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Truncated Repeated Sequences Generated by Recombination in a Specific
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ABSTRACT: Structural relationships within a family of long repeated DNA sequences have been determined
by molecular cloning of individual family members. About half of the family members are truncated at
one end. There is a short, tandemly repeating region flanked by direct repeats associated with truncation.
Recombination in a region near the tandemly repeating segment has apparently generated much of the

diversity in this family.

For the vast majority of families of repeated DNA sequences,
the structural relationships among family members have not
been determined beyond the basic fact that they can base pair
with reasonable fidelity. Through molecular cloning, these
relationships are beginning to be explored. In some instances,
the data go beyond description of a particular family to suggest
mechanisms whereby families originate, incur variability, and
are dispersed in the genome [reviewed by Brutlag (1980),
Jelinek & Schmid (1982), and Singer (1982)].

In rodent genomes, there are families of long repeated DNA
sequences some of whose members are truncated at the 5” end
(Fanning, 1983; Gebhard et al., 1982; Wilson of Storb, 1983).
The presence of a poly(A) stretch at the 3’ boundary of these
elements suggests a mechanism whereby truncated variants
could be generated. The steps would be (1) RNA transcription
beginning or ending internal to the element, (2) poly-
adenylation, (3) reverse transcription, and (4) reintegration
of the shortened DNA copy. Mechanisms involving RNA
intermediates may also be responsible for the structure and
dispersal of short repeated sequence families like the Alu
family and for the generation of processed genes and pseu-
dogenes (Jagadeeswaran et al., 1981; Van Arsdell et al., 1981;
Sharp, 1983). Thus, the repeated component of the genome
seems to incur variability by some of the same mechanisms
that generate change within structural genes.

Here a family of chicken repeated DNA sequences is de-
scribed where some members are apparently shortened at one
end. This family, which has been studied previously by mo-
lecular cloning of individual family members and by genomic
blotting (Eden et al., 1980, 1981; Musti et al., 1981), has about
500 genomic copies, each several kilobases in length. In the
chicken genome, large repetitive regions occur where an in-

* Correspondence should be addressed to this author at Meloy Labo-
ratories, 6715 Electronic Drive, Springfield, VA 22151.

dividual member of this family is clustered with other long
repeated sequences. The family includes structural variants
distinguishable by restriction analysis. It has now been de-
termined how some of this variability arose. A short, tandemly
repeating region has been discovered within some family
members. It is apparently associated with a specific region
of recombination responsible for truncation of some family
members at one end.

EXPERIMENTAL PROCEDURES

Cloned DNA Segments. A 3.6-kilobase (kb)! EcoRI
fragment of chicken DNA cloned in the plasmid pBR322
represents one member of a family of long repeated sequences
(Eden et al., 1980) and was used as a source of probes for all
of this work. The segments derived from it (Figure 1) were
isolated either by separation of restriction fragments in agarose
or acrylamide gels (probes I, IV, V, and VI) or by recloning
in pBR322 (probes II and III). Recombinant phages con-
taining sequences homologous to the 3.6-kb fragment were
selected by screening a library of chicken DNA prepared and
provided by D. Engel. It was constructed by the method of
Maniatis et al. (1978). Positive phases were plaque purified
twice prior to amplification and DNA isolation. Phage and
plasmid DNAs were prepared as described previously (Eden
et al., 1980).

DNA Labeling and Sequencing. DNA used in hybridization
experiments was labeled with 3P by nick translation (Rigby
et al,, 1977). End labeling of DNA was performed by addition
of [y-*?P]ATP to dephosphorylated termini using T4 poly-
nucleotide kinase. DNA sequencing was performed according

! Abbreviations: SSC, 0.15 M NaCl and 0.015 M trisodium citrate,
SDS, sodium dodecyl sulfate; kb, kilobase; bp, base pair; EDTA, ethyl-
enediaminetetraacetic acid.
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FIGURE 1: Restriction map of the 3.6-kb fragment. A cloned EcoRI
fragment of chicken DNA is shown together with its restriction sites
and probes (I-IV) generated from it. The location of an internal
tandemly repeating region (dark box) is shown. The bracket indicates
the Pst1/Hhal fragment described in the text. The important 560-bp
Sst1 fragment (dotted underline) and the specific recombination site
(asterisk) are also indicated.

to Maxam & Gilbert (1980) except that the G + A reaction
was in 60% formic acid. The full-length member of the re-
peated family was sequenced as follows (refer to Figure 3):
rightward from Sau3a to PstI, from PstI to Smal, and from
Smal to Hhal; leftward from Smal to Hhal, from Hhal to
Sstl, and from Smal to Avall. The homologous region of the
truncated family member was sequenced rightward from
Sau3a to Sstl and also from an internal Haelll site through
the Sstl site and beyond.

Restriction Endonuclease Digestion, Gel Electrophoresis,
Blotting, and Hybridization. Restriction endonuclease di-
gestions were under conditions specified by the vendor using
2 units/ug of DNA. Gel electrophoresis was performed as
described previously (Eden et al., 1980). Blotting was ac-
cording to Southern (1975). Hybridization was performed
in 6 X SSC, 1 X Denhardt’s solution (Denhardt, 1966), and
0.1% SDS at 68 °C for 15-20 h. Filters were washed re-
peatedly in 0.1 X SSC at 52 °C, dried, and autoradiographed
using Kodak X-O-Mat AR film and intensifying screens at
=70 °C.

RESULTS

Short, Tandemly Repeating Region Internal to a Long
Repeat Element. A cloned, 3.6-kb EcoRI fragment that is
part of a long repeated sequence in the chicken genome (Eden
et al., 1980) is shown in Figure 1. A short, tandemly repeating
sequence has now been found within the same 3.6-kb fragment
(Figure 1, dark box). The tandemly repeating region can be
detected by partial digestion of a 300-bp Pstl/Hhal fragment
(Figure 1, bracket) with the restriction endonuclease Hpall.
Figure 2 shows the products generated when this fragment is
end-labeled at the PstI site. The first Hpall cleavage site is
located 72 bp from the labeled end and is followed by a series
of sites spaced at intervals of about 38 base pairs. At least

EDEN

FIGURE 2: Tandemly repeating sequence lies within the 3.6-kb
fragment. To prepare the internal 300-bp PstI/Hhal fragment labeled
only at the PstI site (Figure 1, bracket), the 1.5-kb Pstl fragment
was isolated, phosphatased, end labeled with 3?P, and recleaved with
Hhal. After purification through an acrylamide gel, the 300-bp
fragment was mixed with unlabeled carrier DNA and digested with
Hpall using 0.5 unit of enzyme per ug of DNA. Aliquots were
removed at intervals, and digestion was stopped by additon of 0.1%
SDS and 0.02 M EDTA. The partial digestion products (lanes B-D)
were resolved in a 10% polyacrylamide gel together with undigested
(lane A) and fully digested (lane E) samples. DNA fragments were
detected by autoradiography. Fragment lengths, in base pairs, are
indicated at the left and were derived by comparison with labeled DNA
fragments of known length (not shown) separated in the same gel.

four 38 base pair units can be visualized on this gel.

DNA sequencing has confirmed the presence of a tandemly
repeating region and determined its structure. The sequence
of a 500 base pair segment containing the tandem repeat and
a schematic diagram of the region are shown in Figure 3. Five
tandem repetitions of a 38-bp monomer unit occur. Each unit
contains a single cleavage site for Hpall (Figure 3; positions
232, 269, 306, 344, and 382). The basic unit is strongly
conserved, with only four variable positions. The length of
the basic unit varies slightly due to single base insertion or
deletion, and the 3’-most unit is missing the last three nu-
cleotides. The five 38-bp units are in turn flanked by im-
perfect, 12-bp direct repeats (asterisks, Figure 3) which differ
in two positions,

Tandemly Repeating Region Is Absent from Some Family
Members. The association of this tandemly repeating sequence
with the longer repeat element has been further explored by
isolation of additional family members from a chicken DNA
library in bacteriophage A. The entire 3.6-kb fragment was
used as a probe. Each of these additional family members was
then tested for hybridization to the tandemly repeating region
or to its 5’- or 3’-flanking DNA segments (probes I-IV, Figure
1). Figure 4 shows that while most members hybridize to the
5’-flanking segment (probe I), many failed to hybridize to the
tandem repeat probes (II and III) and to the 3’-flanking DNA
(probe IV). No family members were found that were missing
the tandem repeats only (positive with probes I, I1I, and 1V;
negative with probe II) or were missing the 5’-flanking region
only (positive with probes II, III, and IV; negative with probe
I). Thus, members of this repeated family are principally of
two types. Either they have the tandemly repeating region
together with its 5’- and 3’-flanking DNA, or they are missing
the tandem repeats and 3’-flanking DNA.
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FIGURE 3: DNA sequencing of the tandcmly repeating region and its flankmg DNA segments. The nucleotide sequence of a 500- -bp segment
containing the tandemly repeating region is shown. It begins at position 222 and extends to posmon 406 and is composed of five units (1)
approximately 38 bp in length. Direct repeats 12 bp in length (*) flank the tandemly repeating region. A schematic representation of this

region is shown at the top.

These data suggest that some of the variation in this family probe | piohe 1l
is mediated by recombination near the 5’ end of the tandemly
: : : : ® ® e ®
repeating region. Thus, it would be expected that in the .. * g

chicken genome the distal ends of the long repeat element
would lose their association with some frequency. To test this,
a library of chicken DNA in bacteriophage A\, where about
1% of the plaques are positive with the 3.6-kb probe, was plated
to form separated plaques. Duplicate plaque lifts were hy-
bridized to probes V and VI (Figure 1). Only 43% of the 158
positive plaques hybridized to both probes (data not shown).
Thus, the pattern of variability established by using cloned
family members seems to be representative of the family as
a whole.

Localization of the Recombination Region. Restriction
analysis of the cloned family members has been used to pre-
cisely locate the recombination region associated with trun-
cation. The important area lies within a 560-bp Sst1 fragment,
indicated by the dotted line in Figure 1, which hybridizes probe
I. If recombination was within this fragment, its length would
differ in family members of the two types. Figure 5 shows
that this is not the case, as family members of both types have
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FIGURE 4: Analysis of cloned family members with specific probes.
DNA was isolated from many recombinant phages, each containing
a different member of the repeated DNA family. The DNAs were
denatured and spotted onto nitrocellulose in a patterned array.
Duplicate filters were prepared and hybridized to different probes.
Probe I, 5'-flanking DNA; probe II, tandemly repeating region; probe
II1, tandemly repeating region plus 3’-flanking DNA; probe IV,
¥-flanking DNA. NT = not tested.
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FIGURE 5: Restriction analysis localizes the recombination region in
the truncated variants. (Panels A—C) a full-length and two truncated
variants of the repeated sequence family were digested with restriction
endonucleases. Fragments were separated in 1.8% agarose gels,
transferred to nitrocellulose, and hybridized to the indicated probes.
Panel D compares four truncated and a full-length family member
on the same gel. The diagnostic 560-bp SstI fragment is indicated
in each panel.

a 560-bp Sst1 fragment positive with probe I (panels A—-C).
Hybridization analysis with probe II shows that the full-length
variant (A) has an additional positive Ss¢I fragment which
contains the tandem repeats, is cleaved by Smal, and is not
present in truncated variants (panels B and C). In panel D,
truncated and full-length members are compared on the same
gel, establishing further that the 560-bp SstI fragment is not
detectably altered in length in any of the truncated variants.
Thus, the recombination locale (asterisk, Figure 1) seems to
be the same in all of the truncated members, lying between
the Sstl site and the beginning of the tandem repeats. This
region is about 20 bp in length.

The DNA sequence of one of the truncated family members

a b

———————— —E>FTT ]
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confirms this. Figure 6 compares DNA sequences of corre-
sponding segments of a full-length and a truncated family
member in the important region. Homology ends abruptly
at the 5-most direct repeat at the boundary of the tandemly
repeating region. A schematic representation of the two types
of sequences is included in the figure.

DiscussioN

One of the more striking features of the family of repeated
DNA sequences described here is its limited structural vari-
ability. Although there are hundreds of copies each in a
separate genomic location, genomic blotting experiments detect
only a few restriction fragments, each present in multiple
copies. The data presented here confirm that there are only
a few specific variants within this family and indicate that most
of these could be derived from one another by a specific re-
combination event. The recombination apparently occurred
within a short DNA region. Within the limits of the data, it
is clear that it does not vary by more than 50 bp in different
family members, and it could be precise to the nucleotide. The
presence of the tandemly repeating region may in some way
facilitate recombination, although it does not seem to be in-
volved directly because recombination apparently occurred just
to the 5 side of the tandem repeats instead of internal to them.
The presence of the short direct repeats would suggest that
the tandem repeats themselves constitute an insertion element,
but the relationship of the full-length and truncated variants
does not support this. When the tandemly repeating element
is present, it is associated with a specific 3’-flanking DNA
segment which would have to be part of the insertion but is
outside the direct repeats. If truncation did occur at the DNA
level, it does not seem to be related to commonly accepted
mechanisms like unequal crossover in a tandemly repeating
region or insertion.

In other repeat families, truncation has been related to
propagation and dispersal through RNA intermediates.
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FIGURE 6: Sequencing of a recombination site. Corresponding regions of a full-length (upper) and a truncated (lower) family rng:mbcr are
compared. The sequence homology in region “a” is evident. Within the direct repeat, “b” homology ends, with the tandemly repeating region

¢,, €y, etc. and segment “d” replaced by segment “e”.
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Specific truncated variants would result from strong tran-
scription initiation or termination sites internal to the repeat
element. In this context, it is interesting to compare the in-
ternal structure and pattern of transcription of the long repeat
element Copia in the Drosophila genome (Fouts & Manning,
1981) with the repeated family described here. There are two
principal RNA transcripts from Copia, one full length and
the other terminating near the center of the element within
a tandemly repeating region strikingly similar to the one de-
scribed here; it too is composed of a few repetitions of a 35-
37-bp element. Thus, the truncated variants described here
might derive not from recombination at the DNA level but
by specific termination of RNA transcripts followed by rein-
sertion of the corresponding DNA copies.

In some measure, the data presented here serve to explain
the limited number of structural variants detected in this, and
perhaps in other, long repeated sequence family. There are
apparently internal structural features that facilitate the ap-
pearance of certain variants. Like “hot spots™ for mutation
or recombination, these special regions may cause certain
specific variants to predominate against a background of
random variants generated by other mechanisms.
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Formation of Radiation-Induced Cross-Links between Thymine and Tyrosine:
Possible Model for Cross-Linking of DNA and Proteins by Ionizing Radiation®
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ABSTRACT: A model for radiation-induced cross-linking of DNA and proteins has been developed. It is
based on initial formation of free radicals on a DNA base, i.e., thymine, and on an amino acid, i.e., tyrosine.
It was demonstrated that interaction of these radicals is highly favored as measured by their kinetics and
the cross-linked products. The gas chromatography-mass spectrometry methodology used for the identification
of the thymine—tyrosine cross-links is suggested as an experimental approach in the measurements of biological

cross-links.

Cross-links within DNA and between DNA and proteins
induced by different agents and processes, such as drugs
(Kohn, 1977; Kohn & Ewig, 1979), autoxidation (Riess &
Tappel, 1973), and ionizing radiations (Fornace & Little, 1977;
Mee & Adelstein, 1981; Bowden et al., 1982), and intrastrand
links caused by UV light (Smith, 1976) are becoming recog-

? This work was conducted pursuant to a contract with the National
Foundation for Cancer Research, Bethesda, MD.
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nized as a common occurrence in vitro and in vivo. However,
the cross-linking has not received a deserved attention in the
overall consideration of DNA damage and its consequences,
although cross-linking is by no means a minor process. In most
cases, the kinetics and mechanisms of cross-linking are poorly
understood, whereas UV light-induced intrastrand links are
well-known to take place mainly via condensation of two
double bonds, i.e., the formation of cyclobutane-type dimers
(Setlow, 1966). Similarly, UV light causes interstrand
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