restriction maps of the adult and
non-adult S-like globin gene clones strongly sug-
gested that the two sets of recombinant phage contain
overiapping segments of rabbit chromosomal DNA.
Specifically, Eco Rl fragments of 0.36 and 0.7 kb and
a Bam HI fragment of 2.9 kb are found in the 83 region
of ARBGS (Figure 1) and near one of the 8-like globin
sequences in ARB‘G8 (Figure 3). Cross-hybridization
experiments between DNA from the adult and non-
adult clones were carried out to demonstrate unam-
biguously that there is overiap between the two sets
of clones. The Eco RI digestion patterns of three
ditferent clones (\RBGS, ARB'GS, ARB'G8) are shown
in Figure 4A. Fragments of 0.7 and 0.36 kb are
observed in all three DNAs. In addition, ARBGS and
ARB‘GY (Figure 4A, lanes 1 and 2, respectively) both
contain fragments of 2.06 and 2.13 kb while ARB'G8
contains a 2.0 kb fragment. The Eco Ri-digested DNA
of Figure 4A was blotted onto nitroceliulose and the
filters were probed with in vitro labeled DNA from
ARBGS (Figure 4B) or ARB'G8 (Figure 4C). Labeled
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Figure 1 Restnction Endonuciease Clsavage Maps of the Clones
ARBG3. ARBG2 and ARHGS

The rabbit DNA sequences contamed in these three clones overlap.
and together they comprise a continuous segment of chromosomal
DNA aporoximately 29 kb in length as illustraied in the top ine The
regions which hybridize to S-globin sequences are designated 81,
B2 ana 83. The black boxes are MRANA-coding regions and the white
boxes are noncoding ntervening sequences, as determined in the
accompanying paper (Hardison et al., 1879) The map is drawn 80
that the 5'-3' onentation determined n Figures 7 and 8 is from left 10
nght. The hne ciagrams beneath the schematic map of the entire 29
kb of DNA represent the amount of rabbit genomic DNA carried in
each clone. (L and R) incicate the left and nght arms. respectively. of
the ACh4A vector. (See Figure 4 for restriction maps of the vector
DNA.) A map s not presented for each clone ndividually. but for the
composile rabbit ONA insert. The size of each tragment i1s grven in
kb.

ARBGS DNA hybridizes intensely to fragments of 2.8,
0.7 and 0.36 kb in ARB'GY and ARB'G8 DNA as well
as to bands in the 2 kb regions in both DNAs (Figure
4B, lanes 2 and 3). Thus these fragments must contain
sequences common to all three clones. Conversely,
labeled ARB'G8 DNA hybridizes to fragments of 0.7,
0.36 and 2.06 and/or 2.13 kb in ARBGS plus another
fragment ot 1.1 kb (Figure 4C). The results of this
experiment, in conjunction with the mapping data of
Figures 1 and 3, establish the linkage map shown in
Figure 5. Fragments of 2.13, 2.06 (2.0 in ARB'GS8),
0.7 and 0.36 kb are present in the region of overiap
and the 33 gene sequence is present in both ARBGS
and all of the B’ clones. Other hybridizing bands
observed in Figure 4 are a result of either globin
cross-homology or hybridization between repeated
elements within the gene cluster. A detailed charac-
terization of these repeated elements will be reported
elsewhere (J. Shen and T. Maniatis, manuscript in
preparation). Thus a total of 44 kb of rabbit genomic
DNA is present in the set of nine overlapping recom-
binant phage. This region of the chromosome contains
four globin sequences, each separated by 5-8 kb of
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Figure 2. Biot Hybndization Study of the Non-
adult B-Like Globin Gene Clones

(A) Fluorograph of ethidium bromide-stained
gel. DNAs (0.3 ug each) trom clones ARB'G2
(lane 1). ARS'G3 (lane 2), ARS'G7 (lane 3),
ARB‘GS (lane 4) and ARS'GP (lane 5) were
digested with Eco Rl and electrophoresed in
8 1% agarose gel calibrated with markers of
bacteniophage A (strain ci 1s857 S7: Pirrotta
ot al., 1971) cut with Hind Ill (for szes see
Robmnson and Landy. 1977) and ¢X174RFI
DNA cut with Hae i (Sanger et ai.. 1877). The
gol was stamed with ethudium bromide and
wisualzed by fiuorescence during ultraviole!
wradiation. Sizes determmed for the Eco RI
fragments are given mn kb. Clones ARS'GB and
ARB'GS atso contain a faint 0.36 kb fragment
not wisible in this photograph. They can be
seen n Figure 5.

(B) Autoraciogram ot the DNA in the gel of (A) hybndized with the human y—globin CONA probe. DNA ftrom the agarose gel in (A) was transferred
10 nitrocetiulose (Southern. 1975) and hydrnidized with in vitro labeted pHCy-151 (Witson et al.. 1978). a human y=giobin CONA plasmid The taintly

hybnaizing 1 8 kb Eco RI fragment trom ARS'G7 1s indicated by the arrow.

(C) Autoradiogram of total rabdit genomic DNA hybndized with the rabbit - and human y-globin CONA probes. Rabbit tetal DNA (15 ug per lane)
was digested with Eco RI. electrophoresed on a 1% agarose pel lransierred to nitroceliulose and hybndized with a *P-labeted rabbit adult -
globin cONA plasmid pRcS1 (lane 1) or human y-globin plasmid pHcw-151 (lane 2)

POSSY

Figure 3. Restriction Endonuciease Cleavage

ARDGE 1‘_ :_S_H: Map of Clone ARS'G8
The map I1s orawn 30 that the 5’ — 3’ onenta-
CHEEARRAAS SRS LS LA AARRREER RN lon determined in Figure 8 s from left 10 right
) R o Consequently. the ACh4A vector short arm
& i Abes B ik e s (10.7 kb Eco Ri fragment) 1s on the iet and
Eco R} + the long arm (19.2 kb Eco RI fragment) 1s on
the nght. which is the opposite of the usual
Bom Kl el = ~ - = == s convention tor drawing maps of A DNA (Blat1-
ner et al.. 1977) The rabdbit DNA insert 15
Hied T . Te s (7] e 120 denoted by a thickened hne. The black boxes
are mMRNA-coding regions of the S-hke globin
e o ores e genes anc the whrie boxes are noncoding
xba | mtervening sequences as determmned in the
s - .'“ & wi accompanying paper (Hardison et al., 1979)
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DNA. As shown in Figure 5, we have designated these
four sequences as 81, 82, 83 and B4.

Transcriptional Orientation of the Linked S-Like
Globin Sequences

One question raised by the linkage arrangement es-
tablished above is whether 82, 83 and B84 have the
same transcriptional orientation as 81, the adult -
globin gene. We determined the transcriptional ori-
entation of 82 by using hybridization probes specific
for the 5' and 3’ sequences in the adult B-giobin
mRNA. These probes were derived from the adult -
globin cDNA plasmid pRcB1. Because of uncertainties
in the relative locations of restriction sites within the
B-globin cDNA and the 82 genomic sequence, it was
desirable to prepare two types of hybridization probes.
The regions of the S-globin MRNA sequence covered
by the two types of probes are indicated in Figure 6A.
Blots of ARSG2 DNA digested with Hind lIl and Eco RI

were prepared and hybridized with the probes de-
scribed in Figure 6. A map of the Hind il and Eco R
sites in ARBG2 DNA is shown in Figure 6B. Hybridi-
zation with the complete S-globin cDNA plasmid re-
veals four bands corresponding to fragment sizes of
5.0, 2.6, 1.33 and 0.8 kb (Figure 6C, lane 6). The 2.6
and 0.8 kb fragments contain the 5’ and 3’ adult 8-
globin mMRNA sequences, respectively (Jeffreys and
Flavell, 1977a). As expected, only the 2.6 kb fragment
is detected by both types of 5’-gpecific probes (Figure
6C, lanes 1 and 4). in addition, the 0.8 kb fragment
hybridizes preferentially to both 3’'-specific probes.
Even though unlabeled 5'-specific competitor DNA is
included in the hybridization reactions with the 3’
probes, significant labeling of the 2.6 kb fragment is
observed. This is a result of the difficulty in abtaining
homogeneous hybridization probes by gel purifica-
tion.

As shown in Figure 6B, gene B2 is cleaved into
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Figure 4. Blot Hybridization Data Showing
(o} Overtap between the Rabbit DNA in the S-Like
Giobin Gene Clones

(A) Fluorograph of ethidum bromide-stamed
agarose Qel. DNA (0.7 ug each) from clones
ARSGS (lane 1), ARS'GS (lane 2) and ARS'G8
(lane 3) was digested with Eco Rl and traction-
ated on a 1.4% agarose gel.

(B) A gram 9 hyor to
ARBGS. A gel identical 10 that in (A) was biot-
ted onto nitroceluiose and probed with la-
beted DNA trom cione ARBGS.

(C) Autoradwogram showing hybndization to
ARS"G8. The gel in (A) was blotted onto nitro-
celiuiose and hybricuzed with labeted DNA
from cione ARS*G8. Fragments contaming ho-
MOIOQOUS sequences I the two sets of clones
are denoted in the margin by thew sze in kb.

5 3’ Figure 5. Linkage Arrangement of Nine Over-
lapoeng Clones Contasnng Four Linked S-Like
B4 83 B2 LI Giotn Genes
Genes i1 {— i The nine iolated clones contammng S-Hke glo-
: bin genes are arTanged to show therr overiap-
KB © 2 e & 0 W0 @ e M @ 20 1 24 3¢ 29 IC 3T 34 3 B8 40 e eo pang Eco R1 fragments. Szes of the fragments
' ' o e sre grven i kb; only the rabbit DNA nserts
37 100 25Q8S2OL €0 (37 from the ciones are shown The boxes des:g-
A\ROG3 —— Ottt nate the positions of the giobin genes. with the
black portions coding
AROGI O and the white contameng miervenmng se-
quences (Hardison et al., 1979)
s €3
ARBG2 ———t——H
036206
207
ARBGS DH—+— 10—+
o8
120907 39 te
ARBGY OHH—+
. [ VIR ¥ ) (7
ARPG8 Pt —t0H—
ARDG? —t—
ARBG2 e e T bz oy o |
2 3
ARBG3  p——t—l+++—t1

fragments of 1.33 and 5.0 kb. Both 5’-gpecific probes
hybridize exclusively with the 1.33 kb fragment. The
3’ Eco Rl probe preferentially detects the 5.0 kb
relative to the 1.33 kb fragment (Figure 6C, lane 2).
Thus, according to Figure 6B, 82 and 81 have the
same transcriptional orientation. When the 3‘-specific
probe which consists primarily of 3’ untransiated -
globin mMRNA sequences (3’ Hae lll, Figure 6A) was
used, the 82 5.0 kb fragment was not detected but
the 81 0.8 kb fragment hybridized strongly (Figure

6C, lane 5). This finding is not unexpected since other
studies have shown that the 3’ untransiated region of
B-like mMRNA sequences is the most divergent among
different globin genes (Kafatos et al., 1977; Forget et
al., 1979).

A blot hybridizaticn analysis similar to that shown in
Figure 6 was used to establish the transcriptional
orientation of 83 and 84. ARB'G8 DNA was digested
with Bam HI and Hind Il and hybridized with the 5'-
and 3'-specific probes derived from the human y-
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Figure 6. Transcrnptonal Onentation of 52

(A) A schematic dagram of the adult rabbit S-globin cONA insert m
the pRcB1 Q the regions of MRANA

in the two types of 5'- and 3'-specific hydbridization prodbes generated
by Eco RI or Hae W cleavege. memm(mek
honzontal kne) and the (thun bnes) are
indicated. Thtwasmmmnotm The 6' and 3
Ewﬁlmmmwwvmmmcatmmml
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globin cDNA plasmid pHcy-151, as described in the
legend to Figure 7. A map of the Bam Hi and the Hind
Ill sites surrounding 83 and B4 is presented for refer-
ence in Figure 7A. When the blots are hybridized with
the probe containing both 5’ and 3' mRNA sequences,
bands corresponding to fragments of 0.3, 0.6, 1.0,
1.6 and 8.4 kb are observed (Figure 7B). The 1.6 kb
band is very faint, indicating substantial divergence in
this region between S84 and y. When the 5'-specific
probe is used, the 0.6, 0.3 and 1.6 kb fragments
hybndize. (Although the 1.6 kb band is not visible in
this reproduction, the band is clearly present on the
original autoradiogram.) Conversely, the 8.4 and 1.0
kb fragments hybridize more efficiently to the 3'-spe-
cific probe than to the 5’ probe. Thus B3 and B4 are
transcribed from the same DNA strand. Since 83 is
present in both ARB‘G8 and ARBG5 and since the
latter clone contains both 82 and 81 sequences, we
can conclude from the data of Figures 6 and 7 and
the map in Figure 5 that all four genes are transcribed
from the same DNA strand in the order 5'-84-83-82-
B1-3".

Correspondence between Cloned and Total
Genomic DNA Containing S8-Like Globin Gene
Sequences

Although maps of the human B-like globin gene clus-
ter derived from genomic blotting experiments (Flavell
et al., 1978; Mears et al., 1978; Fritsch et al., 1979;
Little et al., 1979) and from cloned DNA (Lawn et al.,
1878, Fritsch et al.. 1979) are indistinguishable, rear-
rangements have been observed in some Charon 4A
clones containing the human a (J. Lauer, personal
communication) and y (E. Fritsch, personal commu-
nication) globin genes. To show that the arrangement
of sequences in cloned and total rabbit genomic DNA
is the same. we compared the sizes of the restriction
fragments in total genomic DNA to those predicted by
the map of the gene cluster shown in Figure 9. By
choosing the appropriate hybndization probes and
restriction digests, we were able to analyze the entire
gene cluster. Digests of a mixture of cloned DNAs
from ARBG3, ARBG2 and ARB‘G8, which includes the
entire isolated gene cluster, were blotted in parallel
with the equivalent digests of total chromosomal DNA.

DNA ingert is shown. The shadowed boxes Cover the fragments
-m—ﬂnA
(C) An autorackogram showng the resuits of the 52 transcriptionsl

and EcoRlto o 2 1.05 kb frag 361

(nt) of 5' coding and 43 nt of 5’ noncoding S-giobin message
sequences. and a 0.75 kb fragment containing 77 nt of 3' coding and
95 ntof 3* The Hae M probes were
generated by digesting pRcA1 DNA with Hae NI to produce 8 0.57 kb
fragment contaming 79 nt of the extreme 5' coding sequence and 43
nt of 5’ noncoding sequence. and a 0.79 kb fragment contaming 26
ntof 3' coding and 85 nt of 3' r (( etal,
1976: Efstratiadis. Katatos and Maniatis, 1977)

(B) A map of ARSG2 showing the location of restriction sites used in
the ysis of the or of B2. Only the rabbit

expenment. 3.5 ug of ARSG2 DNA were digested with Eco
Ri and Hind lil, loaded onto a single 7.5 cm wide siot of a 1.4%
agarose Qel. electrophoresed and transferred to nitroceliulose. The
biot was cut o 0.5 cm strips, each of wihuch was hybndized to one
of six probes: (lane 1) Eco Ri 5; (lane 2) Eco RI 3'; (lane 3) ARSG2:
(lane 4) Hae Hi 5'; (lane 5) Hae M 3'; (lane 6) total pRCB1. ANl the
mmummmmmm%wmnmnm
To out X due to g 3’ or 5 se-

Quences. mnmu.ows'mmmnmmocmm
corresponding uniabeied 3' probe and biots hybridized 1o 3’ probes
were prefy with the Q 5' probe.
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Figure 7 Transcnotional Onentation of Genes 53 and 84

(A) A map of ARS'GS showng the location of restncnon sites used in
the Oniy the radbit ONA insert is
shown The shacowed boxes Cover the fragments contamung globin
MRNA

(B) Autoradiogram showng the results of the 83 and 4 transcrip-
tional onentation expenment. DNA (0.5 ug) from cione ARS'G8 was
digested with Bam Hi plus Hind Hi. electrophoresed in triplicate on 8
1% agarose gel cahbrated with pBR322 plasmid DNA restnction
fragments and transferred to nitrocefiuiose. The ianes were hybndized
with probes for either the entire 5' + 3'. the 5’ end or the 3’ end of
the y-giobwn cONA cione. The orentation of the double-stranded
CONA msent n pHcy-151 18 5’ — 3' clockwise (B Forget. personal
commurnication) in the usual map onentation of pMB9 (Rodniguez et
al.. 1976). Cleavage with Bam M! theretore generates an SDDrOxi-
mately 6 kb fragment contasning the 5' portion of y-globin CONA
(through codons 88-100) and an apor 0.6 kb frag
contaning the 3' portion (codons 98- 100 through the protetn-coding
region). These fragments, as weil as the entwe CONA plasmd, were
labeied m witro with **P and used as probes in this experment.

in all cases, the fragments which hybridize in total
genomic DNA are identical in size to those in the
cloned DNA (data not shown). These data indicate
clearly that no detectable rearrangements occurred
within the rabbit S-related giobin gene cluster during
preparation, isolation or propagation of the clones
examined. Because of the limited sensitivity ot this
assay, however, we cannot rule out the possibility that
small rearrangements occurred during cloning.
Although no rearrangements occurred in the three
clones described above, we have detected a deletion
near the 81 gene in ARBG1 DNA. The location of this
deletion is revealed by comparing the maps of A\RSG3
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Figure 8. Mapping of a Deletion n ARSG1

The restnction endonuciease cleavage maps of ARSG1 and ARBG3
are compared to show the location of a Gelation m ARSG1 that
probably occurred during the propagation of ARSG3. Restnction sites
missing in ARBG1 ke between the Eco RI and Bam HI sites connecled
by hnes between the two maps All other restriction sites in ARSG1
and ARFG3J are The ¢ o box the ARSG3
map represents a 5.3 kb region from which 4.35 kb of DNA have
been deleted to generate ARSG1 from ARSG3 The breakpoints of
the deietion have not been mapped pDrecisely. but the hatched areas
locate the reQions within which the breakposnts must occur The clear
area maicates the region of ARSG3 known definitety to be mMssing in
ARBG1. Portions of the arms of the ACh4 A vector are indicated by the
theck honzontal ines  The restnction fragments missing in ARSG 1 but
present in ARSG3 are (Eco R1) 2.0, 1.1 and 4.0 kb: (Bam HI) 9.7 kb;
(Kpn 1) 1.95 and 9.25 kb. These are replaced by a 2.75 kb Eco RI
fragment. a 5.35 kb Bam Hi tragment and a 6.82 kb Kpn | fragment

and ARBG1 which contain the same region of rabbit
chromosomal DNA (Figure 8). The fact that the ter-
minal Eco RI fragments tfrom the rabbit DNA inserts in
the two clones are identical in size suggests that
ARBG1 1s a deletion product of ARBG3. A genomic
blot of the rabbit DNA used in constructing the library
was probed with the cloned 81 intervening sequence.
Only the 9.7 kb Bam HI fragment characteristic of
ARBG3 DNA was observed, indicating that the deletion
in ARBG1 DNA must be an artifact of cloning. it is
interesting to note that a sequence present in the 2.0
kb Eco RI fragment of ARSG3 is also found in the 4.0
kb fragment (J. Shen and T. Maniatis, manuscript in
preparation). If this is a direct repeat, the deletion may
have resulted from recombination between the repeat
sequences.

Discussion

We established the linkage arrangement and tran-
scriptional orientation of four different B-like globin
gene sequences and derived a detailed restriction
map of the gene cluster. The transcriptional orienta-
tion and intergene distances are 5’'-84-8 kb-83-5 kb-
B2-7 kb-B1-3', placing 81, the adult S-giobin gene,
at the 3’ end of the cluster. Information regarding the
structure and transcription of all four genes is pre-
sented in the following paper (Hardison et al., 1979).
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5 3 Figure 9. Restriction Endonuciease Cleavage
Map of the Rabbit S-Like Globm Gene Cluster
Be '3 B2 Bl informanhon trom the restriction enzyme cleav-
Gones ——— e }——i} Py age maps of the wolated genomic S-lke glo-
b b gene ciones was combined 0 generate the
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The isolation of 44 kb of contiguous rabbit chro-
mosomal DNA was made possibie by the development
of a gene isolation procedure involving the construc-
tion of bacteriophage A libranes of random genomic
DNA fragments. These collections of recombinant
phage are sufficiently large to have a 89% probability
of containing any given region of genomic DNA (Man-
iatis et al., 1978). The utility of this approach to gene
isolation is graphically illustrated in Figure 5, which
shows that a large number of overiapping DNA trag-
ments can be obtained by screening a library with a
hybridization probe containing only 500 bp of se-
quence. Although one of the clones underwent a
rearrangement, the correspondence between restric-
tion sites in total and cloned genomic DNA in the
rabbit f-globin gene cluster demonstrates the feasi-
bility of isolating large, intact chromosomal DNA by
molecular cloning procedures.

Other examples of close physical linkage between
functionally related eucaryotic structural genes have
been reported. These include the histone genes of
sea urchin (for review see Kedes, 1979) and Dro-
sophila (Lifton et al., 1978). In addition, three closely
hnked chicken ovalbumin-like genes have been iso-
lated on two segments of DNA which together span
46 kb of the chicken chromosome (Royal et al., 1979).
The organization of these genes is similar to that of
the B-globin genes in that all of the ovalbumin-like
genes are transcribed from the same DNA strand and
share sequence homology. While all three ovalbumin-

like genes appear to be coordinately expressed under
hormonal control, the giobin gene cluster consists of
genes which are coordinately as well as sequentially
expressed during development. Another example of
linked genes which are transcribed from the same
DNA strand are the genes encoding the 70 kb poly-
peptide induced by heat shock in Drosophila (Livak et
al., 1978; Ashburner and Bonner, 1979; Craig, Mc-
Carthy and Wadsworth, 1979; Artavanis-Tsakonas et
al., 197S; Moran et al., 1979). In addition to the genes
which have been ghown to be physically nked, a
number of genes have been shown to be linked ge-
netically. For example, genetic linkage has been dem-
onstrated in complex loci such as the mouse immu-
noglobulin gene loci (Milstein and Munro, 1970; Hood,
Campbell and Eigin, 1875) and the mouse (Kiein,
1979) and human (Franke and Pellegrino, 1977) his-
tocompatibility loci.

At the present time it is not known whether close
physical linkage is merely the result of gene duplica-
tion and divergence with no regulatory significance or
whether gene clusters have evolved as functional
developmental units which include cis-acting regula-
tory sequences and genes which encode regulatory
proteins or RNA. The clustering of certain genes must
have functional significance; for example, the effi-
ciency of somatic rearrangement of immunoglobulin
genes during lymphocyte development is undoubtedly
enhanced by physical linkage of variable and constant
region genes (Tonegawa et al., 1978). It is also clear,
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however, that gene linkage is not a prerequisite for
coordinate gene expression since mammahan a- and
B-like globin genes, which are co-expressed in adult
erythroid cells, are located on different chromosomes.

Regulatory interactions between linked sequences
located many kilobases from each other are sug-
gested by the fact that sequences found near the
human - and B-globin genes can apparently attect
the normal switch from fetal to adult globin gene
axpression (Huisman et al., 1974 Fritsch etal., 1979).
The question of whether the linkage arrangement of
mammalian S-like globin genes s functionally signifi-
cant must await further studies.

Experimental Procedures

and Pro of ACh4A R Clones
The construction and screenmng of a kbrary of rabbit genomec DNA,
the propagation and purification of ACh4A recomtenant phage and
the purrhication of phage DNA are described by Maniatis et al. (1978)

Digestion of DNA with Restriction Endonuciesses and
Electrophoresis
Restriction were pur from New Englana Bo-
Labs or Boehrmger-Mannhewn. DNA was dwgested at 37°C in either
of two butters. 20 mM HEPES (Caltrochem) (pH 7.5). 30 mM NaCl,
6 mM MgCi,. 8 mM cithwothreitol. 0.01% bovine serum albumin.
suppiemented with 70 mM NaCl (hnal 100 mM) for Ava |, Bam HI.
Eco RI. Sal | and Xba | or with 20 mM KC! for Hpa I: or butfers
'ded by New England BioLabs. The digested DNA was
fractionated by agarose gel slectrophorems (Sharp, Sugden and
Samprook, 1973) using a horizontal siab gei apparatus
G DNA was dig with 1 unit of restinction endonuciease
(1 unit of enzyme digests 1 ug of A DNA i 1 hr in the New England
BioLabs reaction conditions) per 3 ug ONA at 37°C tor 12-16 hr. A
s:0e reaction contasning 1 ug of genomic DNA and O 4 ug of A DNA
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erski, Hoanett and Gray. 1978). The enzyme was provided by H
Gray.

Preparstion of Plaemid DNA
Bacteria carrying plasmids were grown using high concentrations of
undine 10 enhance plasmid yieid (Norgard. Emigholz and Monahan.
1979). Harvested Celis were treated with 2 mg/mi lysozyme in 25%
sucrose. 0.05M Tns, 0.05 M EDTA for 10 min at 4°C, frozen in kquid
N, at room and centrituged at 80.000 x g, 30
min, 20°C to remove host chromosomal DNA (Conrad and Campbell.
1979). The supernatant. containng plasmid DNA. was extracted
twnce with Y (25:24:1) and twice
with ether. Sannm-dCoClmmumwcmodron
fnal concentration of 0.3 mg/mi ethudium bromude, p = 1.80, and the
solution was centrituged at 40,000 rpm for 40 hr. 20°C in 8 60Ti
rotor. The supercosed DNA band was collected. extracted twice with
s0propanol equilibrated with saturated CsCl to remove ethidium
and 10 ma Trns=HCl (pH 8), 1 mM EDTA 1o
remove CsCl.

C ot Pisemid S [~ Fi of
Cloned Radbdit DNA

Eco RI fragments solated by eiectroeiution were ligated with Eco RI-
cleaved pMB9 (Rodrnguez et al.. 1976) that had been treated with

catt alkabine (Worthuington Biochemicals) 1o
{4 and y reduce ntr lar hgation of
the vector (Utinch et al.. 1977). The phosphalase was purified Dy
over S G200 (Y Ct . personal communica-

tion) pnor to use. Bgl It fragments were kgated with cephosphorylated
Bam Hi-cleeved pBR322 DNA (Bolivar et al.. 1977). and Pst | frag-
ments were kgated with Pst i-Cleaved pBR322 DNA that had not been
treated with phospnatase. The Eco RI and Bgl Il tragments were
mixed with equimotar amounts of the appropriate vector al a combined
DNA concentration of 100 ng/ul i 66 mM Tris=HCI (pH 7.8), 10 mM
MQCl;. 1.0 mM ATP, 15 mM dithiothrertol and 0.2 mg/mi gelatin. 0.5
unnts of T4 DNA kgase (Bethesda R Labs. PLB or
New England Biolabs) were acded and the reachon was incubated
at 12°C for 15 min. then diluted 10 10 ng/ul with ligase butter and
ncubated for another 4-16 hr a1t 12°C. The Pst | tragments were
kgated m a 10 foild molar excess over the PstcCleaved vector unaer

reaction conditions ctherwrse identical to those for Eco RI and Bgi It

Prior 10 the revision of the NiH Guidelmnes for recombmant DNA
work on December 22, 197E. all in witro recombinants were intro-

was yed for ol Dy ge! etectrophoresis The
were ter by s with phenoi and ether. and
the DNA was precmpated with ethanol. and Vs,
resed
Mapping Restriction E c Sites

The restriction maps were deterrmined by hrst digesting the cloned
DNAs with erther one Of two restnction endonucieases and measuring
the size of the resuiting fragments on an agarose Qel calibrated with
restniction fragments from either pBR322 or $X174. the suzes of
which are known from DNA sequence analysis (Sanger et al., 1977
Sutclitte, 1878). Ambiguities in the doubile digest data were resoived
by ditferent pe sres. One me puritying indw-
vidual fragments from a singie restnchion enzyme digest by eleciroe-
tion and then redigesting with a second enzyme. Electroeiution
invoived either binding the DNA to hyoroxyapatie on a preparative
agarose gel (Tabak and Flavell. 1978) or imply electrophoresing the
DNA nto a trough i the gel fiked with E butter (Hayward and Smith,

1972). Q at ate trmes (Cetermined by ob-
serving progress of tion by ultra fivores-
cence), passing mootutthNA solution through sianzed glass wool,

with Yy b to ethidium vde and to

concentrate the DNA, and precipitating with ethanol. Alternatively,
singie restriction fragments were analyzed Dy a two-dimensional
agarose gel ! sre which the
of fragments obctroohovmd through low meiting temperature “'sea
plaque agarose geis (Lawn et al., 1978, Parker and Seed, 1979) in
acdition. subclones of restriction frag from the "
phage ciones were anaryuo by combened restnction enzyme digests
to obtam on. Some Qe sites were mapped
using the Ca" * -dependent, double-stranded exonucleolytic activity in
the extraceiiular ny from A 'a BAL31 (Leg-

duced. by transformation, nto the EK2 certthed host x1776 (Curtiss
et al.. 1976) n a P3 taciity After the Guradennes were revised, the
ciones contaming m- solated S-kke genes were reclassified 10 P2
+ EK1 1. ant wete then used 10 trans-
form the EK1 host HB101 (Boyer and Roulland-Dussoix. 1969) in a
P2 laboratory. Transtormation of x1776 tollowed a protocol provided
by D Hanshan (personal communication). HB101 was transformed
as described by Mande! and Higa (1870) or Mornson (1977). Trans-
formants were screened Dy difterential drug selection (Bolivar et al..
1977) and by a moditfication of the Grunstenn and Hogness (1975)
colony hybr procedure r from s master
plate were lysed on Whatman 3MM paper saturated with 0.1 N NaOH.
1.5 M NaCl and neutralized on filter paper saturated with 0.2 M Tris—
HCI (pH 7.5). 2 x SSCP {1 x SSCP: 120 mM NaCl. 15 mM sodium
citrate. 13 mM KH,PO.. 1 mM EDTA (pH 7.2). Benton and Dawis.
1977). 0.75 M NaCl, Y formed from phos-
phatase-inactivated vectors gave up 10 90% positives when transform-
ants were screened. Only seven positives were found n 500 trans-
formants screened (1.4%) for the Pst 2.5 kb subclone containing S4.

Biot Hybridization Experiments

DNA was transterred trom agarose gets to Mithpore HAWP 00010 or
Schieicher and Schuell BABS (0 45 um) nitroceilulose hiters and
hybndized with r ve probes (Southern, 1875) using the modi-
fications of Jettreys and Flavell (197 7a) or Engel and Dodgson (1978)
We currently foliow the procedures of Wahl, Stern and Stark (1879).
using dextran sulfate 10 acceierate the hybridization (Wetmur, 1975)
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The hy 100 ug/mi poly(A) (PL

icais) and 0.1% ttate (SDS) in 1 to the other

components ksted by Wahi et al. (1979). Atter hybnidzation, the filter
is washed twice in 50% formamide. 2 x SSC, 0.1% SDS. 0.1%

dium py by three m 50% for 3
0.3 x SSC. 0.1% SDS. 0.1% sodium pyrophosohate. uniess other-
wise mckcated. Washes are tor 20-30 min at 42°C or at 68°C in
aqueous solutions of iIdentical saits. The washed fitter 18 exposed to
Kodak XR-5 X-ray fitm, with a Corming Lighting-Ptus Intensrher Screen
in some cases.

Hybridizstion Probes

DNA was labeied in vitro Dy nick transiation (Manatis, Jeftrey and
Kiewd. 1975). R CONA was pr from raboit glodin RNA
as Oescribed by Engel and D (1978) a-*P-deoxy

tr (400 Ci/ were pur from Amersham E.
coli DNA potymerase | was purchased trom Boehnnger-Mannheim or
made in the Dvision of Biology at Cattech (J. Muetier). DNAase | was
purchased from Sigma DNA polymerase from avian myetoblasiosis
virus (AMV reverse transcnptase) was provided by Dr J. W Beard
and the Otfice of Program Resources and logistics (Viral Cancer
Program. NIH)
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Summary

Rabbit chromosomal DNA contains a cluster of four
linked B-like globin genes arranged in the orienta-
tion 5'-84-(8 kb)-83~«5 kb)-82-7 kb)-81-3'. Determi-
nation of the nucieotide sequence of gene 81 con-
firms that this gene corresponds to the second type
of two common co-dominant allelies encoding the
adult B-giobin chain. With the exception of two
nucleotide substitutions in the large intervening se-
quence (intron), the intron and flanking sequences
are identical with the nucleotide sequence of the
firgt type determined by Weissmann et al. (1979). A
14S polyadenyiated transcript containing large in-
tron sequences (possibly a mRNA precursor) is de-
tected in the bone marrow cells of anemic rabbits.
Gene 2 has limited sequence homoiogy to adult
and embryonic S-globin probes and lacks a detect-
able mMRNA transcript in the erythropoietic tissues
examined. it contains at least one intervening se-
quence analogous to the large intron in gene 81.
Genes 83 and 4 both contain an intron of 0.8 kb.
Partial DNA sequence analysis indicates that the
large intron in B84 is located between codons for
amino acids lysine and leucine in an analogous
position to that ot the large intron in £1. In addition,
a second smaller intron interrupts the 5’ coding
sequences of gene S4. Both genes 83 and 84 are
transcribed in embryonic giobin-producing celis.
Their DNA sequence homology is limited, however,
to a segment of approximately 0.2 kb located on
the 5' side of the large intron.

Introduction

We have described the isolation of a cluster of four
different rabbit S-like giobin gene sequences (81-54)
which includes the adult 8-globin gene 81 (Lacy et
al., 1979). The cluster was obtained from a bacterio-
phage A library of rabbit chromosomal DNA (Maniatis
et ai., 1978) as a set of overlapping phage recombi-
nants which together include 44 kb (kilobase pairs) of
contiguous DNA. As shown in Figure 1, the four genes
are separated from each other by 5-8 kb of DNA and
are transcribed from the same DNA strand in the
orientation 5’-84-83-82-81-3'. It is not known whether

this cluster comprises the entire rabbit S-globin gene
family. In fact, relatively little is known about the
number of different B-like globin polypeptides en-
coded in the rabbit genome or the timing of their
expression dunng development. The information cur-
rently available is summarized in Table 1, which also
includes a list of the human and mouse globin chains
for comparison. Two types of embryonic giobin
chains, designated x (or {) and ¢, are synthesized in
nucleated erythroid cells derived from the yolk sac
blood islands of the embryo (Marks and Ritkind, 1972;
Kitchen and Brent, 1874; Meideris, Steinheider and
Ostertag, 1974, Steinheider, Melideris and Ostertag,
1975; Bunn, Forget and Ranney, 1877). The embry-
onic a-like globins, rabbit and mouse x and human
$. are produced early in development and are gradu-
ally replaced by the adult a-globin chains (Capp.
Rigas and Jones, 1970; Meilderis et al., 1974). Struc-
tural studies of rabbit and mouse e-globin polypep-
tides suggest that they are encoded in at least two
different e-giobin genes (Marks and Rifkind, 1972;
Steinheider et al., 1975). They are replaced by aduit
B-globin polypeptides as the site of erythropoiesis
shifts from the blood islands to the fetal liver (Kitchen
and Brett, 1974). An e~globin chain identified in hu-
man embryos (Huehns et al., 1964) shares sequence
homology with both the human 8- and y-globin poly-
peptides (Gale, Clegg and Huehns, 1979), and is
replaced by tetal y-globin chains during the shift to
fetal liver erythropoiesis. The y=globin polypeptides
are replaced in turn by the adult 8- and é-globins at
the time of birth (Weatherall and Clegg. 1979). Thus
the current view is that two switches in S-like globin
gene expression (¢ — y—e ) take place during human
development, while only one is observed in rabbit and
mouse.

The available polypeptide data indicate that the
rabbit and mouse globin gene tamilies consist of at
least three or four S-like genes and two a-like genes.
More genes may yet be identified, however, since
these data provide only a minimal estimate. In this
paper we report structural and transcriptional analy-
ses of each of the four isolated rabbit S-like globin
genes. We find that these genes have structural fea-
tures in common with each other and with globin
genes in other species. Moreover, our studies show
that the isolated genes are differentially expressed
during deveiopment and suggest the presence of ad-
ditional S-like genes in the rabbit genome.

Resuits

Structure of Gene 81

Gene 81 was initially identified as the adult 8-globin
gene on the basis of biot hybridization experiments
using the adult B-globin cDNA plasmid pRcp1 (Man-
iatis et al., 1976; for nomenclature see Lacy et al.,
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Figure 1. Linkage Map ot Four Rabbit S-Like Globin Genes

The locations of Eco Ri cleavage sies are ndicated by inverted triangies (see Lacy et al.. 1979 tor a more detatied restriction map). The direction
of transcription of all four genes is from left to Nght. The biack and white boxes INdicate the MRNA coding and Q ;

Table 1. & Giotan Po Chans
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B-tike  ely). d2) B
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p-dke  ely) ) B-minor, f-major
Human e-iike { a:. ay

B-tke ¢ °y.fy 4B

1979) as the hybridization probe (Maniatis et al.,
1978; Lacy et al., 1979). These expenments demon-
strated that the restriction sites in the flanking regions
of the cloned 81 gene were identical to those sur-
rounding the adult S-giobin gene in rabbit chromo-
somal DNA (Jeffreys and Flavell, 1877a). A compari-
son of the restriction map "of pRcg1 (Efstratiadis,
Kafatos and Maniatis, 1977) with the map of sites
within the corresponding sequences in total rabbit
genomic DNA revealed the presence of a large (600
bp) noncoding intervening sequence within the rabbit
B-globin gene (Jetfreys and Flavell, 1977b). A similar
interruption was independently and simuitaneously
discovered within the adult mouse S-major globin
gene by analysis of the structure of R loops formed
between mouse S-globin mMRNA and cloned chromo-
somal DNA (Tilghman et al., 1978a). The large inter-
vening sequence was localized between the codons
for amino acids 101 and 120 in the rabbit (Jetfreys
and Flavell, 1977b) and 104 and 105 in the mouse
(Tilghman et al., 1978a) S-globin genes. A second,
smaller intervening sequence was subsequently iden-
tified between the codons for amino acids 30 and 31
in both the mouse (Konkel, Tilghman and Leder, 1978)
and rabbit (van den Berg et al., 1978) S-globin genes.
Thus the mature B-globin mRNAs are encoded in
three discontinuous blocks separated by two noncod-
ing intervening sequences (IVS or introns). To char-
acterize gene 81 fully and to study its transcription,
we constructed a detailed restriction map of clone
ARBG1 and sequenced the regions containing the
gene by using the procedure of Maxam and Gilbert
(1977). In the mature rabbit S-globin mMRNA there are
589 nucleotides (nt) between the sites to which the
cap and poly(A) are attached (Efstratiadis et al.,
1977). In the gene there are 1288 bp of DNA between
the corresponding sites (Figure 2). The following five

segments are present within this region: exon 1 (146
bp). which includes a region corresponding to the 5’
untransiated sequence of the mature mRNA (53 bp,
excluding the initiation codon) and 93 bp of translated
sequence; intron | (small intron, 126 bp); exon 2 (222
bp of coding sequence); intron |l (large intron, 573
bp); and exon 3 (221 bp), which includes the remain-
ing coding sequence (129 bp, including the termina-
tion codon) and the region corresponding to the 3’
untransiated sequence (93 bp) of the mature mRNA
(Figure 3). The sequence of 81 corresponds to the
second type of two common co-dominant rabbit 8-
globin alleles (Galizzi, 1970, 197 1; Shamsuddin et al.,
1973; Bricker and Garrick, 1874; Garrick et al., 1974)
which show sequence polymorphism at amino acid
positions 52, 56, 76 and 112. These two types are
designated 1 (52 Asn, 56 Asn, 76 Ser, 112 lle) and 2
(52 His, 56 Ser, 76 Asp, 112 Val). The nucleotide
sequence of the S-globin cDNA plasmid pRcg1 (Ef-
stratiadis et al., 1877) and the sequence of chromo-
somal rabbit S-globin DNA determined independently
from the plasmid Rchr3G1 (van den Berg et al., 1978;
Mantei et al., 1979; Weissmann et al., 1979) corre-
spond to the type 1 allele. Comparison of the ARSG1
and RchrBG1 sequences reveals that the four amino
acid replacements resuit from single base substitu-
tions. It is interesting that silent substitutions are com-
pletely absent, which suggests the existence of selec-
tive constraints for the preservation of the secondary
structure of the mRNA and/or its precursors (see also
Katfatos et al., 1977). The introns of the rabbit 8-
globin gene are at the same positions as in the cor-
responding gene of the mouse (Konkel et al., 1978).
The small intron has a tour nucleotide terminal redun-
dancy at its boundaries with the exons while the large
intron has only one. Thus, as in the case of the mouse
B~-globin introns (Konkel et al., 1878; van den Berg et
al., 1878) and other introns (for reviews see Crick,
1979; Dawid and Wahli, 1978), a unique splicing
frame cannot be defined by the sequence data. The
generalization that the base sequence of an intron
begins with GT and ends with AG (Breathnach et al.,
1978) is obeyed in only one splicing frame for each
intervening sequence (see Figure 2). The splicing
junctions gshow little deviation from the prototype se-
quences TCAGGTA (5’ end) and TXCAGG (3’ end)
identified by Breathnach et al. (1978) and Catterall et
al. (1978).
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Figure 2. Nucleotide Sequence ot the Rabbit
Aoutt S-Globin Gene (81)

The of the o
strand is drsplayed from the 5' to the 3’ direc-
hon. Nucleotide substitutions n the other
known alieie of trus gene (Efstratiacis et al..
1877: van den Berg et al.. 1978: Manter et al.,
1979: Wetssmann et al.. 1979) are indicated
n a second kne. Large and smali capital ietters
represent sequences corresponding 1o mature
mMRNA and the ntrons. respectively Gene
fankiNg S8QUENCes are In lower case letters.
The ammo acid sequence s disDiayed on a
line above the coding sequence. The inthiation
and ter and a tound
23 (2 1) nucieotides 5' 10 thé cap site in the
flanking sequences of Many eucaryolic genes
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Figure 3. Schematic Diegram Showing the Distribution of mRNA
Coaing (Exon). Noncoding (Intron) and Flanking Seauences in Gene
B

With the exception of two nucleotide substitutions
in the large intron (both C — T transitions), both
intervening sequences are in complete agreement
with the DNA sequence reported for Rchr8G1 (van
den Berg et al., 1978; Mantei et al., 1979; Weissmann
et al., 1979). The same is true for the gene flanking
sequences determined thus far. As in the case of
other eucaryotic genes (Ziff and Evans, 1978; Gannon
et al., 1979; Lomedico et al., 1979), a variant of the
sequence TATAAATA first described by Goldberg and
Hogness (Goldberg, 1979), CATAAAA(G) in gene 81,
is present in the S’ gene flanking region, 24 nucleo-
tides upstream from the capping site. Although the
position of this sequence is suggestive, there is no
evidence that it is related to the initiation of transcrip-
tion. Another sequence GCTGCTGCTTAC which over-

laps the cap site is similar to sequences found in the
same region of a number cf mammalian celiular (Kon-
kel et al., 1978) and viral (Zitf ang Evans, 1978)
genes. A detailed evolutionary comparison of the rab-
bit B-globin gene and other mammalian globin genes
will be presented eisewhere.

Transcription of Gene 81

155 mRNA precursors of the adult mouse ™ and
B™" globin genes have been reported (Ross, 1976:
Curtis and Weissmann, 1976; Bastos and Aviv, 1877,
Kwan, Wood and Lingrel, 1877, Haynes et al., 1978).
In addition to the sequences present in the mature
mRNAs, the precursors contain both intervening se-
quences arranged co-linearly with the chromosomal
gene (Smith and Lingrel, 1978; Kinniburgh, Mertz and
Ross. 1978; Tiighman et al., 1878b). To determine
whether an analogous precursor of gene 81 is present
in rabbit erythroblasts, a biot of poly(A)-containing
RNA from the bone marrow of an anemic rabbit (Al-
wine, Kemp and Stark, 1977) was hybridized to a *?P-
labeled plasmid (pRBO.65) which contains the large
IVS from gene B1 plus 67 bp of coding sequence.
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Genomic blotting experiments indicate that the B1
large intron is single copy, 8o any RNA species iden-
tified using it as a probe must be transcripts of gene
B1. Three RNAs of 1400, 900 and 675 nt (+50 nt)
were detected with this probe (Figure 4). The 1400 nt
species presumably corresponds to a polyadenylated
transcript containing 1288 nt encoded in gene 81.
The 675 nt RNA is the size expected for the polya-
denylated mature globin mMRNA. The hybridization of
this species is probably due to the presence of 67 bp
of coding sequence in the probe. Although the blot
was washed at a stnngency expected to meit a 67 bp
RNA-DNA duplex (see legend to Figure 4), there is
probably as much as 10° times more mRNA than
precursor RNA in immature adult erythroid cells [This
is based on estimates of 10,000-24,000 mRNA mol-
ecules per cell in rabbit bone marrow (Clissold. Arn-
stein and Chesterton, 1977) and 17-85 precursor
molecules per mouse erythroid celi (Ross and Knecht,
1978).] Thus as little as 0.1% residual counts remain-
ing after washing the filter would produce an mRNA
signal equal to that of the precursor. The 300 nt RNA
species may represent a processing intermediate con-
taining sequences from the large intron, but further
studies are required to confirm this possibility. Such
an intermediate would be consistent with a processing
pathway involving a two step removal of the large
intron proposed for the mouse S-globin precursor
RNA (Kinniburgh and Ross, 1979). Transcriptional
studies of the rabbit f-giobin gene using an S1 nu-
clease mapping procedure (Berk and Sharp, 1877)
indicate that the 5§’ and 3' termini of the large globin
RNA precursor are encoded at the same positions as
the termini of mature globin mRNA (Flavell et al.,
1979), but there is no direct evidence that this pre-
cursor is the primary transcript. This analysis of proc-
essing intermediates also reveals a stepwise removal
of the intervening sequences, the first step being
excision of the small intron. The processing pathway
for the large intervening sequence has not yet been
definitively established.

Hybridization of 82, 83 and B4 to Adult and
Embryonic RNAs

To obtain preliminary information on the identities of
genes 82, B3 and 54, we examined their hybridization
to probes for adult, fetal and embryonic globin RNA
sequences. When the rabbit S-globin cDNA plasmid
pRcA1 (adult B-globin sequence) is used to probe a
blot of Eco RI fragments containing all four cloned
genes (Figure 5A), the fragments containing the 5'
and 3' B1 sequences display intense hybridization
signals, as expected. 82, 5'83 and 5'84 fragments
hybridize weakly; the 3’83 tragment is very taint and
the 384 fragment is not detected. Since gene B2
shows weak homology with gene £1, it is unlikely to
be analogous to the human minor adult §-globin gene,
which shares 83% amino acid sequence homology
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Figure 4. Detection of 81 Transcripts in Bone Marrow RNA
An autoradiogram 1s shown of an RNA biot hybridized with a *?P-
labeled plasmid subclone containing the large intron ot gene 81 plus
18 and 49 bp of exon 1 and exon 2, respectively. Banas correspond-
ing 10 RNAs of approximately 1400. 900 and 675 nt are indicated
20 ug of totat poly(A) RNA trom the bone marrow of anemic adult
rabbits were reacted with glyoxal and run in a singie siot of a 1.5%
o gel (N anc Car . 1877). The RNA was trans-
ferred to diazotized paper (B. Seed. personal communication) as
cescribed by Wanl et al. (1979) and hybndized to 1 ug of nick-
transiated pRBO.65 DNA (spec. act 8.5 x 10’ com/ug) in 20 mi
After hybndizing for 36 hr. the blol was washed 4-5 times n 50%
tormamide. 1 x SSC and 0.1% SDS at 45°C. A hnal wash was
pertormed in 0.2 x SSC and 50% formamude tor 30 min. Under these
conditions, an RNA-DNA hydrid of 70 bp should have & T. of 37°C
while an RNA-DNA hyond of 600 bp should be stable (J. Casey.
personal commumcation). The biot was exposed to X-ray film tor 5
days at =70°C using a DuPont Lightrung Plus miensitying screen.
The 28S and 18S ribosomal RNA bands and the 9S mature globin
MRNA band, wisible on the ethidum bromwde-stained gel. were used
&8 size standards.

(Dayhott, 1972) and hybridizes efficiently to the hu-
man adult B-globin probe (Lawn et al., 1878). In
contrast, when the same set of gene fragments is
hybridized to the human y=globin cDNA pilasmid pHcy-
151 (fetal globin sequences), the 5’83 and 5’84 frag-
ments hybridize as efficiently as the 5’81 fragment
and display stronger signals than the 82 fragment. 3’
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Figure . Prekminary identiication of Genes 81 — S4: Hybndzation Analysis

(A=C) Cioned DNA fragments contamng all four gene sequences were hybndwzed 10 vanous S~ike globmn cDNA probes using the biot hybridization
procecure. DNAs from cione ARBGS (lane 1) or ARB'GS (lane 2) (0.2 ug each) were digested with Eco RI. fractionaled on a 1 5% agarose gel
blofted and hybnduzed with (A) pRcA1 (adult rabbit S-globin probe). (B) pHcy-151 (human tetal y—globin probe), (C) cONA synthesized from
cytopiasmic poly(A) RNA obtamned from reticuiocytes from 12 day rabbit embdryos. Autoradiograms of the biots are shown. The band visible above
the 82 tragment in (C) 1s a ACh4A arm: thes hybr 18 NOt reproducids
(D-G) Biots of adult erythroid and fetal embryonic RNA were hybndized 10 prooes specrfic for each of the genes 81-54 0.8 ug of total poly(A)
RNA from the bone marrow of anemic aduit rabbits (adult) or 4 ug of total poly(A) RNA trom 12 day rabbrt embryos (embryo) were fractionated on
a 1% agarose. 6 M urea gel (Lehrach ot al.. 1877) The two tunn contain equivalent amounts of 95 RNA The RNA was transterred to diazotized
paper and hybndized as described in Expenmental Pri grams are shown The probes used were (D) 81: pRcs1. (E) 82 an Eco
RI/Bg! 1 1.5 kb tragment from ARSG2. (F) 83 a Pvu 1 4.2 kb fmomom from ARB‘GS (G) B4 8 Pst | 2.5 kb tragment trom ARS'G8 The hybndization
d«m'd in the regions corresponding to RNAs larger than 8S coutd be due 10 the presence of precursor RNAs or nonglobin transcripts from
or to aggreg:

@ v

tragments from genes 83 and 34, however, are not
detected by the y probe (Figure 5B).

The stronger hybridization of genes 83 and B4 to
the fetal globin sequence than to the adult sequence
suggests that they are expressed during rabbit em-
bryonic and/or fetal development. To test this possi-
bility, we compared the hybridization of each of the
four genes to embryonic cDNA. The cONA was syn-
thesized from cytoplasmic poly(A) RNA, containing
mostly 9S material, from the blood isltands of 12 day
rabbit embryos. This RNA shouid contain transcripts
derived primarily from the nucleated reticulocytes
known to synthesize embryonic globins (Kitchen and
Brett, 1974). The probe produced intense hybridiza-
tion signals with the 5’ and 3’84 and 5’83 fragments,
as well as a faint but reproducible signal with the 3'83
fragment. This result indicates that these genes have
extensive homoiogy with embryonic giobin transcripts
(Figure SC). The embryonic cDNA also hybridizes
efficiently to 5’ and 3’81 tragments but weakly to the
gene B2 fragment, indicating the presence of adult
B-globin transcripts in embryonic reticulocytes. The
prevalence cannot be estimated. however, because
the intensity of hybridization to 81 was variable with
probes derived from a series of embryonic RNA prep-
arations. In contrast, genes 83 and B4 displayed

strong hybridization with all preparations of the em-
bryonic probes.

This evidence for differential transcription ot the
B-like genes was complemented by hybridizing
probes containing each of the four S-like sequences
to RNA blcts containing total poly(A) RNA from the
bone marrow of anemic adult rabbits and from whole
embryo (including blood istands). Figure SD shows
that gene 81 hybridizes efficiently to aduit giobin RNA,
especially in the 9S region, but only weakly to embry-
onic RNA. Gene 82 hybridizes much less efficiently
than gene 81 and exclusively with the adult RNA
(Figure 5E). it is probable that this hybridization results
from cross-hybridization to 81 transcripts, because
we were unable to detect a transcript of gene 82 in
the RNA preparations described in Figure 5. R loops
were not observed between 82 and adult globin RNA
under conditions identical to those that allow R loop
formation in gene 81, even though the T, for gene 82
DNA is comparabie to the T, for 81 (data not shown).
in addition, we were unable to find a 82 transcript in
adult or embryonic RNA using an S1 nuclease-map-
ping procedure (Berk and Sharp, 1977) which, under
our conditions, can detect about ten copies of globin
mRNA per cell (Wold et al., 1979). For technical
reasons, however, we are unable to rule out the pos-
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sibility that 82 is transcribed into an unprocessed
precursor. It is also possible that gene B2 is expressed
in a tissue or developmental stage we have not ex-
amined.

In contrast to the 81 and B2 results, the 83 and 84
probes hybridize more efficiently to embryonic RNA
than to adult RNA (Figures 5F and 5G), again predom-
inantly in the 9S region. These data were quantitated
by scanning the autoradiograms with a microdensi-
tometer, and were normalized for the amount of S
RNA present in each lane and the length of exposure.
Gene B1 shows a 7 fold greater hybridization to aduit
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Figure 6. R Loop Analysis of Genes 83 and
B4

Electron micrographs are displayed of R loops
formed between total poty(A) RNA trom whole
12 day rabbit embryos and ARS'G8. contain-
ng B3 ana B4 (A, D-G). or a 9.2 kb Pwvu Il
fragment trom ARB‘G8 containing gene 54 (B-
C). Interpretative drawings are inCluded be-
neath each photograph. with a solid line cor-
responding 1o a single strand of DNA and a
dotted hne denoimg a strand of RNA. In (D).
parual anneskng has occurred between the
two strands of the intervening sequence (de-
noted by cross-hatching). producing an ap-
parent underwound loop (Broker et al., 1977).
One of the coding haives of the gene has
collapsed The molecules shown in (E) and (F)
have formed longer dupiexes in the mtervening
sequence. leaving a smingle-stranded bubbile
between them The tangie of singie-stranded
nucleic acid visidie between 83 and 84 in (G)
could be a comncigental overlap of RNA or
possibly hybrnigizaton of a nonglobin se-
quence. The iatter possiility 18 suggested by
the fact that cCONA synthesized trom total
POiy(A) embryoric RNA hybridizes 10 this re-
gion in biot hybridization experiments (results
not shown)

globin RNA, whereas genes 83 and 84 show 8-17
fold greater hybridization to embryonic giobin RNA. it
is therefore probable that genes 83 and B4 encode
embryonic S-like globin polypeptides, but these hy-
bridization data do not constitute formal proof. As a
means of obtaining more conclusive evidence for the
transcription of these genes in embryonic erythroid
cells, we have cloned cDNA synthesized from embry-
onic RNA. The cDNA clones were obtained using an
mRNA/cDNA hybrid cloning procedure (Wood and
Lee, 1976; Zain et al., 1879). The isolation and char-
acterization of these clones will be described else-
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Figure 7. Summary ot R Loop Data tor Genes 83 and 24
This -] the structural features of genes
B3 and B4 cerived from of 34 The o
sizes (x are n base pars. The black
boxes correspond to MRANA coding regions and the white bDoxes
denote large. Q. intervening within the genes.

where. Recombinant plasmids were selected accord-
ing to their preferential hybnidization to clioned ge-
nomic DNA containing 83 and 4. One of the plasmids
(pRcB3) hybndizes specifically to cloned genomic
DNA containing 83 and another (pRcB4) hybndizes
specifically to 4. These two recombinant plasmids
are not homologous to other chromosomal fragments,
as demonstrated by genomic blotting analysis (not
shown); thus they are not derived from other genes
related to 83 or B4. This resuit indicates that genes
B3 and B4 are transcribed in embryonic erythroid
cells.

R Loop Analysis of 83 and 4

A large intervening sequence was observed in both
genes 83 and B4 by analyzing R loops formed be-
tween embryonic RNA and cioned genomic fragments
containing these genes (Kaback, Angerer and David-
son, 1879). The electron micrograph of Figure 6A
shows that the formation of an RNA-DNA hybrid has
displaced the message-synonymous strand in the
gene region. A single-stranded segment of DNA on
the message-complementary strand loops out in the
middie of the region hybridized to the RNA. This
looped-out segment of the complementary strand con-
tains DNA not included in the mature mRNA and is
therefore an intervening sequence separating the cod-
ing regions of the gene. Alternative forms of the R
loop (Figures 6B and 6C) show the two strands of the
intervening sequence as a compiete DNA dupiex sep-
arating the two haives of the R loop. A small knob
visible in one side of the R loop in Figure 6C may
correspond to an additional small intervening se-
Quence analogous to that observed in the adult -
globin gene.

One technical aspect of the R loop analysis is worth
noting. We frequently observed twisted structures
such as those shown in Figures 6D-6G. Measure-
ments indicate that these structures map to the 83
and B4 gene regions. This type of R loop probably
forms when the single-stranded intervening sequence
shown in Figure 6A hybridizes with the complementary
sequence on the displaced strand. A complete dupiex
cannot form, however, because of topological con-
straints introduced by the RNA-DNA hybrid at the
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base of the intervening sequence loop. As the two
strands wind in one direction, another portion of the
intervening sequence must wind in the opposite direc-
tion to relieve the superhelical tension. These struc-
tures (Figures 6D-6F) are probably equivaient to un-
derwound loops which are formed when DNA contain-
ing separated invertad duplications is denatured and
reannealed (Davis, 1868; Berg et al., 1975; Kleckner
et al., 1975; Broker, Soll and Chow, 1877).

Large intervening sequences in both genes 83 and
B4 are shown in Figure 6G. The intervening se-
quences are centrally located in the coding region,
and in this example have formed short hybrids with
the complementary DNA strand. Measurements of 34
molecules established the sizes of the coding and
noncoding regions of the two genes. In addition, the
asymmetry in the lengths of the ACh4A arms (19.2
versus 10.7 kb) made it possible to align the R loop
map with the restniction map (Lacy et al., 1979) and
thereby determine the 5' — 3’ onentation of the R
loops. Whiskers are occasionally observed at the 3’
ends (Figures 6B, 6C, 6F) which presumably contain
poly(A). A summary of the average values for the sizes
of genes 83 and B4 is shown in Figure 7. Both genes
have virtually identical dimensions, with a 5’ coding
region of 340 = 75 bp, a large intervening sequence
of 815 = 155 bp and a 3’ coding region of 230 = 70
bp. The genes are separated by about 8 kb of DNA.

Structure of Gene 54

To determine the precise location of the large inter-
vening sequence in gene B4, and to determine
whether the gene encodes a known rabbit B-like
globin polypeptide, we derived the nucleotide se-
quence flanking the intragenic Eco RI site in the 84
cDNA and genomic ciones. These sequences are
identical from codons 105 to 138 (Figure 8). The
sequence of the genomic clone differs from the cDNA
cione before codon 105, so the large intervening
sequence terminates at codon 105 as in gene 81. As
with the adult S-globin genes (Konkel et al., 1978,
van den Berg et al., 1978), the sequence around the
intron-exon junction is conserved between 81 and 84.
Sixteen of the 26 nucleotides preceding the junction
are identical in 81 and 84. Out of the 141 nucleotides
determined tor the protein-coding region of gene 84,
the sequence differs from rabbit aduit S-globin in 23
positions and from human y-globin (Forget et al.,
1979) in 18 positions (16 and 13% difference, re-
spectively). The predicted amino acid sequence dif-
fers significantly from the rabbit e-globin sequence
reported by Steinheider et al. (1975). Tweive of the
predicted 48 amino acid residues are difterent in this
region (25% difterence). The lack of correspondence
between these sequences indicates that either f4
does not encode an e-globin chain or that the pub-
lished polypeptide sequence for the region covered
by our DNA sequence is not correct.
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Rabbit €
B4 LeuHisCyeAsplysleuHisValAapProGluAsnPhelus
B CTGCACTETGACAXACTGCATGTQPA?CCTGAGAACTTCAAA 7800 nt,.. ATATGCCTAT
Bam HI
105 110 115
Rabbit € Ala AlaThrCysAszGlx SerHisg
BL LeuleuGlyAsnValleuleulleValleuAlaThrfitisPhe
8L GTATCATTTTGTCTTTTACCTAACAGCTCCTAGGAAACGTGCTGCTGATCGTTCTGGCCACTCATTTT
81  TCATGCCTTICTICTCITTCCT-ACAGCTCCTO
120 125 130 135 138
(Glz,
Asz, (Ala, (Leu, (Val,
Rabbit € Ser) Gin Ser) Ile) 4Aia)

BL GlulueGluPheThrProGluValGlnAlaAlaTrpGlnLusLeuValSerGlyValAla

Bl GGCAAAQAATTCACTCCGGAGGTGCAGGCTGCTTGGCAGAAGCTCGTGTCTGGTGTTGCA .

Eco RI
Figure 8 Partial Nucieotide Sequence of Gene 54

The Q0 the intragenic Eco RI site in 4 cONA and genomic DNA ciones 1s shown along with the predicied ameno acic
sequence. The ditterences between the e~globin sequence of Stemnhesder et al. (1975) and the 54 sequence are indicated. Due 1o heterogeneity
In the ¢~giobwn sequence. more than one smmo acd is ndicaled at some positions. Large and small capital letiers represent sequences
COrTespoONcing 10 the mature MRANA and the large IVS. respectively The numbers correspond to the amuno acid positions in A1

The of the o

B4 DNA ditters trom the cloned cCONA at positions betore the leucine codon at 105 This region. which

contains the 3' end of the large mtervening seque: . I8
cerrved from the 34 cDNA plasmid pRcS4 and from a

with the corr

Q region of the 81 gene The nucleotide sequences were

0 2 2.5 kb Pst | tragment trom ARS'GS8 containing the S84 gene

(pPst2.5). The sequence was not confirmed by Q the y strand.
S clone detects only one fragment in a genomic blot and
e the size of this fragment is identical to that found in
i B sessl seni | i ARB'G8. Alignment of restriction maps of the 84 ge-
[P p— I ey g nomic and cDNA clones confirms the location and
70C vac aec ke size of the large intervening sequence and reveals the
8 \ o ns / presence o? a second interruption i.n the 84 gene. As
\\-—un bom i /,/ shown in Figures 8A and 9B, the intragenic Bam Hi

cOna

at 22¢ 67 25¢C

Figure 9. Ewdence for a Small intervening Sequence in Gene 54
(A) A restnction map of the 2500 bp Pst | fragment contaming gene
4. Tius tragment. denved from ARS'G8. was nserted into the Pst |
site of pBR322 (Bolvar et al., 1977). Sequences found n MRNA are
shown as black boxes separated by intervening sequences (ivs | and
ivs ). The junction between the 3’ end of the large intervening
sequence (ivs i) and the remamcer of the MRNA-coding segment
were by Q! anatysis (Figure 8). The
other boundaries of the gene assume a direct analogy with the
structure ot gene 81 (Figure 3). Onty portions of the §' and 3° flanking
segments are shown. Sizes of DNA fragments are in base pairs.
(B) A restnction map of the CONA nsert m pRcS4. The serrated line
denotes the poly d(A)-d(T) taiis used to msert the CONA into the Pst
| site of pBR322.

The identity of coding sequences derived from the
B4 genomic and cDNA clones argues strongly that the
mRNA sequence represented in the cloned cDNA is
in fact transcribed from the 84 gene. This conclusion
is supported by the observation that the B4 cDNA

and Eco Rl sites are separated by 67 bp in the cCONA
clone and by 880 bp in the genomic cione. The size
of the large intervening sequence must therefore be
810 bp, a size in excellent agreement with that esti-
mated by R loop analysis (Figure 7). The presence of
a second intervening sequence of approximately 120
bp is indicated by the fact that the intragenic Hind i
and Bam HI sites are separated by 340 and 220 bp in
the B4 genomic and cDNA sequences, respectively.
The small knob observed on the 5' half of some R
loops (Figure 6C) is probably due to the presence of
the small intervening sequence. Although this intron
has not been located precisely, it seems plausible
that, as with 81 and all other 8-giobin genes thus far
examined (see Discussion), it is located between co-
dons 30 and 31.

Since the mRNA coding sequences of 83 and B4
share sequence homology with human y-globin and
both genes are expressed in embryonic erythroid
cells, it was of interest to compare the sequences
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Figure 11. Restnction Map of Gene 52 Showing the Regions Ho-
motogous to Cioned 81 cONA

The map shows the distribution of r . X o
sites within and flanking gene S2. The black boxes ndicate the
regions Oetected by the S1 probe pRcS1 The white box designates
the region of the gene wiuch does not hybriduze to erther pRcB1 (81
cDNA) or to pRB0.65 (81 mtron i) and therefore contans an mter-
vening sequence. The Eco RI site cor to the y of the
2.13 and 6.3 kb Eco Rl fragments shown in Figure 1.

within and flanking the two genes. We theretore ex-
amined heterodupiexes between the 83 and B4 genes
by electron microscopy. Attempts to analyze hetero-
duplexes between different bacteriophage A clones
were unsuccessful because of the presence of nu-
merous inverted and tandem repeat sequences (J.
Shen and T. Maniatis, manuscript in preparation)
which led to the formation of stem-ioop structures and
tangles of single-stranded DNA. We therefore con-
structed plasmid subclones containing either the 2.8
or 3.3 Eco RI fragments (Figure 1) which include the
5’ flanking, 5' coding and intervening sequences of
genes 83 and 4, respectively. The plasmid DNAs
containing inserts in the same orientation were linear-
ized with Sal |, which cleaves only once at a site within
the vector, and were mixed, denatured and rean-
nealed. A typical heteroduplex, shown in Figure 10,
reveals only a short region of homology (190 bp) in
addition to the pMB9 arms. Based on the measure-
ment of 22 molecules, this homology maps to a region
about 860 nt from the intragenic Eco RI site of the
two inserts. This distance places the dupliex in the
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Figure 10. Heterodupiex Analysss of Genes
B3 and B4

Eco RI tragments of 2.8 and 3.3 kb containing
the 5' coding and intervenng sequence of
genes 53 and B4, respectively, were solated
from clone ARS*'G8 and subcioned into pMBS
DNA trom these subciones was kneanzed with
Sal |, which cleaves only once within the vector
DNA (Rodriguez et al.. 1976). mxed. dena-
tured and renatured to form heterodupiexes
which were examned in the electron micro-
scope. The results of measunng 22 molecules
are given as the average sze : standard
deviahon n base paws. The left long dupiex
arm and right shor dupiex arm are the pMB9
vector seg . The single 0!
begin at the Eco RI sites of the insert The
photograph has the $' — 3’ transcnphonal
onentation of the genes arranged left to ngnt.

coding region between IVS | and IVS Ii of gene B4
(analogous to exon 2 of 81, Figure 3), assuming that
the small IVS in B84 is between codons 30 and 31.
Thus the 5’ flanking regions, exon 1 and the large
introns of 83 and S4 are not homoiogous. The heter-
oduplex data are not sufficiently precise to rule out
some homoiogy in the small intervening sequence.

Since the 3’ coding regions of genes 83 and 4 are
not contained in any subciones suitable for hetero-
dupiex analysis, we investigated these regions by blot
hybridization. By probing appropriate digests of the
gene B3 region with either cloned 84 cDNA or ge-
nomic DNAs, we were unable to detect hybridization
to the 3' Eco R! fragment of gene 83 (data not shown).
The biot hybndization and washing conditions were
sufficiently nonstringent (0.75 M Na*, 68°C) to allow
cross-hybridization between the 4 probe and a hu-
man e-globin gene (E. Fritsch, unpublished data) anc
chick adult and embryonic S-globin DNA (Dodgson,
Strommer and Engel, 1979). We conclude that the
region of homology between genes 83 and B4 is
limited to 190 bp. primarily in exon 2.

Structure of Gene 82

Gene 2 has two striking features. The first is its
limited sequence homology to all of the S-like globin
probes tested. The second is the apparent absence
of a 2 transcript in embryonic or adult erythroid RNA.
To determine whether the structure of 2 is similar to
that of other S-like globin genes, we constructed a
restriction map and localized the regions that hybrid-
ize to the aduit S-globin cDNA plasmid. The restriction
map in Figure 11 represents a 2.5 kb region of DNA
containing 82 sequences. We have previously shown
that the sequences to the left and right of the Hind il
site are homologous to the 5’ and 3' mRNA coding
regions of 81, respectively (Lacy et al., 1979). A 900 °
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bp segment of nonhybridizing DNA lies between the
Ava | and the Pvu |l sites at 550 and 1460 bp on the
map. Since the region homologous to 81 MRNA se-
quences spans 1300 bp but only 600 bp are needed
to encode a typical globin gene, an intervening se-
quence of at least 700 bp must be present. There is
no apparent homoiogy between the large introns of
B1 and B2 because no hybridization was detected
between a cloned fragment containing the large inter-
vening sequence from 81 and the Ava I/Hind Il frag-
ment containing the IVS of 82 (data not shown).

An interesting feature of the map in Figure 11 is the
distribution of restriction sites in the intervening se-
quence region. First, the Eco RI site found at the 3’
junction of the large intron in 81, 83, B4 and many
other S-globin genes is missing in 82. Second, the
Bam HiI site found at codons 88-100 in ail mammalian
B-globin genes studied thus far lies within the region
not homologous to 81 mRNA sequences. This indi-
cates either that the Bam Hl site lies in a coding region
diverged from that of 81 or that the Bam Hl site lies in
the large IVS of 82. Both possibilities suggest a struc-
ture different from that of other mammalian S-like
globin genes.

Discussion

All four isolated rabbit S-like globin genes contain at
least one large intervening sequence whose size var-
ies from 573 bp for gene 81 to about 800 bp for genes
B3 and B4. A second, small IVS has been identified in
B1 and B4. This tripartite structure of the message
coding sequence is a common feature of all globin
genes investigated, including the mouse S-major and
B-minor genes (Konkel et al., 1978; Konkel, Maizel
and Leder, 18978); the human § (Lawn et al., 1978; B.
Forget, personal communication), 8(Lawnetal., 1878
and our unpublished resutts), %y and *y genes (Smi-
thies et al., 1978; J. L. Slightom, A. E. Blechl and O.
Smithies, personal communication); the adult chicken
B-globin gene (Dodgson et al., 1979) and the mouse
a-globin gene (Leder et al., 1978). The locations of
intervening sequences are identical in every globin
gene for which nucleotide sequence data are availa-
ble, suggesting that acquisition of the two intervening
sequences must have been a very early event in the
evoiution of the gene family, possibly concomitant
with the formation of a functional ancestral gene
(Leder et al., 1978).

The nucleotide sequence of 81 presented here in
conjunction with a sequence independently derived
by other investigators (Mantei et al., 1879; Weissmann
et al., 1979) provides the first comparison between
the complete intron sequences in different alleles of
the same gene. It is interesting that there are four
nucteotides which differ in the two coding sequences
(all of which lead to amino acid replacements) while
onty two nucleotides are different in the large introns.
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The possible significance of this observation with re-
gard to intron evolution will be discussed eisewhere.
Comparison of 8 number of mammalian S-like globin
genes indicates that the sequences at intron/exon
junctions are highly conserved, but the remaining
intron sequences in most cases are not. For example,
the intervening sequences in all four S-giobin genes
discussed here share little sequence homology and
each intron is present only once in the rabbit genome.
Similarly, the large introns in the mouse 8™ and 8™
globin genes do not cross-hybridize (Tiemeier et al.,
1978); nor do the large introns of the human é- and
B-globin genes (Lawn et al., 1978). Less information
is available regarding sequence divergence of the
small introns. While these sequences in the adult
rabbit and mouse S-globin genes have diverged con-
siderably (van den Berg et ai., 1978), the smali introns
in the mouse g™ and ™ genes are highly conserved
(Konkel et al., 1879).

Transcripts from genes 81-54 are present at vastly
different levels during rabbit development. Gene 1
transcripts are found predominantly in adult erythroid
tissue, whereas RNA trom 83 and B4 is found in
embryonic globin-producing cells. Aithough we have
not identified 83 and 84 as embryonic or fetal globin
genes, it is clear that 81, 83 and B4 are either differ-
entially transcribed or their transcripts are differen-
tially processed during deveiopment. In contrast, no
mature mRNA from 82 was detected in anemic adult
bone marrow or reticulocyte RNA or in the RNA from
12 day embryos. Thus 82 does not correspond to the
rabbit minor adult B-like sequence reported by Clis-
sold et al. (1977), nor is it the analog of the human
5-globin gene which is expressed in immature adult
erythroid cells (Wood et al., 1978) or of the sheep
B°-globin gene whose expression is induced by ane-
mia (Nienhuis and Benz, 1877).

One possibie explanation for the failure to detect
mature 82 mRNA transcripts is suggested by the
structure of the gene. B2 has a large intervening
sequence of 700-800 bp, but the number and loca-
tion of restriction sites near the junctions between
coding and noncoding sequences are different in 82
than in other S-like globin genes. This unusual struc-
ture suggests the possibility that 82 may be tran-
scribed into a precursor which is not a suitable sub-
strate for splicing. Experiments to test this interesting
possibility are in progress.

The cluster of four rabbit globin genes reported in
this paper may not include all of the B-like sequences
present in the rabbit genome. When the human y=
globin cDNA piasmid is used as a hybridization probe
to Eco Ri-digested rabbit DNA in a blot hybridization
experiment, three fragments which are not present in
the gene cluster are detected (Lacy et al., 1979). The
polypeptide information summarized in Table 1 pre-
dicts the existence of only three or four S-like globin
genes in the rabbit and mouse. The detection of
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additional rabbit S-like globin sequences, however,
coupled with the isolation of a cluster of four non-adult
B-like globin genes from a library of mouse DNA (S.
Weaver, N. Haigwood, C. Jahn, C. Hutchison and M.
Edgell, personal communication) and a recent report
describing the isolation of a mouse fetal hemogiobin
(Wu, Sikkema and Zucker, 1978) argue that the rabbit
and mouse S-like globin gene families may not be
unlike the human globin gene tamily with regard to
gene number and the complexity of developmental
regulation.

One interesting question posed by the organization
of the rabbit globin gene cluster invoives the possibie
function of the intergenic sequences. Out of a total of
44 kb of chromosomal DNA in the cluster, oniy 6 kb
encode globin genes. The sequences between the
pgenes could encode regulatory signals or nonglobin
structural genes. Preliminary experiments indicate the
presence of transcrpts in total embryonic poly(A) RNA
which are homologous to nonglobin sequences
throughout the gene cluster. but we have not yet
determined whether these homologous sequences are
actually transcribed from the rabbit S-globin gene
cluster. Characterization of the intergenic regions by
cross-hybridization and heteroduplex analysis has re-
vealed a compiex array of sequenes which are re-
peated within the gene cluster (J. Shen and T. Man-
iatis, manuscript in preparation), some of which hy-
bridize to a nonglobin cDNA clone prepared from
embryonic erythroid RNA (E. Butier, unpublished re-
sults). The study of transcription and sequence orga-
nization in the intergenic regions of the rabbit S-like
globin gene cluster may provide insight into the mech-
anism of differential globin gene expression.

Expenmentsl Procedures

Preperation of RNA from Erytiwoid Tissues

Anemia was nduced i adult male New Zealana white rabbdi!s by
phenyinydrazine iyection (Crystal. Eison ana Anderson, 1974). For
RNA molation from blood or bone marrow. celis were pelieted and
washed in 0.14 M NaCl. 0.005 M MgCl;. 0.05 M KCI. 1 U/mi heparin
and 0.01 M io0cacetate (pH 7.0) 12 day rabbit embryos were
coltecied from female New Zealand white rabbits following acmimis-
tration of lethal doses of peniobarbita!. Total RNA was isolsted as
Gescribed by Ulinch et al. (1977) and modified by J. Hirsch (personal
commumication). The celis were Q d N 4 M Q m
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pets in 0.025 M sodium citrate (pH 3.5), 6 M urea (Lehrach et al..
1977). The RNA was heated at 68°C for about 3 min in 0.025 M
crirate. 6 M urea before eiectrophoresing at 4°C, 150 V., 10.5 hr. To
visushize the RNA bands by ethidium bromide staining and 10 aliow
transter of RNA to diazo-celiulose (Alwine et al.. 1977), the gel was
washed six times i 0.025 M citrate, 0.5 ug/ml ethidwum bromide. In
the second procedure. RNA was reacted with giyoxal (Matheson,
Coleman and Bell. 40% aqueous soiution) and run on a 1.5% agarose
gel (McMaster and Carmichael. 1977). The RNA from both types of
gets was biofted followmng the procedures described by Wani, Stern
and Stark (1879) exceo! that an ary lose paper pDed
by B. Seed was used as the subsirate for diazotization The RNA-
celiuiose was hybnawzed with radiocactive probes as described (Wahl
ot al., 1979) with the modifications given by Lacy et al. (1979).

Electron Microscopy
R Loop Anstyus
To ncrease the frequency of fuli-length molecuies n the R loop
anatysis, DNA trom cione ARS'G8 was cross-inked lightly with Dso-
raten as recommended by Kaback o1 ai. (1979). R ioop hybridization
reactons (Thomas. White and Davis, 1976) contained 2 ng/ ul DNA,
5 ng/ul poly(A) RNA trom whole 12 day rabbit embryos (about 5%
89S globn RNA). 70% recrystalized formamide (gift irom P Chandier).
0.9 M NaCl 0.1 M HEPES (pH 7.5). 0.01 M EDTA Alguots of 5 ul
were sealed N glass muci y tubes. i at
$9°C for 11-24 hr. acced /mmediately 10 a 40 ul hyperphase con-
taining 50%- tormamice. 0.1 M Trnis-HCI (DM 8), 0.01 M EDTA, 50
u@/ml cytochrome c. 0.07 ng/gl relaxed crrcular PM2 marker DNA
(a gitt from R. Parxer) and spread onto a hypophase of 17% form-
amide. 0.01 M Tns-HCl (pH B), 0.001 M EDTA (Chow, Kahmann and
Kamp, 1977: Tighman et al.. 1978a) The R 100p spread was stained
and shacowed as described by Dawis, Simon and Dawvigson (1871)
and vewed in a Philips EM300 electron microscope Photographs of
moiecules were measured with a Hewieti-Packard digrizer: the size
of PM2 was taken as 10.040 bp (T. Sargent. personal communica-
tion)
Heterodupiex Anslysis
DNA trom subciones 0R2.8 and pR3.3, contarng the Eco Ri 2.8 and
3.3 kb tragments from genes 83 and 54, respectively, was linearized
by aigestion with Sal | and extracted with phenol and ether. Sampies
of DNA (125 ng from each subctone) were mixed. denatured In 0.1 N
NaOH. 0.02 M EDTA for 10 mm at room temperature. neutralized by
adding 0 1 vol 2 M Tnis~HClI (pH 7) and renatured atter adding an
equal volume of formamice (Dawis et al.. 1971) The final renaturation
conditions were 5 ng/ul 1otal DNA, 0 1 M Tris=HCI (DH B.5). 0.05 M
NaCi. 0.0' M EDTA, 50% furmamide for 1 hr a! room temperature.,
Cot = 0.054. Heterooupiex DNA (20 ng) was spread as described
above for R loops. The photographed sirucCtures were measured as
the tractional length of the molecule and converted 10 base parrs
using the known sizes of the subciones.
DNA Sequence Anslysis
DNA nuclectioe sequences were determined by the method of Maxam
and Gilbert (1977, 1979) Enzymes used in the analysis were pur-
from New Eng BioLabs, B R . PL Biochem-

thwocyanate (Fluka/Tridom). 1 M S-mercaptoethanol. 0.1 M sodium
acetate (pH 5), 0.01 M EDTA. 1 g CsC! was added per mi and the
solution was transterred to a 80Ti polyaliomer tube onto a CsCl
cusiwon (one tourth volume CsCl. p = 1.82. n 0.1 M

icals anJ Boenhnnger-Mannhesm. The enzyme Hmin 389 Il was a gift
from L. Sauth. y=>*P-ATP was purchased from either NEN or ICN

(pH S). 0.01 M EDTA]. The RNA was banced by centritugation i a
B80Ti rotor at 45,000 rpm for 28 hr at 20°C. Flakes of RNA which
bend at about two thwrds from the top of the tube were collected,
Gislyzed aganst yipy eated 20 mM HEPES (pH
7.5). 1 mM EDTA, 10 mM 10doacetate, phenol-extracted twice i the
presence of 0.05% SDS and precipitated with ethanol. Purified em-
bryonic es were ob following the mechanical disag-
Qregation of blood 1siands, and cytoplasmic RNA was purttied by the
method of Longacre and Rutter (1877).

RNA Blot Hybridization Experiments
Samples of RNA were separated by suze using either one of two
procedures. In the first, the RNA was electrophoresed on 1% agarose
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Summary

We report the nucleotide sequence of a rabbit B globin pseudogene, Y82. A comparison
of the Y82 sequence with that of the rabbit adult B globin gene, B1, reveals the
presence of frameshift mutations and premature termination codons in the protein
coding sequence which render Y82 unable to encode a functional 8 globin polypeptide.
y B2 contains two intervening sequences at the same locations in the globin protein
coding sequence as B1 and all other sequenced B globin genes. An examination

of the DNA sequences at the intron/exon junctions suggests that a putative Y82
precursor mRNA could not be normally spliced. We also present a detailed comparison
of the flanking and noncoding sequences of Y82 and 81 and a discussion of the

phylogenetic relationship between these two genes.
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Introduction

A cluster of four different B-like globin gene sequences has been isolated from a
bacteriophage A library of rabbit chromosomal DNA in a set of overlapping clones
which together contain 44 kilobase pairs (kb) of contiguous DNA (Maniatis et al.,
1978; Lacy et al., 1979). The linkage arrangement of the four genes, B 1-84, is shown
in Figure 1. Approximately 5-8 kb of DNA separate each gene pair and all four
genes are transcribed from the same strand of DNA in the orientation 5'-84-83-82-
B1-3'(Lacy et al., 1979).

The nucleotide sequence of gene B1 shows that it encodes the rabbit adult
B globin protein (Hardison et al., 1979). The presence of B3 and R4 mature mRNA
transeripts in nucleated reticuloeytes from the blood islands of 12-day rabbit embryos
suggests that these genes encode embryonic and/or fetal B globin polypeptides.
Furthermore, the 83 and B4 genes hybridize more efficiently to embryonic than
to adult erythroid RNA (Hardison et al., 1979). Therefore, the 81, 83, and R4 genes
appear to be differentiélly expressed during development.

Gene B2 hybridizes more efficiently to adult than to embryonic 8 globin
mRNA sequences. Howeve_r, no 82 mRNA transcripts have been detected in either
adult bone marrow and reticulocytes or in embryonic erythroid cells (Hardison et al.,
1979). One possible explanation for the apparent lack of B2 transeripts is that gene
B2 is a globin pseudogene, a B-like sequence that does not code for a functional
B globin polypeptide. o and B globin genes which cannot be identified with known
polypeptides have been discovered in several other mammalian species including
mouse (Vanin et al., 1980; Nishioka, Leder and Leder, 1980; Jahn et al., 1980), human
(Lauer, Shen and Maniatis, 1980; Proudfoot and Maniatis, accompanying manuscript;
Fritsch, Lawn and Maniatis, 1980) and goat (Haynes et al., 1980). To determine
whether B2 contains deletions, insertions, or base changes that would generate a

nonfunctional globin gene, we have determined its nucleotide sequence and compared
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it to that of a known functional 8 globin gene, B1.

Results and Discussion

The Protein Coding Region

Figure 1 shows the strategy we used to determine the DNA sequence of 82 by the
Maxam-Gilbert base-specific chemical degradation technique (Maxam and Gilbert,
1977). An alignment of the nucleotide sequences of B2 and B1 is presented in Figure 2.
To make this alignment, deletions and insertions were included in the B2 sequence
wherever necessary to maintain identical reading frames and maximum DNA sequence
homology in the protein coding regions.

An examination of the two coding sequences reveals that a base has been
deleted in B2 at codon 20. This deletion would shift the translational reading frame
of a putative 82 mRNA relative to B1 and result in an in-phase terminator, TGA,
spanning codons 28 and 29 in B1l. Consequently, a 82 mRNA would code for a protein
that is only 27 amino acids long. Another terminator occurs in B2 at codon 125 and
a second frameshift mutation (a deletion) occurs at codon 128. In addition, base
changes have replaced aminb acids at several sites conserved in many 8 globin poly-
peptides (Dayhoff, 1972). Some of these altered sites are known to function in heme
binding and in interactions with a globin chains (Eaton, 1980). Thus, the nucleotide
sequence analysis of B2 has revealed the presence of mutations that have rendered
it unable to produce a functional 8 globin polypeptide. We will, therefore, refer

to this gene as YB2 to indicate that it is a 8 globin pseudogene.

Comparison of the Noncoding and Flanking Sequences of 82 and 81

There are at least two classes of mutations which could potentially make a gene
unable to code for a functional polypeptide. One class consists of insertions/deletions
and base changes which result in frameshifts, missense mutations and premature

termination codons in the protein coding sequence. As mentioned above, such alterations
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are found in the nucleotide sequence of (B2. A second class consists of mutations
affecting the transeription and processing of nuclear mRNA precursors. In general,
genes coding for defective polypeptides may also selectively accumulate mutations
preventing the generation and accumulation of a nonfunctional proteins. Sequences
which may function in the regulation of transcription and processing have been identified
in the noncoding and flanking regions of several eukaryotic genes on the basis of
sequence conservation. A comparison of the noncoding and flanking sequences of

VB2 and B1 is presented in the following sections to determine if Y82 has acquired

base changes in the sequences conserved in mammalian globin and other eukaryotic

genes.

The 5' Flanking Region
Figure 3A shows an alignment of the YR8 2 sequence from base pair -101 to +1 (see
Figure 2) with the sequences 5' to the mRNA capping site in the rabbit 81, human B
and mouse Bmaj globin genes. Counting each insertion or deletion as one mismatch,
the B1 and YB2 5' flanking sequences are 71% homologous. Most of this homology
is found in three regions 5' to a putative mRNA capping site in Y82: 1) between
-12 and +1, 2) between -18 and -35, and 3) between -77 and -84 base pairs. Both
regions 2 and 3 are highly conserved among functional adult 8 globin genes (Figure 3A).
Region 2 contains an A-T rich sequence originally identified in Drosophila
histone genes ("the Hogness box") (Goldberg, 1979) and subsequently shown to begin
30 to 31 base pairs 5' to the cap site in most eukaryotic structural genes (see Baker
et al., 1979, and Benoist et al., 1980, for references). A comparison of a number
of different B-like globin genes has revealed that the A-T rich sequence CATAAA
is found in most of these genes, but that the only sequence shared by all the B-like
globin genes is PyATAPu. This sequence was therefore designated the ATA box
(Efstratiadis et al., 1980). The conserved position of the ATA box relative to the

mRNA capping site and its similarity to the "Pribnow box" (TATAAT) of prokaryotic
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promoters (Pribnow, 1979) has led a number of investigators to propose that the
ATA sequence is involved in the initiation or processing of transecripts from eukaryotic
structural genes (see Baker et al., 1979; Grosschedl and Birnstiel, 1980; and Efstratiadis
et al., 1980, for a discussion).

Region 3 contains a sequence, CACCCT, which is found in all except one
of the adult B globin genes thus far sequenced (Efstratiadis et al., 1980). The fact
that the CACCCT sequence is not conserved in the embryonic and fetal human B-like
genes (Efstratiadis et al., 1980) nor in other eukaryotic genes (Benoist et al., 1980),
including the mouse and human a globin genes (Nishioka and Leder, 1979; Liebhaber
et al., 1980) suggests that this sequence is specific to adult B globins.

A region of strong sequence homology found in the 5' flanking region of
all mammalian globin genes thus far studied is deleted in Y82. With the exception
of the human § globin gene, which has the sequence CCAAC, all the B-like globin
genes contain the sequence CCAAT ("CCAAT box") 80 base pairs 5' to the mRNA
capping site. In addition, an identical sequence is found at a similar location in
both the mouse (Nishioka and Leder, 1979) and human (Liebhaber et al., 1980) o
globin genes. The CCAAT box, however, does not appear to be unique to mammalian
globin genes. Benoist et al. (1980) have observed a related sequence in a similar
location in the 5' flanking sequences of the chicken ovalbumin and conalbumin genes
and the adenovirus early IA gene. The alignment in Figure 3A clearly shows that
the CCAAT sequence is missing in Y82 and that this is the major difference between

the 5' flanking region of Y82 and that of 81 and other mammalian globin genes.

The 5' Noncoding Region

Figure 3B shows an alignment of the {82 sequence from base pair +1 to +51 (see
Figure 2) with the sequences between the mRNA capping site and the initiator ATG
in the rabbit 81, human 8 and mouse Bmaj globin genes. There are 10 base changes

between B1 and YB2 in the 5' noncoding region, resulting in an overall homology
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of 81%. Thus, the 5' noncoding regions of 81 and Y82 are as conserved as those
of the mouse adult Bmaj and Bmin genes, which have a homology of 80% (Konkel,

Maizel and Leder, 1979), but less conserved than the 5' noncoding regions of the

two human adult genes, 8 and §, which share a homology of 92% (Efstratiadis et al.,
1980).

The sequence comparisons presented in Figures 3A and 3B identify a putative
mRNA capping site in Y82 and suggest that the first three nucleotides of a mature
B2 mRNA would be AUG. A second AUG is found in the putative 5' noncoding region
of VB2 at the site expected for the initiation of protein synthesis. Since translation
initiates at the AUG closest to the 5' end of a mRNA (Kozak, 1978), it is conceivable
that a VB2 message beginning with a capped AUG might not be translated correctly
or efficiently.

The sequence CUUPyYUG, first noted by Baralle and Brownlee (1978), is
found in the 5' noncoding region of all mammalian o and B globin genes for which
sequence information is available (Efstratiadis et al., 1980). Since the CUUPyUG
sequence shares homology with a conserved purine-rich region at the 3' end of eukaryotic
18S rRNAs, Hagenbiichle et al. (1978) have speculated that this sequence may function
in the initiation of translation. B2 contains a CUUPYyUG sequence (UAUUUG)
which differs in two bases from the sequence in 81 (CUUUUG) (Figure 3B). An
alignment of the 81 and B2 sequences with the purine-rich sequence in 18SrRNAs -
3' UAGGAAGGCGU 5' - (Hagenbuchle et al., 1978) indicates that the Y82 sequence
would form a less stable hybrid than the B1 sequence.

Between the putative capping site and initiator ATG, B2 contains 48 base
pairs (bp) whereas B1 contains 53 bp (see Figure 3B). The difference in length can
be accounted for by a deletion of 5 base pairs from 81, 3 base pairs before the ATG.

An examination of the sequence in this region reveals that part of a direct repeat -

CAGACAGA - has been lost in ¢82. An analysis of the DNA sequence at hot spots
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for spontaneous mutations in the lac I gene of E. coli suggests that direct repeats
may be involved in the generation of deletions (Farabaugh and Miller, 1978). A similar
loss of direct repeats in noncoding sequences has been noted by Efstratiadis et al.
(1980) when making pairwise comparisons of the rabbit, human, and mouse B-like
globin genes. To obtain an alignment that maximizes homology in any one gene
pair, it was often necessary to assume that deletions had occurred in one of the
two genes. They observed that deletion sites are flanked by short direct repeats
and that a deletion removes one repeat completely and part or none of the other
repeat. A mechanism, which is based on models proposed for prokaryotic systems
(Farabaugh and Miller, 1978; Streisinger et al., 1966), is presented by Efstratiadis
et al. (1980) to explain how deletions might be generated from the mispairing of

repeats during replication.

Intervening Sequences

The mRNA coding region in all a and B globin genes studied thus far is interrupted

by two intervening sequences (Tilghman et al., 1978a; Jeffreys and Flavell, 1977;
Lawn et al., 1978; Konkel, Tilghman and Leder, 1978; Konkel et al., 1979; Smithies

et al., 1978; Mantei et al., 1979; Hardison et al., 1979; Proudfoot and Baralle, 1979;
Dodgson, Strommer and Engel, 1979; Efstratiadis et al., 1980; Leder et al., 1978;
Lauer et al., 1980). DNA sequence analyses of B globin genes have shown that in

all cases one intron (IVS 1) is located between codons for amino acids 30 and 31,

while the second, larger intron (IVS 2) is located between codons 104 and 105. There-
fore, a globin mRNA sequence is encoded in the genome in three discontinuous blocks:
exons |, I1, and III. We previously identified an intron of 700-900 bp in the Yy B2 gene
by hybridization and restriction mapping experiments (Hardison et al., 1979). The
existence of this large intron (IVS 2) is confirmed by comparing the nucleotide sequences
of the YB2 and B1 genes (Figure 2). This comparison also shows that Y82 contains

a second, smaller intervening sequence (IVS 1) and that the locations of both introns
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in YB2 are identical to those found in all other B-like globin genes.

IVS 1 of YB2 is 26 bp smaller than IVS 1 of 81 (100 vs. 126 bp). Most of
this difference in size can be accounted for by assuming that a 21 bp region immediately
adjacent to the 3' end of IVS 1 was deleted in YB2 (Figure 2). We note that the penta-
nucleotide GGCTG occurs near both end points of the putative deletion. The previous
section on the 5' noncoding region of Y82 discussed the possible involvement of
short, direct repeats in the generation of deletions (Farabaugh et al., 1978; Marotta
et al., 1977; Efstratiadis et al., 1980). It is possible that this deletion was produced
by the proposed mispairing mechanism.

IVS 2 of B2 is approximately 200 bp larger than IVS 2 of 81. Only a portion
(457 bp) of the second intron in YR 2 has been sequenced, including 176 bp from the
5' junction and 281 bp from the 3' junction. Previously, we reported that the large
intron of the Y82 gene does not hybridize to the B1 gene (Hardison et al., 1979).

This observation is consistent with the fact that, with the exception of a few nucleo-
tides at the intron/exoﬁ junctions, we were unable to make any reasonable alignments
between IVS 2 of 81 and the available nucleotide sequence of IVS 2 in VB2.

A consensus sequence has been derived from an analysis of the DNA sequences
at the intron/exon junctions of several eukaryotic genes (Lerner et al., 1980; Crick,
1979). The consensus sequence defines a common splicing frame which prediects,
with three exceptions, that an intron begins with GT and ends with AG (Breathnach
et al., 1978; Lerner et al., 1980). An examination of the four intron/exon junctions
in YB2 indicates that, if this pseudogene is transeribed, the introns could not be
excised according to the splicing frames specified by the econsensus sequence in
the 81 gene.

Figure 4 presents a comparison of the DNA sequences at the intron/exon
boundaries of Y82 and B1. The 5'junction of IVS 1 in Y82 differs in 4 out of 15 bp

from the B1 junction. The presence of the dinucleotide GT in VB2 suggests that
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the 5' junction could serve as a substrate for splicing. However, the occurrence

of a deletion at the 3' end of IVS 1 makes it unlikely that a Y82 transeript could
be normally spliced. An AG dinucleotide is present near the IVS 1/exon II junction,
but its location within exon II would lead to a splice which would alter the normal
globin translational reading frame.

The sequence at the 5' junction of IVS 2 in Y82 shares 13 out of 15 bp with
the B1 sequence and is consistent with a GT/AG splicing frame. The 3' junction,
on the other hand, can best be aligned with the 81 sequence if a deletion is included
in YB2 at the G in the AG dinucleotide. However, if the splice is placed after the
AG in the second codon of exon III, the {82 sequence lines up with the consensus
sequence in Figure 4 in 9 out of 11 bases. This splice would not disrupt the trans-
lational reading frame, but it would delete the codons for amino acids 105 and 106
in the resulting mRNA.

The mouse, rabbit, and human 8 globin genes are transeribed into 15-17S
nuclear RNA precursors which contain both intron sequences. Subsequently, the
intervening sequences are spliced out in steps to generate mature mRNAs (Tilghman
et al., 1978b; Kinniburg, Mertz and Ross, 1978; Kinniburg and Ross, 1979; Flavell
et al., 1979; Hardison et al., 1979; Maquat et al., 1980; Kantor, Turner and Nienhuis,
1980). The observation that a Y B2 transcript may not be a suitable substrate for
RNA processing raises the possibility that yB82 transeripts may accumulate in the
nucleus as unspliced precursor mRNAs. Kantor et al. (1980) and Maquat et al. (1980)
have reported that the deficiency of mature B globin mRNAs in several B* thalassemia
patients results from the inefficient processing and consequent accumulation of
nuclear precursors. However, the nucleotide sequences have not been determined
for the B* thalassemia genes in these studies and thus, it is not known whether

there are base changes in the intron/exon junctions.



62

VY B2 mature mRNAs are not detected in anemic adult bone marrow and
reticulocyte RNA or in RNA from 12-day embryos (Hardison et al., 1979). To
determine whether Y82 precursor mRNAs are present in rabbit erythroblasts, a
blot of total and poly(A) RNA (Alwine, Kemp and Stark, 1977) from the bone marrow
of an anemiec rabbit was hybridized to the second intron from both $82 and B1.
81, but not YB2, precursor RNA molecules were detected (EL, unpublished results).
This observation indicated that, if Y82 is transeribed, its mRNA precursors are
present at less than a tenth the concentration of B1 precursors in anemic adult rabbit
bone marrow cells. The lack of Y82 eytoplasmic and nuclear precursor mRNA sequences
in embryonic and adult erythroid cells (Hardison et al., 1979), suggests that {82

may not be transeribed in vivo or, if it is, its transeripts are rapidly degraded.

The 3' Noncoding Region
A termination codon, TAA, is found in Y82 at the end of the putative protein coding
sequence (Figure 2). A different termination codon, TGA, is used in the 81 sequence.
Figure 2 shows a comparison of the noncoding sequences 3' to the termination codon
in Y82 and B1. The two sequences clearly do not share extensive homology in this
region, since an alignment requires the introduction of several deletions or insertions.
The only sequence common to Y82 and 81 is the hexanucleotide AATAAA, which
precedes the poly(A) addition site in several eukaryotic mRNAs (Proudfoot and Brownlee,
1976).

This lack of significant sequence homology is consistent with the results
of blot hybridization experiments which indicate that the 3' end of Y82 cannot be
detected with a labeled 81 probe (Lacy et al., 1979). It should be noted, however,
that the divergence between the 3' untranslated regions of Y82 and 81 is not necessarily
a direct consequence of B2 evolving as a pseudogene. The 3' noncoding regions
of the human, mouse, and rabbit B-like globin genes sustained many deletions and

insertions during their evolution (Efstratiadis et al., 1980).
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Phylogenetic Relationships
To learn more about the evolutionary relationship between Y82 and 81, we have
calculated the divergence between the protein coding sequences of these two genes.
Over evolutionary time, the DNA and protein sequences of homologous genes accumulate
changes and diverge. In general, two types of base changes occur: those that generate
amino acid replacements (replacement substitutions) and those that produce synonymous
codons (silent substitutions). The acecumulation of replacement substitutions in a
particular family of proteins is proportional to time, although different proteins
accumulate replacements at different rates. This property, referred to as the
evolutionary eclock hypothesis, was first established by comparing the amino acid
sequences of related proteins (for a review see Wilson, Carlson and White, 1977).
Recently, Perler et al. (1980) have developed an improved method for calculating
the divergence between the protein coding sequences of homologous genes. Their
analysis of the divergence of insulin and globin gene sequences also indicates that
replacement substitutions provide a reliable evolutionary clock and that the rate
of accumulation of silent substitutions, which is greater than that of replacements,
cannot serve as a clock over a long time scale. However, silent substitutions may
be able to serve as a clock when the sequences in question have diverged in recent
evolutionary time (i.e., within the last 85 million years) (Perler et al., 1980).

To confirm that Y82 is more closely related to the adult gene, 81, than
to the embryonic genes, 83 and B4, we have estimated the amount of divergence
between the protein coding sequences of the four rabbit R-like globin genes (Table 1,
Part A). Our analysis includes only the second exons because the available nucleotide
sequence for genes B3 and B4 (provided by R. Hardison and E. Butler, unpublished
results) does not include the first and third exons. The percent divergences were
calculated from pairwise comparisons following the procedures described in Perler

et al. (1980). The resulting percentages were corrected for multiple events, assuming
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that base changes are Poisson-distributed (Salser, 1977; Perler et al., 1980). It is
clear from the results for replacement site substitutions listed in Part A of Table 1
that Y B2 shares more homology with 81 than with either B3 or B4.

The methodology of Perler et al. (1980) has been used to calibrate an
evolutionary clock for globins (Efstratiadis et al., 1980). Aeccording to this clock,

a 1% change in replacement sites requires 10 million years to become fixed in two
initially identical genes, an UEP (unit evolutionary period) of 10. Therefore, the
approximate time of divergence for two B globin genes can be estimated from the
percent divergence calculated from replacement site substitutions. A percent divergence
value for a pair of genes actually represents the sum of the sequence differences

each gene has accumulated as it diverged from the common ancestral gene. In addition,
the time of divergence predicted for a pair of genes does not necessarily correspond

to the time when the gene duplication event took place. If the initial products of

the gene duplication were corrected against each other for an unknown period of

time, the time of divergence would correspond to the time of the last gene correction
event (Efstratiadis et al., 1980).

Part B of Table 1 compares the percent divergence calculated from an
alignment of the entire protein coding sequences of Y82 and B1 with the percent
divergence calculated for the human § and B globin genes (Efstratiadis et al., 1980).
VB2 and B1 exhibit a greater degree of replacement site divergence (16.9%) than
do § and B (3.7%) although both pairs of genes have accumulated a similar number
of silent substitutions. The percent divergence in silent substitutions for the §/8
gene pair predicts the same time of divergence as the replacement site substitutions,

40 MY (million years) ago (Efstratiadis et al., 1980). According to the clock constructed
from silent substitutions, 81 and V82 also began to diverge quite recently, i.e.,
55 MY ago. In contrast, the replacement substitutions predict that the rabbit adult

B globin genes diverged approximatley 170 MY ago. One interpretation of the
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discrepancy in the predicted times of divergence is that the replacement sites in

Y B2 were not under selective pressure for the entire period of time since the 81-yg2
divergence. In this case, the percent divergence calculated from silent substitutions
would more accurately predict the time of divergence of 81 and yBg2.

If B2 was a pseudogene from the time it started to diverge from 81 55 MY
ago, we might expect replacement sites to be equivalent to silent sites. In other
words, all base changes would be silent substitutions and replacement substitutions
would accumulate at a similar rate to silent substitutions. Since the percent divergence
in replacement sites is approximately two-fold lower than in silent sites, y 82 probably
diverged for a time from B1 as a functional gene before acquiring mutations that
rendered it nonfunctional and unselected.

It is possible to estimate the time at which ¢ 82 became a pseudogene if
we consider the divergence between two related genes as the sum of the divergences
of each gene from the common ancestor. The rate of change in replacement sites
between two selected globin genes is 0.1%/MY, while the rate of change in silent
sites is 0.8%/MY. Thus, the 16.9% divergence between 81 and Y82 would be the
sum of the percent divergence accumulated by 81 as a selected gene for the last
55 MY (55 x 0.05) and of the percent divergence accumulated by Y82 during N years
under selection (N x 0.05) and during 55-N years as an unselected globin gene (55-N x
0.4). This calculation predicts that Y82 diverged as a functional globin for 22 MY.
Then approximately 33 MY ago, well after the mammalian radiation (85 MY ago),

Y B2 began to diverge as an unselected globin gene.

Concluding Remarks

The occurrence of pseudogenes in eukaryotic gene clusters was first reported in

the oocyte 5S DNA repeat unit of Xenopus laevis (Jacq, Miller and Brownlee, 1977;
Miller et al., 1978). In each repeat unit there are two 5S gene sequences. One gene

encodes the complete oocyte 5S RNA while the second gene (the pseudogene) differs



66

from the first by 10 base substitutions and a 3' terminal deletion of 19 bp. Since
pseudogene transcripts were not detected in vivo, the presence of a pseudogene

in the 58S repeat unit may have no functional significance. Rather, its presence
may simply be a consequence of the mechanisms of duplication and gene correction
which are thought to act on multigene families (Miller et al., 1978).

The aberrant nucleotide sequence of Y82 and the apparent absence of Y82
transeripts in vivo indicate that this gene is also a pseudogene. Similar pseudogenes
have been identified in other mammalian globin gene clusters. Nucleotide sequence
analyses of a human a globin pseudogene, Yal (Lauer et al., 1980; Proudfoot and Maniatis,
accompanying manuseript), and a mouse 8 globin pseudogene, waw-a (Jahn et al.,
1980), revealed the presence of deletions, insertions and base changes which altered
the translational reading fl;ame of the protein coding sequences. Yal contains two
intervening sequences at positions identical to those of functional a globin genes.
However, as in the case of Y82, splicing cannot occur at the intron/exon junctions
of Yal in accordance with the splicing frames specified by the consensus sequence
of Lerner et al. (1980). The DNA sequence of another a pseudogene in mouse (designated
@30.5 by Vanin et al., 1980, and a-3 by Nishioka et al., 1980), demonstrated not only
the presence of premature termination codons and frameshift mutations in the protein
coding sequence but also the precise excision of both intervening sequences.

The location of the mouse a globin pseudogene with respect to the functional
mouse a globin genes is unknown. However, the locations of Vg2, waw-a, and Val
in their respective globin gene clusters have been established. In each case, the
pseudogene is found between the embryonic (or fetal) genes and the adult genes.

A B-like sequence, Y81, which cannot be identified with a known globin polypeptide,
is found in the human B-like globin gene cluster, also between the adult and fetal
genes (Fritsch et al., 1980). The equivalent position occupied by pseudogenes in

the different mammalian globin gene linkage groups suggests that pseudogenes may
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have some, as yet unidentified, function in the gene clusters. However, the observation
that YR 2 and B1 diverged well after the time at which adult and embryonic (fetal)
specific globin sequences began to appear (approximately 200 MY ago [Efstratiadis
et al., 1980]) indicates that the creation of the rabbit B pseudogene was not coincident
with the formation of the gene cluster. In addition, the fact that the rabbit Y82
gene and the human a globin gene, Yal, diverged relatively recently from their
functional counterparts suggests that pseudogenes independently arose in different
gene clusters. Consequently, the pseudogenes that have been identified in different
mammalian globin gene families cannot resemble each other in location or function
as a reuslt of a common evolutionary history.

As in the case of the 5S pseudogene, globin pseudogenes may have no function
but may simply be products of gene duplication and subsequent sequence divergence.
A common feature of globin gene clusters, which reflects their evolution by gene
duplication, is the occurrence of two adjacent genes which are coordinately expressed
during a given developmental stage. In humans, the fetal B-like and the adult a-like
globin polypeptides are encoded in pairs of nearly identical and closely linked genes,

G, A

Y-""y and al-a2, respectively (Slightom, Blechl and Smithies, 1980; Lauer et al.,

1980). Both members of the a globin gene pair are expressed at similar levels, whereas
the ratio of GY to AY expression varies during the fetal to adult switeh (Comi et al.,
1980). In contrast, the similar but non-identical adult Bmaj and Bmin globin genes

of the mouse are expressed at quite different levels in some strains of mice (Russell
and McFarland, 1974). In other strains, only one adult B globin polypeptide is thought
to be expressed, although two genes can be detected by hybridization. One possible
explanation of this observation is that one of the two adult globin genes is defective
(Weaver et al., 1979). A similar situation is observed in the human §-8 globin gene
pair. The § protein comprises less than 2.5% of the adult 8 globin polypeptides

in erythroeytes (Bunn et al., 1977). Although the § globin gene is found in many
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primate species, this gene appears to be silent in certain Old World monkeys (Martin
et al., 1980). Thus, there is a wide spectrum of divergences in the structure and
levels of expression within different globin gene pairs. Perhaps globin pseudogenes
represent the most extreme case of divergence of structure and function. In fact,
there may be other pseudogenes in globin gene clusters which have diverged so
extensively that they no longer are detected by globin gene hybridization probes.

In summary, the structural analysis of a number of different globin gene
clusters suggests that globin gene families are in evolutionary flux (see Lauer et al.,
1980, for discussion). Perhaps pseudogenes are simply a natural consequence of the

mechanisms by which multigene families evolve.

Experimental Procedures

The procedures employed to construct plasmid subclones, to prepare plasmid DNAs,
and to derive restriction endonuclease cleavage maps have been described elsewhere
(Lacy et al., 1979; Lawn et al., 1978). DNA fragments were sequenced using the

32P at their

procedure of Maxam and Gilbert (1977). Fragments were labeled with
5' ends with T4 polynucleotide kinase (Boehringer-Mannheim) following dephos-
phorylation with bacterial alkaline phosphatase (Bethesda-Research). Fragments were
labeled at their 3' ends with the Klenow fragment (Klenow and Henningston, 1970)

of E. coli DNA polymerase 1. From 1 to 20 ug of DNA were labeled with 50 u Ci

32P—dXTPs (2000-3000 Ci/mmole, Amersham) in the presence of 50 mM

each of two a
Tris-HCI1 (pH 8.0), 5 mM MgClz, 10 mM B-mercaptoethanol, and 2 units of Klenow
polymerase (Boehringer-Mannheim) for 15 min at 25°C. The reaction was chased

for 10 min at 25°C with 0.1 mM of all four unlabeled deoxynucleoside triphosphates

and an additional unit of enzyme when labeling fragments with 3' recessive ends.
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Table 1. Corrected Percent Divergences of the Coding Sequences of the
Rabbit B-like Globin Genes

A. Exon II
Gene Pair Replacement Sites Silent Sites
VB2/81 14.8 33.3
VB2/83 29 79.3
VR2/B4 26.9 74.1
B. Total Coding Region
Gene Pair Replacement Sites Silent Sites
YB2/81 16.9 44.3
Human &§/8 3.7 31.8
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Legend to Table 1

The corrected percent divergence between each pair of coding sequences was calculated
as described by Perler et al. (1980) except that the codons UUA (Leu), UCG (Ser)

and AGA (Arg) were included in the calculation. The sequence data for genes 81,

B3 and B4 are from Hardison et al. (1979), R. Hardison (unpublished results) and

E. Butler (unpublished results), respectively. The corrected percent divergence

for the human § and B gene pair is from Efstratiadis et al. (1980). The calculations

in Part A only include exon II of the four rabbit B-like globin genes.
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Figure 1. Linkage Arrangement of the Rabbit B-like Globin Genes and the Strategy

for Determining the Nucleotide Sequence of Y82

The top line shows the linkage arrangement of the four rabbit B-like globin genes.

The direction of transeription of all four genes is 5' + 3' from left to right. Gene

P B2 is contained within a 2.24 kb fragment generated by a limit Eco RI and partial
Bgl II digestion. A plasmid subelone of this fragment (pRI-Bgl II 2.24) was used

in the sequence analysis. A fine structure restriction enzyme map of this region

is shown in the bottom half of the figure. Only those restriction enzyme sites used

in deriving the sequence are indicated. Base pairs (bp) are numbered in both directions
from the putative mRNA capping site (0 bp). The putative mRNA coding region

of the gene (filled boxes) and intervening sequences (open boxes) are indicated.

The open box bordered by a dotted line denotes the sequenced portion of the putative
3' untranslated region. The amino acid codon numbers were assigned on the basis

of a DNA sequence comparison between the 81 and Y82 genes. The horizontal arrows
below the map denote the regions of the DNA that were sequenced. The arrows

are labeled with a 3' or 5' to indicate whether the restriction fragments were radio-

actively labeled at their 5' or 3' ends.
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Figure 2. Comparison of the Nucleotide Sequences of the Rabbit Y82 and 81 Globin

Genes

The nucleotide sequences of the mRNA synonymous strands of the yB2 and R1 (Hardison
et al., 1979) genes are aligned. The 81 DNA sequence from the mRNA capping

site to the poly(A) addition site, excluding IVS 2, is shown. Insertions/deletions are
included in both the Y82 and B1 sequences wherever necessary to maintain maximum
DNA sequence homology. Vertical lines indicate homologous bases in the two sequences.
The YB2 sequence is numbered in both directions from the putative cap site. The
numbers are placed above the VB2 sequence so that the first digit (or the minus

sign) is directly above the numbered nucleotide. The numbers beneath the 81 sequence
designate amino acid codons of the 81 gene. The boundaries of the intervening
sequences (IVS) are designated by arrows. The initiator codon, ATG, the terminator,
TGA, and the hexanucleotide, AATAAA, in the 3' untranslated region are underlined

in the 81 sequence.
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Figure 3. Alignment of the 5' Flanking and Noncoding Sequences of the Y82, 81,

Human B and Mouse Bm&J Globin Genes

In both A and B the arrow denotes the known (or putative ¢ 82) mRNA capping site.
Vertical lines indicate homologous bases in the Y82 and B1 sequences. Vertical

lines are also drawn wherever bases are common to the rabbit 81, human 8 and

mouse Bmaj gene sequences. A. An alignment of the Y82 sequence from base pair

-101 to +1 with the sequences 5' to the mRNA capping site in the rabbit 81 (Mantei

et al., 1979), human 8 (Lawn et al., 1980), and mouse 8™ (Konkel et al., 1978)

genes is shown. The ATA and CCAAT sequences are underlined. The lines above

the YB 2 sequence denote regions of extensive sequence homology between Y82

and 81. B. An alignment of the Y82 sequence from base pair 1 to 51 with the sequences
from the mRNA capping site through the initiator ATG in the rabbit 81, human

B8 and mouse BmaJ genes is shown. The initiator ATG is underlined.
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Figure 4. Alignment of Sequences Surrounding Intron/Exon Junctions of Y82 and 81

An alignment of the sequences surrounding the four intron/exon junctions of Y82
and B1 is shown. Vertical lines denote the splicing sites in 81 which follow the
GT/AG rule (Breathnach et al., 1978). Lines are drawn between bases common to
the Y82 and B1 genes. *The consensus sequences for the 5'and 3' junctions are

from Lerner et al. (1980).
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Introduction and expression of a rabbit §-globin gene in
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ABSTRACT The cloned chromosomal rabbit S-globin gene
has been introduced into mouse fibroblasts by DNA-mediated
gene transfer (transformation). In this report, we examinc the
expression of the rabbit gene in six independent transformants
that contain from 1 to 20 copies of the cloned globin genc.
Rabbit globin transcripts were detected in two of these trans-
formants at steady-state concentrations of 5 and 2 copies per cell.
The globin transcripts from one cell line are polyadenylylated
and migrate as 9S RNA on methylmercury gels. These transcripts
reflect correct processing of the two intervening sequences but
lack 48 + 5 nucleotides present at the 5' terminus of rabbit
erythrocyte globin mRNA.

Cellular genes coding for selectable biochemical functions can
be stably introduced into cultured mammalian cells by DNA-
mediated gene transfer (transformation) (1, 2). Biochemical
transformants are readily identified by the stable expression
of a gene coding for a selectable marker. These transformants
represent a subpopulation of competent cells that integrate
other physically unlinked genes for which no selective criteria
exist (3). In this manner, we have used a viral thymidine kinase
(tk) gene as a selectable marker to isolate mouse cell lines that
are stably transformed with the tk gene along with bacterio-
phage ¢X174, plasmid pBR322, or the cloned chromosomal
rabbit 3-globin gene sequences (3).

Cotransformed mouse fibroblasts containing the rabbit
$-globin gene provide an opportunity to study the expression
and subsequent processing of these sequences in a heterologous
host. In this report, we demonstrate the expression of the
transformed rabbit 3-globin gene generating a discrete poly-
adenylylated 9S species of globin RNA. This RNA results from
correct processing of both intervening sequences, but lacks
approximately 48 nucleotides present at the 5’ terminus of
mature rabbit 3-globin mRNA.

MATERIALS AND METHODS

Cell Culture. Murine Ltk~ aprt~ cells are adenine phos-
phoribosyltransferase-negative derivatives of Ltk~ clone 1D
cells (4) that were originally isolated and characterized by R.
Hughes and P. Plagemann. Cells were maintained in growth
medium and prepared for transformation as described (5).

Transformation and Selection. The transformation protocol,
selection for tk* transformants, and maintenance of transfor-
mant cell lines were as described (5).

DNA Isolation. DNA was extracted from cultured L cells
as described (5). Recombinant phage containing the rabbit
B-globin gene in the A phage vector Charon 4A were grown and

The publication costs of this article were defraved in part by page
charge payment. This article must therefore be hereby marked “ad-
vertisement " in accordance with 18 U. S. (. §1734 solely to indicate
this fact.

purified, and DNA was isolated as deseribed (6) The herpes
virus DNA fragment containing the tk gene was purified from
total DNA of herpes simplex virus strain F (7). Intact herpes
virus DNA was digested with the restriction endonnclease Kpn
1 and fractionated by agarose gel electrophoresis, and the
5.1-kilobase pair (kbp) fragment contatning the (k gene was
extracted from the gel as described (8)

RNA Isolation. Total RNA was isolated from logarithmie-
phase cultures of transformed L cells by successive etractions
with phenol at pH 5 1. phenol/chloroform /isoamyl alcohol
(25.24:1, vol/val), and chloroform/isoamyl alcohol (24:1,
vol/vol). After ethanol precipitation, the RNA was digested
with DNase (9) and precipitated with ethanol Nuclear and
cytoplasmic fractions were isolated as deseribed (5) and
RNAs were extracted as described above Cytoplasmic poly-
adenylylated RNA was isolated by oligo(dT)-cellulose chro-
matography (10).

c¢DNA Synthesis. Rubbit and mouse ¢cDNAs were prepared
by using avian myeloblastosis virus reverse transeriptase
(RNA-dependent DNA polymerase) (obtained from ] W
Beard), as described (11).

DNA Filter Hybridizations. Cellular DNA was digested
with restriction endonucleases. electrophoresed on agarose slab
gels. transferred to nitrocellulose filter sheets, and hybridized
with 22P-labeled DNA probes as deseribed by Wigler et al.
5)

Solution Hybridizations. P-lLabeled globin cDNAs (spe-
cific activities of 2.9 X 10* cpm/ug) were hybridized with
excess RNA in 0.4 M Na(:l/25 mM | 4-piperazinedicthane-
sulfonic acid (Pipes). pH 6.5/5mM EDTA at 75 ¢ Incubation
times did not exceed 70 hr. Rots were caleulated as moles of
RNA nucleotides per liter times time in seconds The fraction
of cDNA rendered resistant to the single-strand nuclease S1in
hybridization was determined as described (10).

RNA Filter Hybridizations. RNA was electrophoresed
through 1% agarose slab gels (17 X 20 X 0.4 ¢m) containing 5
mM methylmercury hydroxide as deseribed by Bailey and
Davidson (12). The concentration of RNA in cach slot was 0.5
ug/ul. Electrophoresis was at 110 V for 12 hr at room tem-
perature.

RNA was transferred from the gel to diazotized cellulose
paper as described by Alwine et al. (13) by using pH 1.0 citrate
transfer buffer. After transfer, the RNA filter was incubated
for 1 hr with transfer buffer containing carrier RNA at 500
ug/ml. The RNA on the filters was hybridized with cloned
DNA probe at 50 ng/ml labeled by 2P nick translation (14) to
specific activities of 2-8 X 10* cpm/ug. Reaction volumes were

Abbreviations: tk, thymidine kinase; kbp, kilobase pairs. Pipes, 1.4-
piperazinediethanesulfonic acid; Rot, product of RNA concentration
(moles of nucleatide per liter) and incubation time (seconds)

5684
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5 ul/cm? of filter. Hybridization was in 4X standard saline
trate (0.15 M NaCl/0.015 M sodium citrate)/50% formamide
57°C for 36-48 hr.

After hybridization, filters were soaked in two changes of 2X
andard saline citrate/25 mM sodium phosphate/1.5 mM so-
um pyrophosphate/0.1% sodium dodecyl sulfate/5 mM
DTA at 37°C for 30 min with shaking to remove formamide.
iccessive washes were at 68°C with 1X and 0.1X standard
line citrate containing 5 mM EDTA and 0.1% sadium dodecyl
Ifate for 30 min each.

Berk-Sharp Analysis of Rabbit 8-Globin RNA in Trans-
rmed Mouse L Cells. The hybridizations were carried out
80% (vol/vol) formamide (Eastman)/0.4 M Pipes, pH 6.5/0.1
M EDTA/0.4 M NaCl (15, 16) for 18 hr at 51°C for the 1.8
p Hha 1 fragment and 49°C for the Pst | fragment. The
rbrids were treated with S1 nuclease and analyzed by a
odification of the procedure described by Berk and Sharp
6).

RESULTS

-ansformation of mouse cells with the rabbit
globin gene

‘e have performed cotransformation experiments with the
romosomal adult rabbit 3-globin gene, using the purified
rpes virus tk gene as a biochemical marker. The addition of
e tk gene to mutant Ltk™ mouse fibroblasts results in the ap-
arance of stable transformants that can be selected by their
ility to grow in hypoxanthine/aminopterin/thymidine
|AT) medium. Cells were cotransformed with a 3-globin gene
»ne designated RBG1, which consists of a 15.5-kbp insert of
bbit DNA carried in the bacteriophage A cloning vector

S
a I TS 3 T
e e e
146 222 221
L o
3G1 _ . =]
) 56 .- 438 e
abbit S .
g S i IO
obinmANA 5 Il 3
ransformant ’ '
obin RNA 5 3

F1G. 1. (A) Structure of the rabbit 8-globin genomic clone RAG 1.
ie solid box represents the mRNA coding sequence in the adult
1lobin gene. The clear regions bounded hy coding sequence indicate
» intervening sequences within the B-globin gene. The larger V'
ervening sequence is about 600 base pairs long and the smaller 5
juence (shown only in the lower map) is about 120 base pairs long.
striction sites are indicated by arrows: v, Kpn 1; O, I’st 1. (B)
ructure of the cDNA clone p3G1 and rabbit g-globin mRNA. The
1a | restriction fragment of p3G1 is shown. The heavy hlack lines
licate pMB9 plasmid vector sequence and the thin straight line
licates rabbit mRNA sequence: ¥ Hha | sitex. The map of rabbit
bin mRNA shows the 438-nucleotide translated region bounded
the 5 56-nucleotide untranslated region and the 3° 95-nucleotide
translated region. The bottom map is of cytoplasmic polyadenyi-
ted rabbit globin RNA from transformant cell line 6, which lacks
proximately 48 nucleotides of 5’ mRNA sequence (see Results).
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Charon 4A (Fig. 1A) (unpublished data). The purified tk gene
was mixed with a 100-fold molar excess of intact recombinant
DNA from clone RAG L. This DNA was then exposed to mouse
Ltk~ cells under transformation conditions previously described
(5). After 2 weeks in selective medium, tk* transformants were
observed at a {requency of one colony per 109 cells per 20 pg
of tk gene. Clones were picked and grown into mass culture

We then asked if the th* transformants also contain rabbit
A-globin sequences. High molecular weight DNA from cight
transformants was cleaved with the restriction endonuclease
Kpn 1. The DNA was fractionated by agarose gel electropho-
resis and transferred to nitrocellulose filters, and these filters
were then annealed with nick-translated globin [2P)DNA [blot
hybridization (17)]. Cleavage of this recombinant phage with
the enzyme Kpn | generates a 4.7-kbp fragment that contains
the entire adult 3-globin gene, along with 1.4 kbp of 5 flanking
information and 2.0 kbp of 3 flanking information (Fig 1A4).
This fragment was purified by gel electrophoresis and nick
translated to generate a hybridization probe. Blot hybridization
experiments showed that the 4.7-kbp Kpn | fragment con-
taining the globin gene was present in the DNA of six of the
eight tk* transformants. In three of the clones (Fig. 2, lanes E,
F. and H), additional rabbit globin hands were observed, which
probably resulted from the loss of at least one of the Kpn 1sites
during transformation. The number of rabbit globin genes in-
tegrated in these transformants was variable: some clones
contained a single copy of the gene (Fig. 2, lanes J and K),
whereas others contained up to 20 copies of the heterologous
gene. It should be noted that the 3-globin genes of mouse and
rabbit are partially homologous. However, we do not observe
hybridization of the rabbit 3-globin probe to Kpn-cleaved
mouse DNA, presumably because Kpn cleavage of mouse DNA
leaves the f3-gene cluster in exceedingly high molecular weight
fragments not readily detected in these experiments (Fig. 2).
These results demonstrate the introduction of the cloned
chromosomal rabbit 3-globin gene into mouse cells by DNA-
mediated gene transfer

Fi;. 2. Rabbit B-globin genex in transformed mouse 1. cells. High
molecular weight DNA from eight independent cotransformant clones
wan digested with Kpn | and electrophoresed on a 0.7% agaroxe gel.
‘The DNA wuns denatured in situ and transferred to nitrocelluloxe
filters, which were then annealed with n =1'-labeled 4.7-kbp fragment
containing the rabbit 3-globin gene. Lanes A and L., 50 pg of the
4.7-kbp Kpn fragment of RAG1; lane B. 15 ug of rabbit liver DNA
digested with Kpn; lane C, 15 ug of Lk~ aprt™ DNA: lanex ) K, 15
ug of DNA from cach of cight independently ixolated tk* transfor-
mants.
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1bbit B-globin sequences are transcribed in mouse
insformants

ie cotransformation system we have developed may provide
unctional assay for cloned eukaryotic genes if these genes are
pressed in the heterologous recipient cell. Six transformed
Il clones were therefore analyzed for the presence of rabbit
globin RNA sequences. In initial experiments we performed

ution hybridization reactions to determine the cellular
ncentration of rabbit globin transcripts in our transformants.
radioactive cDNA copy of purified rabbit «- and 3-globin

RNA was annealed with a vast excess of cellular RNA. Be-
use homology exists between the mouse and rabbit globin
juences, it was necessary to determine experimental condi-
ns such that the rabbit globin cDNAs did not form stable
‘brids with mouse globin mRNA but did react completely
th homologous rabbit sequences. At 75°C in the presence of
4 M NaCl, over 80% hybridization was observed with the
bbit globin mRNA, whereas the heterologous reaction with
irified mouse globin mRNA did not exceed 10% hybridiza-
. The Rot) /2 of the homologous hybridization reaction was
X 1074, a value consistent with a complexity of 1250 nucle-
ides contributed by the «- plus 3-globin sequences in our
INA probe (10).

This rabbit globin cDNA was used as a probe in hybridization
actions with total RNA isolated from six transformed cell lines
'ig. 3 and data not shown). Total RNA from transformed clone
(Fig. 2, lane H) protected 44% of the rabbit cDNA at com-
etion, the value expected if only (3-gene transcripts were
‘esent. This reaction displayed pseudo-first-order kinetics with
1 Roti /2 of 2 X 10%. A second transformant (Fig, 2, lane E)
acted with an Rot; /2 of 8 X 10% (data not shown). No signifi-
int hybridization was observed at Rots 2 104 with total RNA
reparations from the four additional transformants.

We have characterized the RNA from clone 6 in greatest
=tail. RNA from this transformant was fractionated into nu-
ear and cytoplasmic populations to determine the intracellular
calization of the rabbit globin RNA. The cytoplasmic RNA
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Fii. 3. Hybridization of rabbit globin ¢DNA with RNA from a
wuse L cell transformant containing RAG 1 sequences. T'he curves
»present single pseudo-first-order kinetic components [it to the data
v least-squares methods. O, Hybhridization of rabbit globin
2P)cDNA (7-9 X 10* cpm/ug) with excess globin template RNA. At
srmination, 80% of the cDNA ix in hybrid. The rate constant ix 1.1
C1F M~ sec™!. 9, Hybridization of rabbit globin ¢c1D)NA with mouse
lobin mRNA. a, Hvbridization of excess polvadenvivlated cvto-
lasmic RNA from transformant 6 (see text) with rabbit globin ¢DNA.
‘he rate constant is 2.8 X 107* M~! sec™'. The extent of reaction was
A% after normalization for the 70% reactivity of the ¢I)NA at the time
[ thix measurement. ®, Hybridization of excexs total cellular RNA
rom transformant 6 with rabbit globin ¢cDDNA. At termination, 4:4%
f the [**P]cDNA was in hybrid. The rate constant ix 1:1.5 X 10=¢ M~!
ec”!. O, Hybridization of excess nuclear RNA from transformant
i with rabbit globin cDNA. The SI resistance of ¢I)NA at zern Lime
1ax been subtracted from all hybridization valuex. These background
‘alues were 5% and 14% for the cl)NA preparations uxed in thix ex-
)eriment.
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was further fractionated by oligo{dT)-cellulose chromatography
into poly(A)* and poly(A)~ RNA. Poly(A)* cytoplasmic RNA
from clone 6 hybridizes with the rabbit ¢cDNA with an Rgt; »
of 25. This value is 1 /80th the Rty /2 observed with total cellular
RNA, consistent with the observation that poly(A)* cytoplasmic
RNA is 1-2% of the total RNA in a mouse cell. Hybridization
is not detectable with either nuclear RNA or cytoplasmic
poly(A)™ RNA al Ryt values of 1 X 10* and 2 X 107, respec-
tively. The steady-state concentration of rabbit 3-globin RNA
present in our trunsformant can be calculated from the Roty 2
to be about five copies per cell, with greater than 90% localized
in the cytoplasm.

Several independent experiments argue that the globin RNA
detected derives from transcription of the rabbit DNA se-
quences present in this transformant: (i) cDNA was prepared
from purified 95 mouse globin RNA. This cDNA does not hy-
bridize with poiy(A)* RNA from clone 6 at Rit values at which
the reaction with rabbit globin ¢cDNA is complete (Fig. 3). (ii)
Rabbit globin ¢IINA does not hybridize with total cellular RNA
obtained with tk* globin~ transformants at Rit values exceeding
10%. (#1i) The hybridization we observe does not result from
duplex formation with rabbit globin DNA possibly contami-
nating the RNA preparations. Rabbit ¢cDNA was annealed with
total cellular RNA from clone 6, the reaction product was
treated with SI nuclease, and the duplex was subjected to
equilibrium defisity centrifugation in cesium sulfate under
conditions that separate DNA-RNA hybrids from duplex DNA.
The Sl-resistant cDNA banded at a density of 1.54 g/ml, as
expected for DNA-RNA hybrid structures (data not shown).
These data, along with the observation that globin RNA is
polyadenylylated. demonstrate that the hybridization we ob-
serve with RNA preparations does not result from contami-
nating DNA sequences.

Characterization of rabbit globin transcripts in
transformed cells

In rabbit erythroblast nuclei, the /3-globin gene sequences are
detected as a 145 precursor RNA that reflects transeription of
two infervening sequences that are subsequently removed from
this molecule to generate a 95 messenger RNA (unpublished
results). It was therefore of interest to determine whether the
globin transcripts we detected exist as a discrete 98 species,
which is likely to reflect appropriate splicing of the rabbit gene
transcript by the mouse fibroblast. Cytoplasmic poly(A)-con-
taining RNA from clone 6 was electrophoresed on a methyl-
mercury/agarose gel (12) and transferred to diazotized cellulose
paper (13, 18). After transfer, the RNA on the filters was hy-
bridized with DNA from the plasmid pBG1, which contains
rabbit 3-globin cDNA sequences (19). Using this 32P-labeled
probe, we observed a discrete 98 species of RNA in the eyto-
plasm of the transformant, which comigrated with rabbit globin
mRNA isolated from rabbit erythroblusts (Fig. 4). Hybridization
to 95 RNA species was not observed in parallel lanes containing
either purified mouse 98 globin RNA or poly(A)-containing
cytoplasmic RNA from a tk* transformant containing no rabbit
globin genes.

We were unable in these experiments to detect the presence
of a 148 precursor in nuclear RNA populations from the
transformants. This is not surprising, because the levels expeeted
in nuclear RNA, given the observed cytoplasmic concentration,
are likely to be below the limits of detection for this technique.
The 5° and 3’ boundaries of the rabbit globin sequences ex-
pressed in transformed fibroblasts along with the internal
processing sites can be defined more accurately by hybridizing
this RNA with cloned DNAs, followed by S1 nuclease digestion
and subsequent gel analysis of the DNA products (16). When
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Fii. 4. Sizing of cyvtoplasmic polyadenviylated rabbit globin
inseripts from transformant 6. RNA was electrophoresed ina 1%
sthylmercury/agarose gel and the RNA was transterred to diazo-
ed cellulose paper. The positions of 288, 18S, and 45 KNAs on the
| were determined optically after staining wath ethidiam bromide.
1w RNA on the filter was hybridized with “P-labeled plasmid DNA
3G 1 containing the rabbit g-globin ¢(DNA sequence. Lane A, 1 ng
purified 95 polyadenylylated RNA from rabbit reticulocytes, plus
ug of carrier chicken oviduct RNA. Lane B, 50 py of purified 98
dvadenylylated RNA from rabbit reticulocytes, plus 20 ug of carrier
icken oviduct RNA. Lane C, | ng of purified 98 polyadenviviated
NA from mouse reticulocytes plus 25 ug of carrier RNA. Lane 1),
ug of polvadenyiviated cvtoplasmic RNA from translormant 6.
e E, 30 g of evtoplasmic polyadenylylated RNA [rom a trans-
rmant containing no rabbit globin genes.

-globin mRNA from rabbit erythroid cells was hybridized
ith cDNA clone p3G1 (Fig, 1B) under appropriate conditions,
ie entire 576-base pair insert of cDNA was protected from S1
uclease attack. When this cDNA clone was hybridized with
NA from our transformant, surprisingly, a discrete DNA band
as observed at 525 base pairs, but not at 576 base pairs (Fig.
I. These results suggest that, in this transformant, rabbit globin
NA molecules are present that have a deletion in a portion of
1e globin mMRNA sequence at the 5 or 3’ termini. To distin-
uish between these possibilities, DNA of the A clone, RAG1,
ntaining the chromosomal rabbit B-globin sequence hy-
ridized with transformed fibroblast RNA. The hybrid formed
‘as treated with S1 nuclease, and the protected DNA fragments
ere analyzed by alkaline agarose gel electrophoresis and
lentified by Southern blotting procedures (17). Because the
1bbit 3-globin gene is interrupted by two intervening se-
uences, the hybridization of mature rabbit mRNA to R3G1
'NA generates three DNA fragments in this sort of analysis:

146-base pair fragment spanning the 5’ terminus to the
inction of the small intervening sequence, a 222-base pair
iternal fragment bridging the small and large intervening
»quences, and a 221-base pair fragment spanning the 3’
inction of the large intervening sequence to the 3’ terminus
f the mRNA molecule (Fig. 1A). When transformant RNA was
nalyzed in this fashion, we observed a 222-base pair fragment
nd an aberrant fragment of 100 base pairs but no 146-base pair
ragment (Fig. 5). Hybridization with a specific 5’ probe
nowed that the internal 222 base pair fragment was present
1ata not shown). The sum of the protected lengths equaled the
:ngth of the DNA fragment protected by using the cDNA
lone. Taken together, these results indicate that although the
itervening sequences expressed in transformed mouse fibro-
last are removed from the RNA transcripts precisely, the 5’
>rmini of the cytoplasmic transcripts we observe do not contain
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Fii. 5. Characterization of eabbit 3-globin RNA in transtormed
maouse L, cells. Numbers of base paies are given beside the autora
diegrams. (A) Both total enbbit reticuloevte RNA and polviA) ' RNA
purified from cell line 6 were hybridized 1o the LX-kbp Hha 1 legment
from plasmid pAGL (Fig, 1T and analvzed as deseribed by Berk and
Sharp (16). Lane 1, 0.2 g of total reticulvoeyte RNA was hyhridized
to 20 ni of the 1L.8-kbp Hha globin triggement in H ul. Lane 2, 18 g ol
the 8-khp Hha fengment was hyvbridized in 2.5 gl in the absence ol
any added RNA - Lane 3,30 gg ol polviA)S RNA puritied from cell
line 6 was hyvheidized ta 70 me of the 1R kbp Hha fengment i 10 gl
The 1800-base paie band is the renatared Hha feagment. o8 Both
totud rabint reticuloevte RNA and polviA) RNA punitied from eell
line 6 were hvbridized to o Hh0-kbp st 1 fragment contining the
genomic copy ol the rabbit d-globin gene. The Berk Sharp anaivas
was carried out by o procedure to e deseribed elsewhere. Only the
bottom halt of the autorndiogram is shown and therefore ine-specitic
background present i lanes Tand 3, as well as in the RNA - control
(ane 2) is not shown. We believe that this background resalis from
the formation ol DNA-DNA duplexes between o small namber ol
nicked I« (ragments prioe to ST treatment. Lane 1,035 gy of total
ranbbit reticuloevie RNA was hvhrdized to 001 gy of the 560 khp 8¢
fragment in 10 gl Lane 2, 0002 g ol the Pse fragment was hyvbridized
in 10 gl in the nbsence of any RNAL Lane 3,30 g of polviA)t RNA
purified from cell line 6 was hvbridized to 012 gy ol the Hs0 kb 17
fragment in 10 ul.

about 48 £ 5 nucleotides present in mature 95 RNA of rabbit
erythrablasts.

DISCUSSION

In these studies, we have constructed mouse cell lines that
contain the rabbit g-globin gene and have analyzed the ability
of the mouse fibroblast recipient to transeribe and process this
heterologous gene. Solution hybridization experiments in
concert with RNA blotting techniques indicate that, in at least
one transformed cell line, rabbit globin sequences are expresasd
in the cytoplasin as a polyadenylylated 98 species Correct
processing of the rabbit 3-globin gene has also been observed
in tk* mouse cell transformants in which the globin and tk
plasmids have been ligated prior to transformation (20). Similar
results have been obtained by using a viral vector to introduce
the rabbit globin gene into monkey cells (21, 22). Tauken to-
gether, these results suggest that nonerythroid cells from het-
erologous species contain the enzymes necessary to correctly
process the intervening sequences of a rabbit gene whose ex-
pression usually is restricted to erythroid cells.

The level of expression of rabbit globin sequences in our
transformant is low: five copies of globin RNA are present in
the cytoplasm of each cell. Our results indicate that the two
intervening sequences present in the original globin transeript
are processed and removed at loci indistinguishable from those
observed in rabbit erythroid cells. Surprisingly, 45 nucleotides
present at the 5 terminus of mature rabbit mRNA are absent
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from the 8-globin RNA sequence detected in the cytoplasm of
the transformant we have examined. It is possible that incorrect
initiation of transcription occurs about the globin gene in this
mouse cell line. Alternatively, the'globin sequences we detect
may result from transcription of a long precursor that ultimately
must undergo 5’ processing to generate the mature 98 species.
Incorrect processing at the 5’ terminus in the mouse fibroblast
could be responsible for our results. At present, it is difficult to
distinguish among these alternatives. Because we are restricted
in our analysis to a single transformant, we do not know whether
these observations are common to all transformants expressing
the globin gene or reflect a rare but interesting abberation. It
should be noted, however, that in similar experiments by
Weissmann and his colleagues (20) at least a portion of the
rabbit globin RNA molecules transcribed in transformed mouse
fibroblasts retain the correct 5’ terminus.

Several alternative explanations can be offered for the ex-
pression of globin sequences in transformed fibroblasts. It is
possible that constitutive synthesis of globin RNA occurs in
cultured fibroblasts (23) at levels five to six orders of magnitude
below the level observed in erythroblasts. The introduction of
20 additional globin DNA templates may simply increase this
constitutive transcription to the levels observed in our trans-
formant. Alternatively, it is possible that the homologous globin
gene is repressed by factors that are partially overcome by a
gene dosage effect provided by the introduction of 20 additional
globin genes. Finally, normal repression of the globin gene in
a fibroblast may depend upon the position of these sequences
in the chromosome. At least some of the newly introduced genes
are likely to reside at loci distant from the resident mouse globin
genes. Some of these ectopic sites may support low level tran-
scription. Our data do not permit us to distinguish among these
and other alternatives.

Although the number of rabbit globin genes within a given
transformant remains stable for over a hundred generations of
culture in hypoxanthine/aminopterin/thymidine (unpublishe
studies), it has not been possible to prove that these sequences
are covalently integrated into recipient cell DNA. In previous
studies, however, we have demonstrated that cotransformation
of either X174 or plasmid pBR322 results in the stable inte-
gration of these sequences into high molecular nuclear DNA.
In the present study, the globin gene represents a small internal
segment of the high molecular weight concatenated phage
DNA used in the transformation (Fig. 14). Analysis of inte-
gration sites covalently linked to donor DNA is therefore dif-
ficult. Preliminary studies using radioactive A sequences as a
probe in DNA blotting experiments indicate that, in some of
our cell lines, we have introduced a contiguous stretch of re-
combinant phage DNA with a2 minimum length of 50 kbp.

The presence of 9S globin RNA in the cytoplasm of trans-
formants suggests that this RNA may be translated to give rabbit
f3-globin polypeptide. Attempts to detect this protein in cell
lysates using a purified anti-rabbit 3-globin antibody (kindly
provided by S. Boyer) have thus far been unsuccessful. It is
possible that the globin RNAs in our transformant are not
translated or are translated with very low efficiency due to the
absence of a functional ribosomal binding site. The cytoplasmic
globin transcripts in our transformant lack about 48 nucletides
of untranslated 5’ sequence (Fig. 1B), which includes 13 nu-
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cleotides known to interact with the 405 ribosomal subunit in
nuclease protection studies (24, 25). Even if translation did
oceur with normal efficiency, it is probable that the protein
would exist at levels below the limits of detection of our im-
munologic assay due to the low level of globin RNA, and the
observation that the half-life of 3 globin in the absence of heme
and ( globin may be less than 30 min (22).

These studies indicate the potential value of cotransformation
systems in the analysis of eukaryotic gene expression. The in-
troduction of wild-type genes along with native and in vitro-
constructed mutant genes into cultured cells provides an assay
for the functional significance of sequence organization. It is
obvious from these studies that this analysis will be facilitated
by the ability to extend the generality of cotransformation to
recipient cell lines, such as murine erythroleukemia cells, that
provide a more appropriate environment for the study of het-
erologous globin gene expression.
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