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ABSTRACT We have analyzed the sequence and struc-
ture of three CR1 family repetitive elements found in the re-
gion adjoining the 3’ end of a chicken calmodulin gene. Mem-
bers of this family are =300 base pairs long and are dispersed
throughout the chicken genome. The present data, when taken
together with that from four CRIs sequenced previously, re-
veal that the CR1 family has an overall structure possessing
several features associated with the long terminal repeats of
avian retroviruses. This finding implies that a retroviral mech-
anism may be responsible for the dispersion of CRI sequences
throughout the chicken genome. The seven different CRI re-
peats that have been analyzed exist at defined locations in the
chicken genome relative to nearby structural genes. A direc-
tional polarity has been assigned to the CRI family based upon
limited sequence homology to mammalian Alu-type sequences.
Interestingly, whether present in 5'- or 3’'-flanking DNA, the
CR1 sequences have an inverse orientation such that they all
“point toward” the nearby structural genes. This is consistent
with the previously proposed concept that chicken CRI se-
quences may be involved in defining the boundaries of active
chromosomal domains of gene expression.

A significant portion of the genomes of higher organisms
consists of moderately repetitive DNA sequences dispersed
among regions of single-copy DNA (1). We have previously
identified and characterized a family of short dispersed re-
petitive DNA sequences in the chicken genome, and this
family of repeats has been named the CRI family (2, 3). The
first CRI family sequence that was characterized lies =2
kilobase pairs (kb) upstream from a chicken Ul RNA gene
(2). Molecular cloning methods have revealed that members
of the CRI family also exist at defined locations both up-
stream and downstream of the chicken X-Y-ovalbumin mul-
tigene cluster (3). Interestingly, the CRI sequences are
found at locations in the DNA where there is a change in
oviduct chromatin structure from a DNase I-sensitive con-
formation to a relatively DNase I-resistant conformation (3).
It is not yet known whether this genomic arrangement repre-
sents a fortuitous occurrence or if it actually reflects a func-
tional role of the CRI sequences in determining or regulating
chromatin structure.

Because of this potentially important role of the CRI fam-
ily in the chicken genome, we wished to define the nucleo-
tide sequence and overall structure of the CRI family in still
greater detail. To do this, we have now sequenced three ad-
ditional closely related family members. These three new
family members lie in the vicinity of a chicken structural
gene that codes for a calmodulin-like protein. In this report,
we present the sequences of these three CR/ family mem-
bers as well as an updated consensus sequence and a struc-
tural model for the CRI family. Interestingly, the overall
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structure of CRIs resembles that of avian retroviral long ter-
minal repeats (LTRs). These structural features include 5’
and 3' termini ending in “T-G...T-T-C-A” and regions ad-
joining the termini that are similar to retroviral primer bind-
ing sites. In addition, several features suggest that a pair of
CRIs upstream of X-Y-ovalbumin gene cluster may have en-
tered the chicken genome at that location as the LTRs of an
intact retrovirus-like element.

MATERIALS AND METHODS

DNA Clones and Hybridization Probes. The clone CL10
contains a gene, described by Stein et al. (4), that codes for a
calmodulin-like protein. It was isolated from a partial Alu
1/Hae 111 library of chicken DNA cloned in the \ phage vec-
tor Charon 4A. The chicken DNA insert is flanked by artifi-
cial EcoRlI sites. Subclones of the 2.8-, 11.5-, and 2.5-kb
EcoRI fragments of CL10 in the plasmid vector pBR322
were available from previous work (4).

The CRI sequence probe used for Southern hybridizations
to localize the CRI sequences in CL10 and its subclones has
been thoroughly described (2). It contains the CRI sequence
known as CRIUla, and it consists of a 390-base-pair (bp)
EcoRI-Hinfl fragment that lies =2 kb 5’ of a previously
cloned chicken Ul RNA gene (2, 5).

Procedures. Nick-translations and Southern hybridiza-
tions were carried out as described (3). DNA sequencing was
carried out by using the chemical degradation method of
Maxam and Gilbert (6) as described by Catterall et al. (7).
Nucleotide sequence comparisons were made by using the
programs of the Stanford Molgen group (Palo Alto, CA).

RESULTS

Location of CR1 Sequences 3’ of a Calmodulin Gene. A re-
striction map of the clone CL10 is presented in Fig. 1. Cod-
ing sequences for a calmodulin-related protein are present in
the region designated by the hatched box. This gene has
been designated the cCMI gene (4). RNA transfer blot ex-
periments indicate that an RNA product of this gene is ex-
pressed with relative tissue specificity in muscle cells (4).
This gene has no importance to the present study other than
as a genomic location marker for a new group of CRI se-
quences.

Restriction endonuclease mapping and Southern blot anal-
ysis revealed the presence of three CR/ related sequences in
the 3’-flanking region of clone CL10 (Fig. 1). Nucleotide se-
quencing was carried out on a total of 2184 bp containing and
flanking these three CRI sequences.

Nucleotide Sequences of CRI Family Members. In Fig. 2,
the three CRICM sequences are compared to each other and
to four CRI family members from other regions of the chick-
en genome whose sequences had been determined in earlier

Abbreviations: kb, kilobase pair(s); bp, base pair(s); LTR, long ter-
minal repeat; RAV, Rous-associated virus.
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FiG. 1. Location of CRI sequences 3’ of a chicken calmodulin gene. A restriction map of the \ phage clone CL10 containing the cCM1 gene
is shown in the center of the figure. The location of the cCMI gene is shown by the hatched box (4). The arrow shows the direction of
transcription. Three fragments hybridized to a CRI sequence probe: the 3.6-kb Bgl 1-Cla I fragment, the 2.4-kb Cla I-EcoRI fragment, and the
2.5-kb EcoRI-(EcoRI) fragment. These three fragments were isolated and mapped in greater detail, as shown in the lower part of the figure.
Subfragments that hybridized to the CRI sequence probe are depicted in each case by the shaded areas. These results defined the locations of
three CRI sequences (CRICMc, CRICMb, and CRICMa) in the clone. Complete sequence data were obtained from the three regions shown.

Restriction enzymes: v, Bgl I; 0, EcoRI; o, Cla I; @, BstEIL.

work (2, 3). In the upper line an updated consensus sequence
is shown based upon the complete sequence data from all
seven of the CRI family members. A polarity has already
been assigned to the CRI family based upon limited se-
quence homology to the human Alu and mouse BI repetitive
DNA sequence families (2). When this polarity is adhered to,
it is found that the three sequences CRICMa, CRICMb, and
CRICMc all have the same orientation with respect to each
other, but an orientation which is opposite to that of the di-
rection of transcription of the cCMI1 gene. Thus, the se-
quences of CRICMa, CRICMb, and CRICMc (as shown in
Fig. 2) are taken from the DNA strand that runs 5’ to 3’ from
right to left in Fig. 1.

When the various CR/ sequences are examined and com-
pared, it is discovered that the homologies between individ-
ual members of the family do not begin at exactly the same
position. As a consequence, the beginning of homology to
the consensus sequence varies from one individual family
member to another. For example, if the sequence homology
between CRICMc and CRICMb is used to define the first
nucleotide of the consensus sequence (as shown in Fig. 2),
the CRICMa homology does not begin until about position
129 of the consensus sequence. The CRIUIa homology
starts at position 149. The three CRI sequences of the oval-
bumin domain (CRIOVb, CRIOVc, CRIOVa) exhibit a de-
gree of homology beginning at positions 182 and 193 of the
consensus sequence.

Similarity of CRI Sequences to Avian Retroviral LTRs.
Comparison of these seven CRI sequences reveals the com-
posite structure as shown in Figs. 2 and 3. CRICMc and
CRICMb have an extended homology to the left but con-
verge with the other sequences in the region of a short poly-
purine tract that ends at position 192. This is followed by the
main body of the CRI family consisting of about 291 nucleo-
tides. This main body begins with a dinucleotide T-G (posi-
tion 193-194) and ends with the consensus sequence T-T-C-
A (positions 480-483). The characteristic structural features
of CRIs are summarized in Fig. 3A and closely resemble
those of avian retroviral LTRs and some eukaryotic trans-
posable elements. Avian retroviral LTR sequences are also
=300 bp long, are terminated by the sequences T-G.....T-T-
C-A, and, in the case of LTRs located at the 3’ end of the
retrovirus, are preceded by a polypurine tract. The polypur-
ine tract serves as the (+)-strand primer site during retroviral

replication (for a review, see ref. 8). For LTRs that possess
the polypurine tracts, the homology may be expected often
to extend further in the upstream direction, since the body of
the virus lies in that direction. Thus, in this respect, five of
the CRI family members sequenced resemble 3’ LTRs.
However, two of the CRIs (CR1OVa and CRIOVc) lack the
polypurine tract preceding position 192. It is therefore possi-
ble that these two CRIs represent 5'-LTR sequences of ret-
roviral DNAs.

The similarity of CRIs and LTRs is further supported by
an analysis of the combined structure of the two CRIs that
exist at the 5’ end of the X-Y-ovalbumin gene domain. It is
possible that CRIOVc and CRIOVb represent the 5’ and 3’
LTRs of an intact proviral element. This is shown in Fig. 3B.
(For the genomic location of these two CRI family members,
see Fig. 4.) These two CRIs are separated by a distance of 8
kb, which is a typical overall length observed for avian retro-
viruses (9). Each CRI is flanked by the short inverted repeat
T-G...C-A, which is also a characteristic of viral LTRs. The
main body of CRIOVc, the 5’ element, is closely followed by
the sequence T-T-T-G, which forms part of the binding site
of the tRNA primer involved in the initiation of (—)-strand
DNA synthesis of avian retroviruses (8). Conversely,
CRIOVb, the 3' element, is immediately preceded by a poly-
purine tract, which can serve as the (+)-strand primer bind-
ing site (8). Moreover, the entire “proviral” element is
flanked at each end by the short direct repeat C-C-T-(A)-T.
It is a characteristic of retroviruses that they duplicate 4-6
bp of host cell DNA sequences at the site of integration,
thereby leading to such flanking short direct repeats (8).

As further support for the relationship between CRIs and
viral LTRs, Fig. 3C shows a comparison of sequences from
CRI0OVc and CRIOVb with sequences from the 5’ and 3’
LTRs of RAV-0O, an endogenous virus spontaneously re-
leased by cells from certain lines of chickens (9). The similar-
ity of overall structure and of nucleotide sequence homology
between the CRIs and the LTRs of RAV-O is very striking.

Additional Structural Features of the Chicken CRI Family.
Within the body of the CRI sequence, the three ovalbumin
domain CRIs (CR10OVa/b/c) exhibit fairly poor homology in
the region preceding position 261 (only about 60% homology
to the consensus sequence compared to an average 91% ho-
mology for the other four CR! family members). Following
position 261, however, all seven of the CRI sequences are
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FiG. 2. Sequence comparison of seven members of the chicken CRI repetitive DNA family. A consensus sequence, based upon the most
common nucleotide at any one position, is shown in the upper line. The numbering system refers to positions along the consensus sequence.
Nucleotide 1 is the position at which CRICMc and CRICMb begin to show a significant degree of homology. Other members of the CRI family
exhibit homology beginning only at later positions. Dashes indicate identity of the individual sequence to the consensus sequence at any given
position. Dots, on the other hand, indicate the absence of a nucleotide at any particular position. Gaps have been introduced at certain positions
in the consensus sequence when nucleotides are present in <50% of the individual sequences. Nucleotides that are boxed do not show any
reasonable degree of homology to the consensus sequence and were not included when determining the consensus sequence. R stands for

purine, Y for pyrimidine, and N for any nucleotide.

very highly homologous. With the exception of CRICMc
and CRICMb, this particular stretch of very high homology
(at least 80%) continues up to position 361. Following posi-
tion 361, however, there is a stretch of about 60 nucleotides
that are less well conserved. In this region (position 362 to
about position 421), the individual CRI sequences are char-
acterized by an abundance of deletions relative to the con-
sensus sequence. In turn, this relatively divergent region is
followed by a second very strongly conserved region extend-
ing over a length of about 30-40 nucleotides. In this second
highly conserved region (positions 423-456), five of the CRI
sequences (CRICMc and CRICMb excepted) are 85-97%
homologous to the consensus sequence.

Thus, five of the CRI family members shown in Fig. 2
share the following characteristic internal features: two re-
gions of highly conserved sequence are separated by an in-
tervening region of relatively lower sequence homology.
However, the two family members CRICMb and CRICMc¢

do not fit precisely into this same general pattern. As shown
in Fig. 2, the family member CRICMb appears to be prema-
turely truncated at its 3’ end with respect to the other CRI
family members. No significant homology in CRICMb has
been detected beyond position 315 of the consensus se-
quence.

In the case of CRICMc, a deletion of a single block of
about 39 nucleotides between positions 346 and 384 appears
to have occurred. A possible mechanism for this deletion is
revealed by the nucleotide sequences in this region. In the
consensus sequence, there is a nearly perfect direct repeti-
tion of 15 nucleotides immediately preceding the beginning
and the end of this block of 39 deleted nucleotides. To be
more specific, the sequence between positions 328-345 (A-
G-G-Y-T-G-G-A-T-G-G-G-G-C-C-C-T-G) is repeated at posi-
tions 371-384 (A-G-G-Y-T-G-A-T-G-G-C-C-C-T-G). If such
sequences existed at both positions in an earlier evolutionary
version of CRICMc, it is quite possible that homologous re-
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Fic. 3. Similarity between sequences flanking CR/ repeats and avian retroviral LTRs. (4) Nucleotide sequences at the beginnings and ends
of seven CRI family members are shown. The main body of the CRI sequence begins with T-G and ends with C-A. In five of the sequences, the
T-G is preceded by a polypurine tract. (B) Two CRI family members (CRIOVc and CRIOVb), separated by about 8 kb, may form the ends of an
intact retroviral-like element. The following characteristics are shown: (i) short inverted repeats (T-G...C-A) at the ends of each CRI; (ii)
sequences corresponding to the primer binding sites for (+)- and (—)-strand synthesis during viral replication; (iii) a 4-nucleotide direct repeat
corresponding to host cell DNA duplicated at the insertion site. (C) A comparison is shown of CRI sequences to LTR sequences from an avian
retrovirus, Rous-associated virus O (RAV-0). The sequences from the CR/s are shown in the upper line, and the LTR sequences are shown in

the lower line. PBS stands for primer binding site.

combination could be responsible for the apparent 39-nucle-
otide deletion observed in CRICMc.

DISCUSSION

To clearly define the genomic structure of the chicken CR/
family, we have now sequenced a total of seven members of
this family. We were somewhat surprised to find that the
length of the tract of sequence homology extending in the 5’
direction was quite variable when different CRI sequences
were compared. This is different from human Alu se-
quences, in which case an unique 5’ end can usually be as-
signed precisely (10). The retroviral LTR model presented
here would predict that homology should extend in the 5’
direction only in those elements that have polypurine tracts
and therefore would be expected to represent 3' LTRs. This
holds true for all of the CRI sequences examined and pro-
vides an explanation for the variable lengths of homology.
Another way in which CR1 sequences differ from their Alu
counterparts is that no poly(A) tracts are observed in the 3'-
flanking DNA. That property is a characteristic feature of
most Alu sequences (10). To explain the dispersion of Alu
sequences throughout the human genome, models have been
proposed utilizing the idea of transcription-reverse tran-
scription—reinsertion (11, 12). These models, which are suf-
ficient to explain the constant S’ ends, include as essential
elements the presence of the 3’ poly(A) tract and the ability
of Alu sequences to act as promoters for RNA polymerase
III. CRI sequences, in contrast, have variable 5’ ends, lack
3’ poly(A) tracts, and are not known to function as promot-
ers for RNA polymerase III (unpublished results).
Moreover, individual Alu sequences are usually flanked
by short direct repeats (10). In our first report describing the
CRI family (2), short direct repeats flanking two members of
the CRI family were identified. However, it is now evident
that those repeats were a fortuitous occurrence. The more
complete data now available clearly show that individual
members of the CRI family generally are not flanked by

short direct repeats. Therefore, it seems likely from the cu-
mulative data that many of the details involved in the dis-
persal of CRI repeats through the chicken germ line must be
different from those involved in the dispersal of modern
mammalian Alu-like repeats.

The present data show that chicken CRI sequences pos-
sess certain essential structural features of integrated retro-
viral LTRs. These include (i) terminal inverted repeats (T-
G...C-A); (ii) (+)- and (—)-strand primer binding sites; (iii)
terminal sequence homology of the CRIOVb/c pair with the
LTRs of the avian retrovirus RAV-O; and (iv) structural ho-
mology of the CRIOVb/c to the overall structure of an inte-
grated retrovirus. On the other hand, certain transcriptional
regulatory signals (“TATA” boxes and polyadenylylation
signals), which are associated with viral LTRs and required
for viral gene expression, are not readily apparent in most of
the CRIs studied. Although we can find a TATA box (T-A-
T-A-T at position 238) and poly(A) addition signal (A-A-T-A-
A-A at position 460) in CRIOVb, these signals are generally
not conserved in the other CRIs. It is likely that the absence
of these regulatory signals reflects the long residence of the
CRIs in the chicken genome.

Indeed, if CRI sequences enter into the chicken genome
as the result of integrations by an intact retrovirus, it must be
the case that most of the CRIs described in this report have
had a very long residence in the chicken genome, because it
appears from the data that most of them are not components
of intact proviral elements. For example, all three of the
CRICM sequences most closely resemble 3’ LTRs in that all
of them possess the polypurine tract preceding the T-G dinu-
cleotide. Two of the other CRIs (UI and OVa) are not paired
in the genome with other LTR-like sequences, thus indicat-
ing that they are not part of intact proviruses. Examples
have been described in the literature of chicken endogenous
proviral elements that consist only of sequences correspond-
ing to a single LTR and no additional retroviral sequences
(9). It has been postulated in these cases that homologous
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FiG. 4. Genomic locations of CRI/ sequences. CRI sequences
have been characterized near three different structural gene loci in
the chicken genome. The extents of the cloned regions around these
three loci are shown. The structural genes are represented as un-
shaded boxes, and in all cases the direction of transcription is from
left to right. The locations of CRI sequences are shown by solid
vertical bars. In all seven of the cases examined, the orientations of
the CRI sequences are such that they “point” toward the nearby
structural genes. Nate that the scale for B and C is 10-fold expanded
relative to that of the ovalbumin region shown in A.

recombination between the 5' and 3’ LTRs has resulted in
the excision of sequences corresponding to the virus and to
one of the LTR equivalents. This is a plausible mechanism
for the generation of individual CR/ sequences.

Our main motivation in studying CRI sequences arises
from their possible role in the regulation of chromatin struc-
ture surrounding active genes (3). In the oviduct where the
X, Y, and ovalbumin genes are expressed, these three genes
exist in a 100,000-bp domain of preferential DNase I sensitiv-
ity (13). At each end of this domain, the chromatin structure
reverts to the relatively DNase I-resistant configuration
characteristic of the bulk of the chromatin (13). Previous
work has shown that two CRI sequences (CRIOVb and
CRI10Vc¢) are located at the 5’ end of this domain, and one
CRI sequence (CRI0OVa) is located at the 3’ end of the DN-
ase I-sensitive domain (3). CRIOVa exists in an inverse ori-
entation with respect to CRIOVb and CRIOVc—that is,
CRIOVb and CRIOVc, located 5’ of the gene cluster, have
the same orientation as the X, Y, and ovalbumin genes,
whereas CR10Va, located 3’ of the structural genes, has the
reverse orientation. This is diagramed in Fig. 4A. This same
pattern holds true for the other known CRI sequences
CRI1Ulais located 5’ of a Ul gene and has the same orienta-
tion as the Ul gene (Fig. 4B). CRICMa, CRICMb, and
CRICMc, on the other hand, lie 3’ of the cCM1I gene and
have orientations that are the opposite to that of the cCM1

Proc. Natl. Acad. Sci. USA 81 (1984) 6671

gene (Fig. 4C). Thus, in all seven of the cases examined, the
CRI sequences are oriented such that they all point toward
the nearby structural genes. The repeated finding of this
structural arrangement would not be expected on a random
basis and further suggests that the CRI sequences may play
a functional role in the regulation of gene expression, possi-
bly via an effect on chromatin structure.

If such an effect exists, several factors could be involved.
One possibility is that CRI sequences may serve as recogni-
tion sites for proteins involved in the regulation of chromatin
structure. Recently, we have been able to isolate a protein
factor that binds specifically to restriction fragments that
contain CRI sequences (unpublished results). The existence
of a specific CRI binding protein raises the possibility that
this protein may be involved in the observed alteration of
chromatin structure in regions of transcriptional activity.

In summary, the data presented here suggest that retro-
viral mechanisms have been responsible for the duplication
and dispersal of CRI repetitive elements in the evolving
chicken genome. In addition, the interesting orientation and
location of CRIs with respect to expressed cellular genes
suggest a possible role for CR/s in chromatin structure.
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