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Chicken U2 and Ul  RNA Genes Are Found in Very Different Genomic 
Environments but Have Similar Promoter Structurest 
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ABSTRACT: We have cloned and analyzed a gene that codes for chicken U2 small nuclear R N A  (snRNA). 
In the haploid chicken genome, there are approximately 35-40 copies of the U2 R N A  gene arranged in 
tandemly repeated units 5.35 kilobase pairs in length. This U2 gene organization contrasts with that of 
chicken U1 R N A  genes, which are found in heterogeneous genomic environments. Although U snRNA 
genes are transcribed by R N A  polymerase 11, they lack the usual TATA and CAAT homologies found in 
the 5' control regions of most R N A  polymerase I1 transcription units. Nevertheless, a comparison of chicken 
U2 and U1 R N A  gene 5'-flanking D N A  sequences reveals two upstream blocks of homology which are 
also evolutionarily conserved in U2 and U1 R N A  genes of other vertebrate species. The first block of 
conserved sequence is centered around position -55 relative to the R N A  cap site, and the other is located 
near position -200. Interestingly, stretches of sequence with the potential to form Z DNA are located either 
within or immediately adjacent to both of these two conserved upstream sequence elements, suggesting a 
possible role for Z DNA in U1/U2 gene expression. Moreover, the chicken U2 and U1 gene promoter regions 
also contain specific short sequences (i.e., the hexamer GGGCGG and the octamer ATGCAAAT) that 
have been shown to be required for the expression of a number of mRNA-encoding genes. These findings 
suggest that the transcription of snRNA genes is controlled by a complex set of factors, some shared with 
other R N A  polymerase I1 transcription units and others which may be unique to the snRNA genes. 

%e small nuclear RNAs (snRNAs)' of the U family rep- 
resent a special class of RNA polymerase I1 transcripts (El- 
iceiri, 1980; Roop et al., 1981; Murphy et al., 1982; Mattaj 
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& Zeller, 1983) which are metabolically stable and are not 
polyadenylated. With the exception of U6 RNA, they also 
contain an unusual 2,2,7-trimethyIguanosine cap structure 
instead of the 7-methylguanosine cap found on mRNA mol- 
ecules [for a review, see Busch et al. (1982)]. The snRNAs 
Ul-U6, as well as the recently discovered U7-U10 snRNAs 
(Strub et al., 1984; Reddy et al., 1985), exist in vivo as integral 

~ ~ 

' Abbreviations: snRNA, small nuclear RNA; snRNP, small nuclear 
ribonucleoprotein particle; bp, base pair(s); kbp, kilobase pair(s). 
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components of small nuclear ribonucleoprotein particles 
(snRNPs) which are recognized by antibodies from patients 
with certain autoimmune diseases (Lerner & Steitz, 1979). 

Substantial evidence now exists that U1 and U2 snRNPs 
play a role in the removal of intervening sequences from 
mRNA precursors (Mount et al., 1983; Padgett et al., 1983; 
Kramer et al., 1984; DiMaria et al., 1985; Krainer & Maniatis, 
1985; Black et al., 1985). The U7 snRNPs have been shown 
to be involved in the maturation of the 3’ ends of histone 
mRNA (Strub et al., 1984; Birchmeier et al., 1984). I t  
therefore seems likely that the other U snRNPs may also 
function in RNA processing events in the cell nucleus. 

Our laboratory is interested in elucidating the molecular 
mechanisms involved in the expression of the genes that code 
for the snRNAs. We have previously reported the cloning and 
sequencing of four chicken U1 RNA genes (Roop et al., 1981; 
Earley et al., 1984). Although these genes lack TATA boxes, 
there are two evolutionarily conserved regions of high sequence 
homology in the 5’-flanking DNA. The proximal conserved 
region consists of the first 60 nucleotides of 5’-flanking DNA, 
while the distal conserved region is located further upstream 
at  approximately position -200 with respect to the RNA cap 
site (Earley et al., 1984). The presence of these evolutionarily 
conserved homologies suggests that DNA sequences in these 
two distinct regions are essential components of the promoter 
for chicken U 1 RNA gene expression. 

This concept is supported by the fact that the 5’-flanking 
DNAs of cloned U 1 and U2 RNA genes of other vertebrate 
species also contain homologous sequences at  similar upstream 
positions (Marzluff et al., 1983; Watanabe-Nagasu et ai., 
1983; Tani et al., 1983; Earley et al., 1984; Zeller et al., 1984; 
Westin et al., 1984a,b; Ares et al., 1985). Moreover, deletions 
or mutations in the 5’-flanking DNA that remove or disrupt 
these conserved regions have significant down effects on the 
transcriptional activity of human and Xenopus U1 and U2 
RNA genes injected into frog oocytes (Skuzeski et al., 1984; 
Westin et al., 1984b; Krol et aI., 1985; Ciliberto et al., 1985; 
Mattaj et al., 1985; Ares et al., 1985). Two main conclusions 
have been drawn from these studies. First, a proximal region 
(nucleotide positions about -50 to -60) appears to be func- 
tionally analogous to a TATA box and is required for the 
accurate initiation of snRNA transcription (Skuzeski et al., 
1984; Ciliberto et al., 1985). Second, a distal region near 
position -200 has properties similar to (Mattaj et al., 1985), 
but possibly not identical with (Ares et al., 1985), a classical 
transcription enhancer element (Gruss, 1984). 

In order to study these phenomena more fully in the chicken 
system, we have now cloned and characterized a gene that 
codes for chicken U2 RNA. In this paper, we report the 
genomic organization and nucleotide sequence of this chicken 
U2 RNA gene, and we compare its structure with that of 
chicken U 1 RNA genes. We find that U2 and LJI RNA genes 
are organized very differently from each other in the chicken 
genome but that they have promoter regions that are quite 
similar in structure, including the two conserved sequence 
elements mentioned above. Finally, we propose that other 
specific DNA sequences, and potentially Z-conformation 
DNA, may also be involved in chicken snRNA gene expres- 
sion. 

EXPERIMENTAL PROCEDURES 
Isolation of a Genomic DNA Clone Containing a Chicken 

U2 RNA Gene. A DNA clone containing a human U2 RNA 
pseudogene was used as a hybridization probe to screen a 
chicken genomic DNA library. The human U2 pseudogene 
clone U2.21.6 (Van Arsdell & Weiner, 1984) was a gift of 

B I o c  H E M I S  T R Y  K O R F  4 N D  S T L M P H  

A. M. Weiner. In this clone, the U 2  sequence is contained 
in a 400 base pair (bp) MspI fragment ligated into the mp8 
vector. Replicative form DNA was prepared, and the 400 bp 
fragment was separated from the vector by EcoRI and Hind111 
double digestion, followed by purification through agarose and 
polyacrylamide gels. 

This fragment was nick-translated and used to screen a 
chicken genomic DNA library obtained from C. Hodgson, 
M.-J. Tsai, and B. W. O’Malley. This library consists of hen 
oviduct DNA fragments generated by partial cleavage with 
MboI and cloned into the polylinker BamHI site of the A-phage 
vector EMBL-4. Approximately 100 000 phage plaques were 
screened by using the following hybridization conditions: 0.9 
M NaCI, 0.09 M sodium citrate (pH 7) ,  0.04% poly(viny1- 
pyrrolidone), 0.04% Ficoll, 0.04% bovine serum albumin, 0.5% 
sodium dodecyl sulfate, 1 mM ethylenediaminetetraacetate, 
64 O C .  After three rounds of plaque purification, a single 
intensely hybridizing clone was obtained and designated AU2-6 
(Figure 1). 

A 4.0 kilobase pair (kbp) fragment from AU2-6 (defined 
by a BamHI site at one end and extending to the EcoRI site 
of the polylinker a t  the other end) was found to hybridize to 
the U2 probe. This 4.0 kbp fragment (Figure 1) was isolated 
and subcloned into the BamHI-EcoRI sites of pBR322, 
generating the clone p4.0(AU2-6). The 1.6 kbp SstI fragment 
was isolated from this plasmid and used for DNA sequencing. 

To obtain a U2 coding sequence specific hybridization probe, 
a 170 base pair Sau3A-SmaI fragment, containing 163 bp 
of U2 coding region and only 6 bp of 3’-flanking sequence, 
was subcloned into the BamHI-SmaI sites of the plasmid 
pSP65 (Promega Biotech). It was reisolated from this plasmid 
and nick-translated to use as a probe in the genomic DNA 
Southern blot experiments. 

DNA Sequencing. DNA sequencing was carried out by 
using the chemical degradation method of Maxam and Gilbert 
(1977). Restriction fragments were 5’ end labeled with T4 
polynucleotide kinase and [T-~*P]ATP. Fragments were la- 
beled at  the 3’ end by using DNA polymerase I (Klenow 
fragment) or T4 DNA polymerase and deoxyribonucleotide 
[~~-~~P] t r iphosphates ,  or, in the case of 3’ overhanging ends, 
by using terminal deoxynucleotidyl transferase and [CY-~*P]- 
ddATP. The sequencing strategy is shown at  the bottom of 
Figure 1. 

Analysis of DNA by Southern Blotting. DNA fragments 
of restriction endonuclease digestions were separated by 
electrophoresis in 0.75-1.5% agarose gels and transferred to 
nitrocellulose or nylon filters by the method of Southern 
(1975). Typically, 1-2 pg of cloned DNA or 10-20 pg of 
genomic DNA was loaded per gel lane. Genomic DNA was 
isolated from the liver of a single hen as described in Maniatis 
et al. (1982). For the copy number blot, 15 pg of chicken 
genomic DNA was loaded per lane. For use as an internal 
standard in the copy number blot experiment. a 3.2 kbp 
EcoRI-XmnI fragment was isolated from the plasmid p4.0- 
(XU2-6). On the basis of a chicken haploid genome size of 
1.26 pg of DNA (Maxson et al., 1983), it was calculated that 
44 pg would represent a single copy equivalent of a 3.2 kbp 
fragment in 15 pg of genomic DNA. This amount and 
multiples of it were loaded, along with 15 pg of BamHI-di- 
gested liver DNA, into individual lanes of a gel for use in the 
copy number blot experiment of Figure 5 .  

RESULTS 
Isolation and Characterization of a Clone Containing a 

Chicken U2 R N A  Gene. Approximately 100 000 plaques from 
a chicken genomic DNA A-phage library were screened by 
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Sequence of the U2 RNA Gene Clone. ( A )  Coding Region. 
Figure 2A presents 360 bp of 5'-flanking DNA sequence, 187 
bp of U2 coding region, and 293 bp of 3'-flanking szquence 
determined according to the strategy outlined at  the bottom 
of Figure 1. To our knowledge, only a partial sequence has 
been published for chicken U2 RNA (Branlant et al., 1982), 
corresponding to the 3' portion of the molecule (residues 8 1 
through 187). The DNA sequence in clone XU2-6 and the 
published R N A  sequence are in perfect agreement over this 
region. Moreover, the chicken DNA clone that we have iso- 
lated would code for an RNA that is identical in sequence to 
the 5' portion of mammalian U2 RNAs in the region spanned 
by nucleotides 1-95, a region which is 100% conserved in 
humans, mice, and rats (Reddy, 1985). For these reasons, we 
are confident that the clone XU2-6 contains a bona fide chicken 
U2 RNA gene. This conclusion is independently supported 
by the presence of conserved transcriptional signals in the 
flanking DNA and by the results of experiments studying the 
genomic organization of chicken U2 RNA genes as discussed 
below. 

( B )  5'-Flanking Region. The 5'-flanking DNA of the 
chicken U2 gene is very GC rich, and as with other snRNA 
genes does not contain a TATA box characteristic of most 
genes transcribed by RNA polymerase 11. However, when the 
U2 gene 5'-flanking sequences were compared with four dif- 
ferent chicken U1 RNA gene sequences previously determined 
(Earley et al., 1984), two upstream regions of significant 
homology could be identified at similar locations. The hom- 
ologies are shown in Figure 2B. The conserved region most 
proximal to the RNA cap site is located near position -55. 
Here, 12 of 15 nucleotides are conserved among the chicken 
U2 and U1 RNA genes. A second and more distal region is 

FIGURE 1: Restriction map of a DNA clone containing a chicken U2 
R N A  gene. The 15 kbp chicken DNA insert in the A-phage vector 
EMBL-4 is shown at  the top. Wavy lines indicate EcoRI sites in the 
polylinker of the vector. The U2 RNA coding region is illustrated 
as a bold arrow with the arrowhead indicating transcriptional ori- 
entation. An expanded view of the subcloned 4.0 kbp EcoRI to BamHI 
fragment is shown below the phage clone map. A more detailed map 
of the region sequenced is shown in the third line of the figure. The 
sequencing strategy is shown at  the bottom for the coding and non- 
coding strands. Restriction enzyme abbreviations: A l ,  AuaI; A2, 
AuaII; Ap, ApaI; Bg, BglI; Bm, BamHI; Bn, B a d ;  Bs, BssHII; D, 
DdeI; H, HindIII; K, KpnI; P, PstI; RI, EcoRI; RV, EcoRV; Sa, 
Sau3A; Sm, SmaI; Ss, SstI; St, StuI; T, TaqI; Xh, XhoI; Xm, XmnI. 

using as a hybridization probe a clone that contains human 
U2 DNA sequences. A single intensely hybridizing clone was 
obtained. A restriction map of this clone, XU2-6, is shown 
at  the top of Figure 1. Southern blot analysis (not shown) 
revealed that the U2 sequences were located in a 4.0 kbp 
EcoRI-BamHI fragment positioned at  the left end of the 
phage clone as oriented in Figure 1. This 4.0 kbp fragment 
was subcloned into pBR322, and finer restriction mapping of 
the resultant plasmid, p4.0(XU2-6), indicated the presence of 
a single copy of a U2 RNA gene (Figure 1). 

A 
-360 -350 -340 -330 -320 -310 

GCCGGCCGCA ACCCCTTCGG CTCGTCGCCC CGCGCTGACA GAACGGCTCC CGACTGCGGG 
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I 
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I 
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AGCCGCTGGT 
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-270 -260 -250 

GCCGCGCCGT GGGAGGGAGG CGGCGGGTGA 

-150 -140 -130 
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-30 -20 -10 
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1144 t154 t164 

CGGCGCGGCG CGGCGCTGCG TTCGGTTGCG 

t264 +274 t284 
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- 5 8  CCGTGAGCTGTCGGG - 4 4  

- 5 7  CCGTGCGGTR-CGGG -44 

1 2 / 1 5  = 80% HOMOLOGY 

..... . .. .... 
FIGURE 2: Sequence of the chicken U2 R N A  gene clone. (A) The sequence of the U2 RNA coding region is shown in large capital letters, 
corresponding to positions 1 through 187. The 5'-flanking DNA is labeled with negative numbers. The two regions underlined are those that 
are shown again in part B of the figure and are sequences presumed to be important for expression of the gene. The nucleotides of the 3'-flanking 
DNA are labeled with numbers preceded by + signs. The noncoding strand is shown. (B) Sequence comparisons showing the homologies 
present a t  similar locations upstream of chicken U2 and U1 R N A  genes. Asterisks indicate matched bases. R stands for purine and Y for 
pyrimidine. Dashes have been inserted to maximize alignment. The underlined sequence octamer ATGCAAAT is discussed in the text. 
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FIGURE 3: Genomic organization of chicken U2 RNA genes analyzed 
by Southern blot analysis. DNA isolated from the liver of a single 
hen was digested with the indicated enzymes, electrophoresed on a 
0.9% agarose gel, blotted to a nylon filter, and probed with a nick- 
translated cloned 170 bp fragment specific for U2 coding sequences. 
The arrows indicate the distances migrated by Hindlll fragments of 
X DNA run in adjacent lanes as size markers. The results demonstrate 
that all detectable chicken U2 RNA genes are present in identical 
or very similar genomic DNA environments. 

RNA genes share 35 of 46 nucleotides in common (Figure 2B). 
The conservation of these two blocks of homology strongly 
suggests that they are functionally important sequences for 
chicken snRNA gene expression. Of particular interest is the 
presence of the octamer ATGCAAAT as a conserved com- 
ponent of the "-200" region. This sequence octamer has been 
shown to be involved in the expression of immunoglobulin 
genes (Parslow et al., 1984; Falkner & Zachau, 1984; Mason 
et al., 1985) and, very recently, in the expression of human 
and Xenopus U2 RNA genes (Ares et al., 1985; Mattaj et al., 
1985). 

(C) 3'-Flanking Region. The 3'-flanking DNA of the 
chicken U2 RNA gene sequence shown in Figure 2A has a 
couple of interesting features. First, the sequence AAAG- 
GAGAGA found at positions +27 through +36 resembles an 
evolutionarily conserved consensus sequence, AAAPuNNA- 
GA, found downstream of vertebrate snRNA genes. This 
sequence has been shown to be required for 3' end formation 
of human U1 and U2 snRNAs (Yuo et al , 1985; Hernandez, 
1985). Second, further downstream in the 3' direction, the 
pentanucleotide CGCGG is directly repeated 9 times between 
positions + 1 12 and + 156. The significance of this pentanu- 
cleotide repeat is not known. Interestingly, however, pen- 
tameric repeats of different sequence have also been observed 
upstream of some chicken U1 RNA true gene and pseudogene 
loci (Kristo et al., I984), within the second intron of the human 
{-globin gene (Proudfoot et al., 1982), within the first intron 
of chicken b-crystallin genes, and within the switch region of 
murine immunoglobulin heavy-chain genes (Piatigorsky, 1984). 
Perhaps such pentameric repeats play a fundamental role in 
genomic evolution or function. 

Genomic Organization of Chicken U2 RNA Genes. To 
investigate the genomic environment of chicken U2 RNA 
genes, we performed Southern blot analyses of genomic DNA. 
DNA prepared from the liver of a single hen was digested with 
1 of 12 different restriction enzymes, blotted to nylon filters, 
and probed with a labeled DNA fragment specific for U2 
RNA coding sequences. The results of this experiment are 
shown in Figure 3. A general pattern of a single strongly 
hybridizing fragment for each enzyme digestion is observed. 
Exceptions occur in the case of two enzymes (XhoI and Smal) 
that are sensitive to CpG methylation of thcir recognition sites; 

-26.7 Kb- 2:; 
- 17.1 

-21.4 Kb - 
16.0 Kb - -- - 13.1 
10.7 Kb - I) -9.7 - 9.4 

- 6.7 

5.35 Kb - - 
- 4.4 

FIGURE 4: Chicken U2 RNA genes are organized as 5.35 kbp tandem 
repeats. Chicken genomic DNA was partially digested with KpnI 
or EcoRV, electrophoresed on a 0.75% agarose gel, transferred to a 
nylon filter, and probed with nick-translated U2 coding sequences. 
The autoradiogram shows that each enzyme produces an identical 
ladder of partial digestion products corresponding to fragment sizes 
that are multiples of 5.35 kbp. The lines and numbers on the right 
side correspond to the distances migrated by BgIII, Nindlll, and Kpnl 
fragments of A DNA run in adjacent lanes as size markers. 

these results are discussed further below. Upon very long 
exposures, light bands were sometimes observable in other 
lanes, but these minor bands (including the lower band in the 
XmnI digestion of Figure 3) were not reproducible from ex- 
periment to experiment (data not shown). Although minor 
heterogeneity cannot be rule out, we can conclude from this 
experiment that at least most U2 RNA genes in the chicken 
genome are present in remarkably similar environments. 

The results of the experiment shown in Figure 3 are con- 
sistent with the possibility that the chicken U2 RNA genes 
may be organized into an array of tandemly repeated units 
that contain no recognition sites for EcoRI and HindIII and 
contain a single recognition site per repeating unit for each 
of the enzymes KpnI and EcoRV. This is suggested by the 
fact that EcoRI and EindIII produce hybridizing bands that 
run a t  the limit mobility of the gel, whereas the next largest 
bands (KpnI and EcoRV lanes) comigrate with a mobility 
corresponding to a length of 5.35 kbp. Partial digestion 
products of the same size (5.35 kbp) are also present in the 
XhoI and Smal  lanes. These results suggest the possibility 
that the chicken U2 genes are contained within 5.35 kbp 
tandemly repeated units. To confirm this arrangement, the 
experiment shown in Figure 4 was performed. Genomic DNA 
was digested only partially with EcoRV or Kpnl and then 
subjected to Southern blot analysis. The results show that both 
of these enzymes produce an identical ladder of bands that 
are multiples of 5.35 kbp in size. This result is expected only 
if U2 RNA genes are organized in the chicken genome as an 
array of 5.35 kbp tandemly repeated units. Each unit is 
recognized once by KpnI and EcoRV and not at all by EcoRI 
and HindIII. The other enzymes used in Figure 3 cut the 
repeating unit more than once. 

In order to determine the number of U2 RNA gene copies 
in the chicken genome, we performed the experiment shown 
in Figure 5. Genomic DNA was digested with BamHI which 
yields a single 4.3 kbp band that hybridizes with a U2 probe 
on Southern blot analysis (Figure 3). To these genomic DNA 
digestions, we added increasing amounts of a 3.2 kbp DNA 
fragment corresponding to I ,  3,9,20,50, or 100 copies of the 
U2 RNA gene. The autoradiogram shown in Figure 5 reveals 
that the haploid chicken genome contains between 20 and 50 
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FIGURE 5: Determination of the number of U 2  RNA gene copies in 
the chicken genome. DNA isolated from hen liver was digested with 
BumHl which yields a single 4.3 kbp band visible upon Southern 
analysis with a U2 probe (Figure 3). Precisely I5 pg of BumHl- 
digested genomic DNA was loaded per lane on a 0.9% agarose gel. 
Also included in each lane were increasing amounts of a cloned 3.2 
kbp fragment corresponding to the equivalent of I ,  3, 9, 20, 50, or 
100 copies per haploid chicken genome. Densitometer scans of films 
exposed for various periods of time provided an estimate of 35-40 
copies of the U 2  RNA gene in the haploid chicken genome. 

U2 RNA gene copies. Densitometry of films exposed for 
various periods of time provided an estimate of 35-40 copies 
of the U2 RNA gene per haploid chicken genome. 

DISCUSSION 

Organization of U2 RNA Genes in the Chicken Genome. 
We have cloned a 15.2 kbp region of chicken DNA that 
contains a gene coding for U2 RNA. We find that there are 
about 35-40 copies of the U2 RNA gene present in the haploid 
chicken genome arranged as tandemly repeated units 5.35 kbp 
in length. Human and Xenopus U2 RNA genes have also been 
shown to exist in similar tandemly repeated arrays with re- 
peating units of 6.2 and 0.83 kbp, respectively (Van Arsdell 
& Weiner, 1984; Westin et al., 1984a; Mattaj & Zeller, 1983). 

The restriction map of theclone we have isolated (XU2-6) 
is completely consistent with the genomic mapping data shown 
in Figures 3 and 4 with the exception of one important feature. 
Since the clone XU2-6 itself contains no 5.35 kbp internal 
repetitions, it must contain the region of the chicken genome 
at the very end of the U2 gene tandemly repeated array. In 
all other respects, XU2-6 appears to be a faithful representative 
of the predominant (and perhaps only) class of U2 DNA 
sequences present in the chicken genome. The isolation of a 
clone containing an end unit is perhaps not surprising since 
tandem repeats often do not clone well in X vectors. 

Our results also agree with those of another group (Tani 
et al., 1983) who probed genomic Southern blots of chicken 
DNA with a heterologous (rat) U2 DNA probe. They di- 
gested chicken DNA with two enzymes, EcoRI or PstI, and 
also observed only a single band of hybridization in each case. 
The bands in their experiment agree in size with the bands 
we observe for the same two enzymes in Figure 3. 

An interesting phenomenon is revealed by the XhoI and 
SmaI digestions in the genomic blot of Figure 3. Although 
the 35-40 U2 genes are clearly in the same DNA sequence 
environment, the methylation status of Xhot and Smal sites 
around individual U2 genes can clearly vary. This is indicated 
by the fact that more than one band is seen upon digestion 
of genomic DNA with these two enzymes. Since the degree 
of methylation of a gene is often related to its transcriptional 
activity (Felserifeld & McGhee, 1982), these results may be 
an indication that not all of the U2 genes are equally expressed 
in the liver, the tissue from which this DNA was isolated. 
Mangin et al. (1985) have recently observed that the total 
amount of U1 RNA present in cells is relatively independent 
of the U1 gene copy number. They suggested that U1 RNA 
gene expression is subject to a negative feedback control 
mechanism that regulates the overall synthesis of U1 RNA. 

The differential methylation of U2 genes that we observe may 
be a reflection of this sort of feedback control, which could 
act to alter the expression of a certain proportion of the U2 
RNA genes. 

Organization of Ul us. U2 RNA Genes in the Chicken 
Genome. The organization of chicken U2 RNA genes de- 
scribed above contrasts significantly with the organization of 
U1 genes in the same organism. Southern blots of chicken 
genomic DNA reveal multiple bands of hybridization when 
probed with U1 DNA sequences (Roop et al., 1981). This 
indicates that chicken U1 genes are found in many different 
genomic environments. Moreover, at least some U1 RNA 
genes are closely clustered within 2 kbp of each other in the 
chicken genome but are not tandem repeats and sometimes 
have opposing transcriptional orientations (Earley et al., 1984). 
Finally, the region of sequence identity shared by different 
chicken U I RNA genes spans only the coding region and about 
59 bp of 5’-flanking DNA (Earley et al., 1984). I n  contrast, 
the individual copies of chicken U2 RNA genes are found in 
apparently identical DNA sequence environments as part of 
tandemly repeated units 5.35 kbp in length. 

These findings indicate that U1 and U2 RNA genes have 
had a quite different evolutionary history in the chicken. A 
reasonable interpretation is that U 1 RNA genes have remained 
stable in the chicken genome for an evolutionarily long period 
of time. As a result, they have maintained their homogeneity 
only in the regions that are critical for their expression and 
function. In contrast, the chicken U2 RNA gene family may 
be derived from a relatively recent event in evolutionary time, 
possibly from the recent amplification of a single genetic locus. 

Features of the Chicken U2 and Ul  RNA Gene Promoter 
Regions. Although chicken U2 and U l  RNA genes are or- 
ganized very differently, they have nevertheless retained im- 
portant similar features in their 5’-flanking DNA. The most 
outstanding feature is the conservation of two specific blocks 
of sequence homology located approximately 55 and 200 bp 
upstream of the respective RNA cap sites (Figure 2B). Ho- 
mologous sequences are also found at similar locations up- 
stream of other vertebrate U I and U2 RNA genes (Maraluff 
et al., 1983; Watanabe-Nagasu et al., 1983; Tani et al., 1983; 
Zeller et al., 1984; Westin et al., 1984a,b; Ares et al., 1985). 
Sequences in these regions have been demonstrated to be 
required for the efficient expression of human and frog U1 
and U2 RNA genes after injection into Xenopus oocytes 
(Skuzeski et al., 1984; Westin et al., 1984b; Krol et al., 1985; 
Ciliberto et al., 1985; Mattaj et al., 1985; Ares et al., 1985). 

A particularly interesting feature of the distal upstream 
region is the presence of the sequence octamer ATGCAAAT 
(Figure 2B). This octamer is perfectly conserved in the chicken 
U2 RNA gene -200 region and in three of the four chicken 
U1 RNA genes that we have previously cloned (Earley et al., 
1984). In the case of the foutth chicken U 1 RNA gene (U 1 
52b), the related sequence ATGCAGAT is repeated twice 
within the same region (Earley et al., 1984). The consensus 
octamer (ATGCAAAT) is found also in the promoter regions 
of immunoglobulin genes (Parslow et al., 1984; Falkner & 
Zachau, 1984) and in the heavy-chain enhancer (Ephrussi et 
ai., 1985). Mattaj et al. ( 1985) have recently demonstrated 
that this octamer plays a role in Xenopus U2 RNA gene 
expression in a manner analogous to that of a classical en- 
hancer element. It is reasonable to assume that the octamer 
is similarly involved in the chicken U I  and U2 RNA gene 
expression. 

In Figure 6 we point out some additional potentially im- 
portant features of the chicken U1 and U2 RNA gene pro- 
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FIGURE 6: Features of the promoter regions of chicken U2 and U1 RNA genes. A total of 320 nucleotides of 5’-flanking DNA is shown for 
a chicken U2 RNA gene and for four chicken U1 RNA genes. The U1 gene sequences are taken from Earley et al. (1984). The shaded regions 
correspond to the distal and proximal regions of homology shared by all five genes as defined by the sequence comparisons shown in Figure 
2B. [In the U1 52b gene, some of the conserved sequences are duplicated (Earley et al., 1984).] Boxes containing large capital letters indicate 
the locations of the hexanucleotide GGGCGG or its complement. The boxes around small capital letters indicate sequences that have the 
potential to exist as Z-conformation DNA. Sequences with a minimum of 8 strictly alternating purines/pyrimidines or with a minimum length 
of 1 1  nucleotides with no more than a single out of register nucleotide were assumed capable of adopting the Z conformation (Nordheim & 
Rich, 1983). The boxed sequences are the only ones in the region shown which meet these criteria. 

moter regions. The shaded areas designate the distal -200 and 
proximal -55 regions of homology as defined by the sequence 
comparisons shown in Figure 2B. One of the features shown 
in Figure 6 is the presence of the hexanucleotide sequence 
GGGCGG at multiple locations in the 5’-flanking DNA. This 
sequence and its complement are designated by large boxed 
capital letters. The GGGCGG hexamer is a recognition site 
for the eucaryotic transcription factor Spl  (Dynan & Tjian, 
1983; Gidoni et al., 1984). There are between three and six 
copies of this “GC box” upstream of each of the chicken 
snRNA genes shown, suggesting that the Spl factor may play 
a role in snRNA gene expression. 

Finally, sequences with the potential to form Z DNA are 
shown by boxes around small capital letters in Figure 6. 
Perhaps the most interesting feature of these potential Z-DNA 
sequences is their location either within or very near to the 
conserved -200 and -55 regions. This fact suggests a possible 
interaction between Z DNA and other DNA sequences re- 
quired for chicken snRNA gene expression. A possible role 
of Z DNA in the upstream regions of snRNA genes has 
previously been discussed (Earley et al., 1984; Krol et al., 
1985). 

In conclusion, our sequence data indicate that the control 
of chicken snRNA gene expression may be highly complex. 
Our findings are consistent with a mosaic model of enhancer 
and promoter structure and suggest that a combination of 

discrete transcription factors interacting at multiple regulatory 
sites may be responsible for promoting specific snRNA gene 
expression. 
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