
eral, it seems reasonable to expect that the 
members of such large families of DNA- 
binding proteins may have several conserved 
contacts with the DNA backbone, and that 
closely related members may also have con- 
served contacts with one or more bases. 
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An Intron in the Genes for U3 Small Nucleolar 
RNAs of the Yeast Saccharomyces cerevisiae 

The origin of the intervening sequences (introns), which are removed during RNA 
maturation, is currently unknown. They are found in most genes encoding messenger 
RNAs, but are lacking in almost all small nuclear (sn)RNAs. One exceptional snRNA 
(U6) is part of the spliceosomal machinery that is involved in messenger RNA 
maturation. I t  has been suggested that its intron arose as a result of incorrect splicing 
of a messenger RNA precursor. This study revealed the presence of an intron, with the 
characteristic features of nuclear introns from precursors to messenger RNA, in the 
two genes coding for Saccharomyces cerevisiae U3 snRNA. The branch point was 
GACTAAC instead of the TACTAAC sequence found in all yeast introns examined so 
far. As U3 is a nucleolar snRNA required for maturation of ribosomal RNA, its intron 
could not have been acquired from aberrant messenger RNA processing in a spliceo- 
some. 

T HE NUCLEI OF VERTEBRATE CELLS 

contain metabolically stable small 
nuclear RNAs (snRNAs). Five of 

the major ones, denoted U1, U2, U4, U5, 
and U6 snRNAs, are involved in the splic- 
ing of pre-mRNAs (1). The small nuclear 
ribonucleoproteins (snRNPs) correspond- 
ing to these five RNAs react with antisera of 
the Sm serotype from patients with the 
autoimmune rheumatic disease lupus ery- 

Laboratoire d'Enzymologie et de GCnie GCnCtique, Uni- 
versitC de Nancy I, URA CNRS 457, BP 239,54506 
Vandoeuvre Les Nancy, Cedex, France. 
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thematosus (2). Another major snRNA spe- 
cies, denoted U3, is located in the nucleolus 
(3). Domain A (4) containing the binding 
site for Sm-antigen proteins is absent in U3 
snRNA, and so U3 snRNP does not react 
with Sm antibodies. Observation of hydro- 
gen bonding between U3 snRNA and nu- 
cleolar 28s pre-ribosomal RNA (pre- 
rRNA) suggested an involvement of U3  
snRNA in pre-rRNA maturation (3, 5 ) ,  and 
several models of base-pairing have been 
proposed (1). 

Yeast nuclear genes with intervening se- 
quences (introns) interrupting the coding 
regions are rare and most of them encode 
ribosomal proteins. Although the pre- 

mRNA splicing pathway in yeast is similar 
to that in higher eukaryotes, some features 
of introns are significantly different in yeast. 
First, all known yeast pre-mRNA introns 
contain the seauence TACTAAC in which 
lariat formation occurs. Second, the se- 
quence at the 5' end of introns is significant- 
ly more variable in mammalian than in yeast 
mRNA, the 5' sequence GTATGT being 
highly conserved in yeast introns. 

The yeast Sacchavomyces cevevisiae contains 
a large variety of snRNAs (6 ) .  Two of them, 
snR17A and snR17B, correspond to verte- 
brate U3 snRNA (7). Unlike other yeast 
snRNAs, which are encoded by single-copy 
genes, snR17 is encoded by two genes hav- 
ing similar nucleotide sequences (7). Before 
starting a study of snR17 function by site- 
directed mutagenesis, we sequenced Saccha- 
vomyces cevevisiae snR17 at the RNA level 
and discovered that both snRl7A and 
snR17B genes contain an intron 

The nucleotide sequence of S. cevevisiae 
snR17 from the strain named by the Ameri- 
can Type Culture Collection ATCC 28383 
(8) was determined by both the chemical 
method for RNA sequencing (9) and the 
enzymatic method based on primer exten- 
sion with reverse transcriptase (10). The 
RNA extracted from mech~ically disrupted 
cells was separated by ultracentrifugation on 
a sucrose gradient. The reverse transcriptase 
sequencing was performed with the 4S-8s 
RNA mixture recovered from the gradient, 
by means of synthetic deoxyoligonucleo- 
tides (Fig. la) .  The chemical method was 
used on 3' end-labeled, purified snR17 
RNA (1 1). SnR17B RNA was not detected 
by either method. Nevertheless, the pres- 
ence of two distinct snR17 genes i n  our 

u 

strain was confirmed by Southern blot anal- 
ysis of total DNA (Fig. 2). The size of the 
two hybridizing bands observed with Eco 
RI restriction kndonuclease digestion fits 
with the physical map established for 
snR17A and snR17B genes (7). Therefore, 
as previously observed (7) ,  snR17B gene is 
only poorly expressed in this strain. 

There was good correlation between our 
RNA seauence and that for the snR17A 
gene, except for the 5' end of the molecule, 
where the sequence obtained by reverse 
transcriptase was completely different from 
that deduced for the gene (Fig. 1). Thus, 
either snR17A had a different sequence in 
our strain or snR17A gene had an intron. 
According to this second hypothesis, the 5' 
terminal sequence CGACGUACUUCA 
found by reverse transcriptase analysis (Fig. 
lb)  should belong to a first exon. 

We isolated an snR17 gene from an S. 
cevevisiae ATCC 28383 genomic library, us- 
ing 3' end-labeled snR17 as a probe, and 
determined the nucleotide sequence of the 
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coding region and a long 5' flanking region 
(12). Except for one additional G residue in 

downstream of the position proposed by 
Hughes et al. (7). 

The intron of the snRl7A gene is located 
between two segments that are highly con- 
served throughout U3 snRNA evolution. 
One segment has previously been described 
as box A (7, 14), whereas the second one, 
deduced fiom this study, is denoted box 
A' (Fig. 3). The tetranucleot.de sequence 
where the intron is inserted is the same in 

quenced at the RNA level, it was interesting 
to look for a putative intron in the snR17B 
gene. Hughes et al. (7) sequenced a long 
upstream DNA region for snR17B. Com- 
parison of snRl7A and snR17B DNA se- 
quences (Fig. la) reveals that the two genes 
have a similar archi-. In the snR17B 
gene, the sequence GTCGACGTACTTCA 
coding fbr the 5' end of the RNA is also 
separated fiom the rest of the coding region 
by an intervening sequence. This interven- 
ing sequence is shorter than that of the 
snRl7A gene: 130 nucleotides instead of 
157. Its 5' and 3' end sequences- fit the 
consensus sequences for 5' and 3' ends of S .  
cerevisiae nudear introns, and a branch site is 
also present. In addition to the classical 

the RNA -and three mutations upstream of 
the coding region (Fig. la), the sequence of 
the isolated gene was identical to that previ- 
ously determined for snRl7A gene (7). In 
the additional upstream DNA sequence, we 
observed the sequence CGACGTACTTCA 
corresponding to the 5' end of the RNA. 
This coding segment is separated from the 
rest of the coding region by a 157-nudeo- 
tide intervening sequence. The sequences at 
the 5' and 3' extremities of this intervening 
sequence are identical to the consensus se- 
quence fbund at the extremities of introns 

Schizosaccharomyces pombe and S .  cerevisiae 
but differs from those used by the other 
eukarvotes shown. 

poker et al. (14) proposed that the sec- 
ondary structure of the 5' region of U3 
snRNA is different in higher and lower 
eukaryotes. The sequence of mature snR17 
RNA is compatible with the model pro- 
posed fbr S. pombe but the corresponding 
structure is not very stable. The sequence 
previously deduced fiom the snR17 genes, 
which comsponds to unspliced RNA, was 
also found to be compatible with the struc- 
ture proposed for S. pombe U3 snRNA (14) .  
It will be necessary to determine the second- 

from S. cerevisiae pre-messengers. A nucleo- 
tide sequence very similar to the branch site 
of S .  cerevisiae nudear introns (13) is present 
dose to the 3' extremity (Fig. la). Taken 
together, these observations show that the 
snRl7A gene has an intron located 14 nu- 

consensus sequences, the two inaons have 
additional common sequences: (i) a hexanu- 
deotide sequence close to the 5' recognition 
site, (ii) the sequence in between the branch 
site and the 3' recognition site, and (iii) an 
octanWesequencepncedingdKbranch 
point (Fig. la). Inspection of a large number 
of S .  cerevisiae introns, including introns of 
ribosomal protein genes (13), revealed that 
t h e s e t h r e c ~ a r e n 0 t f ; w n d i n O d K I .  
introm and may have a specific role in U3 pre- 
snRNA maturation (15). 

cleotides &om the initiation site of tramaip 
tion. 

Reverse transcriptase does not identify 
the two nucleotides after the cap structure as 
they should be 2'-0-methylated. The 3' end 
of the c o d q  region of snRl7A (deter- 
mined bv the chemical method for RNA 

ary structure fiom mature and unspliced 
snR17 RNA in order to understand snR17 
RNA maturation. 

Although snRl7B had not been se- sequencing) is located bu r  nucleotides 

Fig. 1. Architecture of snR17A and 
snK17B genes. (a) Comparison of 
snR17A (A) and snR17R (B) gene 

s. The upper line represents 
-,u, 

-101 
coding strand sequence of 
gene that we determined, the 

-3 
rR17R gene) is from Hughes 

.. -.. , . ). The nucleotide sequences 
found in mature snR17 RNA are in 
capital letters. Sequences similar to the 
consensus sequences of the inrron (do- 

+ nor site, acceptor site, and branch site), 
the putative TATA boxes, are 
characters. Additional se- 

common to snR17A and 
introns and sequences com- 

-I 
mon to snR17A and snR17R in the 
upstream coding region haw k e n  

a boxed. Similar sequences in the two 
introns were aligned by rncans of an -. arbitrarily placed gap in the snR17R 

+I73 intron. The ditfercnces we ohenred 

' +TO 
between our snR17.4 gene and that of 

' *m Hughes rt al. ( 7 )  arc indicated by aster- 
isks. The triartglc stlows ole u m c  of the sequence determined by Hughes 

AATTAKTTC al. for the snRl7A gene. Positions considered b!. Hughes er al. ( 7 )  to 
h4'I?PPGCTK the 5' and 3' ends of snR17 RNA are marked by vemcal arrows. 

quences complementary to the deoxyoligonucleotides (probes 1 and 3) used 
A I +MI GXTJX~AK a r ILVA sequcncing with reverse transcriprase are indicated by horizontal 
B)+n4 cG.TZl'!Xll m'l'TDX4 T m m  Am +-o\\'s. The dcosynucleotide probes used for Northern blot analysis (19) are 

obes 1 and 2. Nuclcotides have been numbered from the initiation start 
;CA- I lint. (b) Sequence analysis of the 5' terminal region of snR17A RNA by 

imer extension with reverse transcriptasc. Primer extension procedures were 
described (10). with deoxyoligonucleotide 1 (a) as primer and as template, 
: 4s-RS RNA prepared from S .  rerevisiae strain FL200 itra 3- transformed 
th the plasmid pFL1:: snR17A. This plasmid was obtained by insertion of 
8-kb genomic fragment bearing the snR17A gene. The RNA sequence 

duced is written on the left of (b). Lane E is a control without didennrnll- 
,otides. The splice junction is shc arrour. Identical result 
tained with 4s-8S RNA mixturc ransformed ATCC 28. 
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Fig. 2. Southern blot analy- a b 
sis of total DNA. Total S. 
cerevisiae DNA was digested 
with Eco RI (lane a) or Pst I 
(lane b), separated by elec- 
trophoresis on an 0.8% 
agarose gel, and transferred 
on a nitrocellulose filter. Po- 
sitions of size markers (1-kb - 12 

ladder, Bethesda Research 
Laboratories) are on the - 5 

right in kilobases. Hybrid- - 4 

ization was performed at 
37°C in a buffer containing - 3 
50% formamide, 5 x saline 
sodium citrate (SSC), 20 
rnM sodium phosphate (pH 
6.5), 5 x  Denhardt's solu- - 2 
tion, and DNA probe (a 
coding region fragment, - 1 .E 
+204 +412 positions, in- 
serted in M13mp9 DNA) 
labeled to high specific ac- 
tivity by the random prim- 
ing method (25). After hy- 
bridization for 18 hours, the - 1 
filters were washed two 
times for 30 min each in 2 x  
SSC at 37°C. Autoradiogra- 
phy was camed out at - 80°C with an intensifying 
screen. 

The branch site has an unusual structure: 
GACTAAC, instead of the TACTAAC, that 
until now, was found in all S. cerevisiae 
nuclear introns (13). The fact that the se- 
quence GACTAAC can act as a branch site 
in S. cerevisiae introns is not surprising, since 
Watts et al. (16) showed that a Drosophila 
alcohol dehydrogenase intron with a 
branch-point sequence AACTAAC can be 
correctly spliced in S. cerevisiae. SnR17 in- 
trons may- constitute a special class of s. 
cerevisiae nuclear introns. Parker and Patter- 
son (17) have already distinguished two 
classes of fungal nuclear introns, denoted 
3's and 3'L. Most S .  cerevisiae introns be- 
long to the 3'L class. SnR17 introns have 
features common to both classes: the short 
distance between the branch point and the 
AG at the 3' junction is characteristic of 3's 
introns, whereas their 3' end sequence fits 
perfectly the consensus sequence [(u or A) 
APyAG] for 3'L introns. 

To demonstrate that an snR17 gene con- 
taining an intron is correctly expressed and 
spliced in vivo, S .  cerevisiae strain FL200 ura 
3- was transformed with a pFLl plasmid 
(18) in which the snR17A gene was inserted 
(pFL1: : snR17A). Transformation with this 
plasmid resulted in an increase in snR17 
RNA in cells (transformed cells contained 
about 2.5-fold as much snR17 RNA as 
control cells) (Fig. 4). Northern blot analy- 
sis (19) of the RNA isolated from trans- 
formed cells was performed with deoxynu- 
cleotide probes for the coding region (probe 
1) and the intron sequence (probe 2). 
(Probes 1 and 2 are represented in Fig. la). 

Fig. 3. Comparison of the 5' termi- 
nal region of U3 snRNAs from 
various organisms. The nucleotide 
sequence of the 5' region of S. 
cerevisiae snR17 RNA is aligned 
with those of human (26, rat (27, 
28), Xenopus laevis (29), X .  borealis 
(29), S. cerevisiae (7), S. pombe (!4), 
and Dictyosrelium discoideum (30). 
The mangle indicates the junction 
point of exons in snR17 RNA. The 
evolutionarily conserved sequences are 
deduced from this alignment. 

H u m a n  u3 
Pdc U3 
X. laevis U3 
X. borealis U3 
S. cerevisiae snRl7 

Box A' Box A 

boxed: box A was previously described (7, 14) and box A' is 

Fig. 4. Comparison of snRNA composition of 
untransformed (a) and transformed (b) S. cerevisi- 
ae cells. The S. cerevisiae FL200 strain ura 3- was 
transformed with the pFLl::snR17 plasmid. 
RNAs from transformed and untransformed S. 
cerevisiae strain FL200 ura 3- cells were phenol- 
extracted and fractionated on 10 to 30% sucrose 
gradients, and 500 pg of each 4 S 8 S  RNA 
mixture recovered from the gradient was fraction- 
ated in parallel by electrophoresis on a 15% 
polyacrylamide gel in the presence of 8M urea. 
The gel was stained with methylene blue and 
scanned with an ultroscan densitometer (LKB). 
The tracings obtained with untransformed and 
transformed cells are represented in (a) and (b), 
respectively; 5.8s RNA was used as an internal 
reference. The positions of snR17 and 5.8s 
RNAs are indicated by an arrow. Transformed 
cells contained about 2.5 times as much snR17 as 
untransformed cells, as determined from the dif- 
ference of peak areas in transformed and untrans- 
formed cells relative to 5.8s RNA. The relative 
amounts of the two RNAs with mobilities intermediary between those of snR17 RNA and 5.8s RNA 
remained constant in transformed and untransformed cells. 

Only probe 1 hybridized with mature 
snR17 RNA, indicating that there was rapid 
intron excision and degradation. This was 
confirmed by the result of the reverse tran- 
scriptase sequence analysis with probe 1 as a 
primer and the 4s-8s RNA mixture from 
transformed cells as a template. The se- 
quence obtained corresponded to that of 
mature snR17 RNA; no intermediary prod- 
uct lacking the 5' terminal sequence and no 
pre-snR17 RNA were detected (Fig. lb). 

A putative TATA box is located 84 
nucleotides from the site of transcription 
initiation in the snR17A gene and 96 nucle- 
otides from the snR17B initiation site (Fig. 
la). These distances are not unusual for S. 
cerevisiae genes (20). In addition to the 
TATA box, the upstream regions of the two 
snR17 genes display sequence homology 
between positions -45 and -6 from the 
transcription initiation start point. These 
two sequences may represent binding sites 
for transcription factors required for snR17 
gene expression. 

An intron was recently observed in the 
gene for the nucleoplasmic U6 snRNA from 
S. pombe (21). This intron is very short 
compared to those of snR17 genes and 
shares no homology with them except the 
consensus sequences. Brow and Guthrie 

(22) proposed that the S. pombe U6 intron 
was n ~ t - ~ r e s e n t  in the ancestral gene but, 
as a result of splicing, had been acquired 
more recently in evolution by insertion of a 
pre-mRNA intron in U6 snRNA. This kind 
of hypothesis cannot be postulated for 
snR17 snRNA since it is not a spliceosomal 
RNA. Therefore. if the intron in snR17 
RNA is not an ancestral intron, how was it 
acquired? 

U3 snRNA genes are transcribed by RNA 
polymerase I1 in vertebrates (23), as is true 
for mRNAs. The exceptional presence of an 
intron similar to pre-mRNA introns in an 
snRNA that is also transcribed by RNA 
polymerase I1 suggests that a link may exist 
between transcription by RNA polymerase 
11 and maturation of inGons in spliceoso- 
mal structure. At first sight, the observation 
of an intron in the S. pombe U6 snRNA gene 
would seem to contradict this statement. 
Nevertheless, it should be pointed out that 
U6 RNA transcription is complex: although 
performed by RNA polymerase 111, it uses 
some RNA polymerase I1 promoter ele- 
ments (24). Further investigations will be 
needed to determine whether the presence 
of such elements in the gene may play a 
role in allowing intron excision in the tran- 
script. 
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Control of the Interferon-Induced 68-Kilodalton 
Protein Kinase by the HN-1 tat Gene Product 

The tat-responsive region (TAR) of the human immunodeficiency virus-1 (HIV-1) 
exhibits a trans-inhibitory effect on  translation in vitro by activating the interferon- 
induced 68-kilodalton protein kinase (p68 kinase). Productive infection by HIV-1 was 
shown to  result in a significant decrease in the amount of cellular p68 kinase. The 
steady-state amount of p68 kinase was also reduced in interferon-treated HeLa cell 
lines stably expressing tat, as compared to the amount of the kinase in interferon- 
treated control HeLa cells. Thus, the potential translational inhibitory effects of the 
TAR RNA region mediated by activation of p68 kinase may be downregulated by tat 
during productive HIV- 1 infection. 

 HE HrV-1 tat GENE PRODUCT cation (2). Its mode of action has been 

1 trans-activates viral gene expression proposed to be either transcriptional, post- 
(1) and is essential for HrV-1 repli- transcriptional, or a combination of both 

13). TAR is oresent at the 5' end of all HIV- 
\ ,  I 

S. Roy, N. T. parkin, I. Edery, Depament of Biochem- 1 m w  (4) and assumes a stable stem and 
istry, McGill University, Montreal, Canada, H3G 1Y6. 
M. G. Katze, Department of Microbiology, School of loop stlllcture in vitro, as determined by 
Medicine, Regional Primate Research Center, University RNA nuclease mapping (5). When fused to 
of Washington, Seatrle, WA 98195. 
A. G. Hovanessian. Unit6 D'Oncoloeie Virale. Institut a heterO1OgOus mRNA, TAR exhibits a 
Pasteur, Paris 75724, France. 
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strong inhibitory effect on translation in 
N. Sonenberg, Department of Biochemistry and McGill 
Cancer Center, McGill University, Montreal, Canada, extracts and X e n o ~ u s  Oocytes (6). 
H3G 1Y6. Translational inhibition is partly due to a 

*Present address: Department of Bidogv, Brand.& Unl- t rys- inhibi to~ effect mediated the 
versity, Waltham, MA 02554. vation of the interferon-induced, double- 

stranded (ds) RNA-dependent protein ki- 
nase (7), also termed dsI, DM, or p68 
kinase. This results in autophosphorylation 
of the kinase (4, which then catalyzes the 
phosphorylation of the a subunit of eukary- 
otic initiation factor-2 (eIF-2). with subse- , , 

quent inhibition of protein synthesis (9). 
The p68 kinase is one of many proteins 
induced by interferon; its activation has 
been suggested to be important in the estab- 
lishment of the antiviral state mediated by 
interferon (1 0). 

Activation of p68 kinase and subsequent 
inhibition of protein synthesis can be out- 
comes of viral infection (1 1, 12). However, a 
number of eukarvotic viruses have devel- 
oped strategies to escape the inhibitory ef- 
fects caused by activation of p68 kinase (12, 
13). Consequently, we examined the possi- 
bility that HrV- 1 regulates the expression of 
p68 kinase. The human T-lymphoid cell line 
CEM was infected with the LAV isolate 
(14) of HIV-1 under conditions in which 
>90% of cells express viral protein 3 days 
after infection, as determined by indirect 
immunofluorescence. One to 5 days after 
infection, cell extracts were prepared and 
analyzed by protein irnrnun~blbttin~ for 
viral proteins, p68 kinase, and actin (Fig. 1). 
Viral proteins p24, p55, p66, gp120, and 
gp41 were prominent as early as 2 days after 
infection, as determined with the use of 
serum from an individual with acquired 
immunodeficiency syndrome (AIDS) (Fig. 
1A). The amount of p68 kinase in infected 
cells, measured with a monoclonal antibody 
to the kinase (IS), did not significantly differ 
from that in mock-infected cells during the 
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first 2 days after infection (an increase in the 
amounts of p68 kinase was observed on day 
2 in both mock- and HrV-1-infected cells, 
possibly because the medium was changed) 
but was reduced by day 3 and virtually 
undetectable at 4 and 5 days after infection 
(Fig. 1B). The decline in the amount of p68 
kinase occurred before the appearance of 
virus-induced cytopathic effects, which were 
generally appa;en; 7 days after infection. 
The decrease in p68 kinase is unlikely to 
reflect a general proteolysis, because the 
amount of actin remained relatively stable 
over the time course of infection, with onlv 
a slight decrease detected after 3 days (Fig. 
1B). This difference cannot be explained by 
different half-lives of the as the 
half-lives of p68 kinase and actin are 6 to 7 
hours and 12 to 16 hours, respectively, as 
determined by immunoblotting of CEM 
cells treated with the protein synthesis in- 
hibitor anisomycin (16). Thus, productive 
HIV-1 replication is associated with a de- 
crease in the amount of cellular 1368 kinase. 

It is conceivable that one of the viral 
trans-acting proteins is responsible for the 




