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ABSTRACT

Chimeric genes which contained the mouse Ulb
snRNA promoter, portions of the histone H2a or globin
coding regions and the Ulb 3 '-end followed by a
histone 3 "-end were constructed. The distance between
the U1 promoter and the U1 3 ' box was varied between
146 and 670 nt. The chimeric genes were introduced
into CHO cells by stable transfection or into Xenopus
oocytes by microinjection. The efficiency of utilization

of the U1 3’ box, as measured by the relative amounts
of transcripts that ended at the Ul 3 ' box and the
histone 3 '-end, was dependent on the distance between
the promoter and 3 '-end box. U1 3 '-ends were formed
with >90% efficiency on transcripts shorter than 200 nt,
with 50-70% efficiency on transcripts of 280—-400 nt
and with only 10—20% efficiency on transcripts >500 nt.
Essentially identical results were obtained after stable
transfection of CHO cells or after in  jecting the genes
into Xenopus oocytes. The distance between the Ul
promoter and the U1 3 ' box must be <280 nt for efficient
transcription termination atthe U13 ' box, regardless of
the sequence transcribed.

INTRODUCTION

proper 3end formation and that'-8nd formation occurs
co-transcriptionally, either as a termination event or as a very rapid
processing event. Following formation of the primary transcript,
the mature snRNA is formed by removing nucleotides (<15) from
the 3-end, presumably by an exonuclease(s) in the cytoptagin (
while the removal of the last 2 nt takes place in the nucius (

We report here that there is a strong distance dependence for the
coupling of initiation from vertebrate sSnRNA promoters with
formation of sSnRNA 3ends. By varying the amounts of histone
or a-globin sequence between the promoter and'thex3 we
have constructed genes that encode transcripts ranging in length
from 146 to 670 nt, ending at the snRNAe8d. We find that the
snRNA end is formed inefficiently, as detected by the preferential
formation of the distal histoné-8nd, if the transcript is longer
than 500 nt. If the distance between the transcription start site and
the U1 signal is <200 nt, then the UleBds are formed very
efficiently. Similar results were obtained both in mammalian cells
and inXenopusocytes.

MATERIALS AND METHODS

Construction of cloned genes

The chimeric U1 and histone H2a genes were constructed from
the mouse histone H2a-614 gehé @) and the mouse U1b.1 and
Ulb.2 genesi(l,12); these genes are shown in FigireThe

A novel feature of the biosynthesis of vertebrate snRNAs is thatouse U1lb promoter containing 5 nt of U1 coding sequence has

transcription must initiate at an snRNA promoter foergd

been described previously, as have the cassettes containing the U!

formation (,2). There is a single required sequence element f& signal with either 10 or 50 nt of U1 coding sequetirar(d the
3'-end formation, the'dox, located 110 nt downstream of the histone H2a-614'3nd signal13). The genes are named by the
end of the primary transcrips)(and there is no requirement for length of the snRNA transcript they produce and whether they

sequences in the mature snRNA for propem8 formationX).

have 49 (UL genes) or 10 nt (US genes) of U1 RNA sequence at

However, when a heterologous promoter [e.g. thymidine kinaseeir 3-end.

(2), globin, adenoviruslj or histone 4)] is used in place of the

There is a translation initiation codon within 60 nt of the start of

snRNA promoter, the snRNA'-8nd is not formed; rather, transcription in all the genes, as well as an in-frame translation
transcription continues past the norniadi@d and the transcripts termination codon prior to the Ukénd, except for the Uppggene

are polyadenylated using cryptic or natural polyadenylation sitesid US4 genes, which have a stop codon just after the'gad3

(1,2). In addition, longer read-through transcripts formed inWe constructed another set of genes that contain hurgkaiin
isolated nuclei are not precursors of mature U1 RNA molecule®NA sequences in place of the histone sequences. These clones
(5) and longer ‘precursors’ are not converted to mature snRNAgere constructed using Wiy as the parent clone to which was
when they are injected inlkenopusoocytes §). These results attached varying portions of humasglobin cDNA sequence. The
suggest that a sequence in the snRNA promoter is required @tire a-globin cDNA sequence was included in thegkl3yene
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Figure 1. Structure of histone—U1 chimeric genes. TheA)lahd the USK) genes. The mouse histone H2a-614 gene (pH2a) is shown at the top of (A). The UHU
and UHUWs genes have been described previously (4). They contain the promoter and first 5 nt of the mouse U1b gene, the complete histone coding region and th
U1 3-end starting at either nt 117 or 156 of the U1 coding sequence. The other genes contain the U1 promoter and first 5 nt of coding sequence, variable amot
histone sequence and end with the last 49 (UL genes) or last 10 nt (US genes) of U1 snRNA followed by the histamek FRe Bkg1-coggene has the complete

U1 sequence attached athel site at codon 43 of the H2a gene. The U1 and histone coding sequences are indicated by the large boxes (see C). The restriction en:
sites used in the S1 nuclease mapping experiments are shown. The restrictiongjtBst@&te:Y, Hindlll; A, Msd; @, Narl; A, Ncd; QQ, Smd; O, Sty; I, Xba.

(C) The structure of the UG genes is shown. Thedd@d UGgggenes have all the histone sequences removed and contain different amounts of globin cDNA followed
by the Uly72 3-end. The UG7pand UGspgene are identical to the Wio gene except for the insertion of huneaglobin sequences at theénd of the transcript.

(D) The sequences at the junctions of the differeptd@essing signals are shown. The U1 coding sequencesamutisiynal, polylinker and histoneehd signals

are indicated. The polylinker sequences are in italics. Thelidk 3ignal, the U1 coding sequences and the stem—loop ‘agtited the histone mMRNA are underlined.

The stem-loop at thé-8nd of the U1 sequence in the U1 gene is double underlined. Note that the U1 snRNA gene which dopa@edriiésthe mouse U1.1

gene and the U1 gene which donated tg84énd was from the mouse U1.2 gene (12). The portion of thg,Bkend which differs from the Ulgp 3-end isshown.

This sequence lacks the Sm binding site and is'taerdBused in all the UG genes.
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containing the translational start codon and a stop codon.Thd coding sequence followed by the Ulb®x. The histone
numbers refer to the length of the transcript that ends at the BtRa-614 3end and processing signal were placead0 nt 3 of

3'-end. All of these UG clones contain the normal globin ATG codotihe U1 3box. These genes were named according to the sequence
and an in-frame stop codon prior to the U#rRl. The sequences in the gene, the amount of U1 coding sequence present and the
of the 3-ends of the genes with both the U1 and histéeeds are  length of the transcript ending at the U%8d (indicated by the
shown in FigurelD. subscript). The UL genes contain the terminal stem—loop in the
U1 RNA, while the US genes contain only the last 10 nt of Ul
sequence and no secondary structures present in the U1 snRNA.

The genes were introduced into CHO cells by co-transfectiothe UL and US genes contain histone sequences while the UG
with the pSVneo gene using the polybrene procedfjeStable genes contain globin sequences (Fig). For example, the
transfectants were isolated by selection with G418 as previoush-ss09ene encodes a 580 nt transcript ending with the last 49 nt
described 16). Pools of transfectants, 20-50 per flask, were poole@f U1 snRNA and the U5o gene encodes a 310 nt transcript
and grown in the absence of G418 for analysis of expression of geding with the last 10 nt of U1 snRNA. Figui@ shows the

Transfection

transfected genes. sequences at thé-énds of the genes.
) ) In all these genes there are two functionaighals such that
Preparation and analysis of RNA there are two distinct transcripts produced from these genes, one

RNA was prepared from exponentially growing cells (<500/(?.”di”9 at the Ul'&nd .an.d th_e other at the histonead. The

confluent) as previously described6), The 3-ends of the different 3-ends were distinguished by S1 nuclease mapping and
transcripts from the transfected genes were analyzed by S1 nucléﬁgﬁd'su_mt protected products resulting from transcripts ending
e histone or Ul'-&nds were quantified by densitometry or

ing using the probes described in the figure legends. TRE' : sty or
mapping UsiNg e probes descrived in e fgure egenas a Phosphorlmager. The relative amounts of transcripts with
ther U1 or histone’'&nds gives a measure of the efficiency of

5'-ends were mapped using probes labeled at an approprigI
U1 3-end formation, assuming that the transcripts have similar

internal site in the gene.
The probe used in Figué® was made using PCR to ampli - . ;
a 152 rl?t fragment of D%A containing the seguence from Blfg abilities. We assume that all of the transcripts which extend past
+127 of the Ul—histone hybrid genes plus an additional 12 nt B¢ U1 3-end are processed at the distal historend. This is a
non-homologous sequence included at the end of {hn%er. 900d assumption, since the histone H2a-6pdgessing 5'9’??"
This fragment was labeled with polynucleotide kinase ani§very efficient{3) and has been previously shown to be utilized
efficiently on transcripts which initiate at the U1 promotgr (
Ihe chimeric genes were introduced into CHO cells and pools of

[y-32P]ATP and used in an S1 nuclease protection assay.
The conditions of hybridization and digestion have been describ . .

gjpble transformants assayed to determine the proportion of

ady-state transcripts ending at the histone or4dtd3s. The

(9). The protected fragments were resolved by electrophoresis

6% polyacrylamide—7 M urea gels, detected by autoradiograpfi 0 X L

and quantified by densitometry or on a Phosphorimager (Molecun€s were also injected intenopuocytes to test expression in

Dynamics). another cel[ type and to address thg poss]b|I|ty that measurements
of the relative amounts of transcripts with differehei®ds in

Injection of Xenopusoocytes steady-state RNA in mammalian cells may not reflect the relative

efficiency of 3-end formation. Transcripts Kenopusoocytes

Supercoiled DNA (15 nl, 3ig/ml) was injected into stage VI are generally stable and it has been possible to detect transcripts

)1<8enr$p:1n$>gg)r/ntis g)pzﬂﬂ] tgr?t go(%gtf(’j V\ﬁr?rigcﬁgl?:gdl fé%%s) tirtlr' oocytes which are often undetectable in spmatic ce!ls, such as the
amount of DNA injected was varied. RNA was prepared a% ematurely terminatedyc(19,20) ora-tubulin transcriptsA1).

iously described. d analyzed by S1 nucl [ - ,
gges\g%?aé a%%?,r;_e ©) and analyzed by S1 nuclease mapping agnRNA 3-ends are formed efficiently on short transcripts

RESULTS The UlLyggand US4sgenes each encode transcripts ending at the
U1 3-end which are in the same size range as snRNAs. There are
In the course of constructing genes which would express histoweo discrete fragments protected by the probe which are derived
MRNAs ending in a U1 snRNA-8nd, we observed that the U1 from the transfected genes, the shorter one ending at thesbd 3
3-end was formed inefficientlyld). To study some of the and the longer one ending at the historend. At least 98% of the
possible parameters affecting snRNAeBd formation in these transcripts from the Ulgg gene transfected into CHO cells ended
chimeric genes, we constructed genes of varying lengths wittaathe U1 3end (Fig2A, lane 2). Transcripts ending at the histone
U1 promoter, either histone or globin coding sequences and a Blend were barely detectable only in long autoradiographic
3-end followed by an efficient histoné Brocessing signal exposures.
located 1100 nt 3 of the U1 3box. Any transcripts whichdonot  In CHO cells transfected with the Yg gene, 80% of the
terminate at the U1l'3ox should be processed at the histonéranscripts in steady-state RNA had UBds while only 20%
processing signal. of the transcripts had histoneehds (Fig2B, lanes 1 and 3).
Figurel shows the genes used in these experiments. All tigeatment of cells with actinomycin D for 45 min resulted in
genes had a 226 nt mouse Ulb promoter and the first 5 nt of tt@nplete disappearance of the transcripts with'téh@s, while
U1l RNA sequence. This cassette was fused to portions of eittlee amount of transcripts with historieeBds was only reduced
the mouse histone H2a-614 gene (UL and US genedA&md  50% (Fig.2B, lanes 2 and 4). Thus the transcripts ending at the
B) or the humam-globin coding region (UG genes; FItfC). U1 3 box were much less stable than the transcripts ending at the
These coding regions were followed by a U#rid, with either histone 3end, probably because they lack the secondary
49 (UL genes), 32 (Ulzoand UG genes) or 10 nt (US genes) ofstructure at the'@nd of the U1 snRNA which is present in the
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Figure 2. Expression of the Ulgg genes and UGggenes.A) 20ug RNA from CHO cells transfected with the 14 gene (lane 2) or 1)y yeast tRNA (lane 1)
were analyzed by S1 nuclease mapping using theddlene labeled at thé-8nd of theXbd site adjacent to the U1 coding region as probe. A diagram of the S1
nuclease assay is shown below the figure. The protected fragmentsygseptdtection to the U1'2nd; Henp, protection of the'3end of the mouse histone H2a
gene. P is the residual undigested probe. The position of the histone end is indicated and was barely detectableB)rithafiRiNA from CHO cells transfected
with the UG 46 gene were analyzed by S1 nuclease mapping using {he ¢éBe labeled at thé-8nd of theXba site. RNA was prepared from untreated duplicate
cultures (lanes 1 and 3, —) and from cultures which had been treated for 45 minghith&ctinomycin D (lanes 2 and 4, +). Lane M is pUC18 digestedyith.

The protected fragments are as in (&) The UlLygggene (lanes 3, 5 and 6) or thejW§gene (lane 4) were injected infenopusocytes and the'-&nd of the
transcripts analyzed by S1 nuclease mapping using the appropriate gene labelégattbetBexbd site as probe. In lane 5 the oocytes were injected with 0.15
ng DNA and in lane 6 the oocytes were injected with 0.45 ngdI2NA. The protected fragments are labeled as in (A). Lane 1 shows analysiggfeE®t tRNA

and lane 2 is analysis of RNA from uninjected oocytes. The band at 350 nt in lanes 1-3 is derived from the probe.

UL genes. Transcripts from the US genes with tigiBninimay  snRNA 3-ends are formed with moderate efficiency on
be under-represented in steady-state RNA. transcripts of 280400 nt

Similar results were obtained when the bland US46genes
were injected intoXenopusoocytes. Ninety percent of the

transcripts from the Ulgg gene end at the U2-8nd and only A series of genes yielding snRNA transcripts containing histone

10% of the transcripts ended at the histdrend (Fig.2C, lane ching region and 280-400 nt in length were constructed, ending
3). When the U gene was injected into frog oocytes, agairYV'th either thg last 49 nt of U1 snRNA (Figh) or tht_a last 10 nt
>90% of the transcripts ended at the U#&r&l and <10% of the of UL RNA _(F|g_.1B). When we assayed the transcripts from these
transcripts ended at the historieed (Fig.2C, lane 4). This four genes in either CHO cells onfenopusbocytes, we observed
result was not changed by altering the amount of thedglene  that only 50-70% of the transcripts ended at the @b (Fig3A).
injected by a factor of 3 (Fi@C, lanes 5 and 6), demonstrating About 60% of the transcripts from the 44k gene ended at the
that the relative proportion of differeriténds was not a result of U1 3-end and 40% ended at the histohergi (Fig.3A). The
overloading either the histone or UeBd formation machinery. stability of each of the transcripts was estimated by comparing the

Since the U gene has only 5 nt of U1 coding sequence delative amounts of each transcript in exponentially growing cells
the 3-end and 10 nt of U1 coding sequence at'tem8 and lacks and in cells treated for 1 h with actinomycin D. There was a
all secondary structure features of U1 RNA, these results demaimilar reduction in the transcripts ending at the U8d the
strate that efficient formation of U1-8nds does not require any histone 3-ends, demonstrating that these two transcripts had
sequences in the coding region, as suggested previously dinilar stabilities (Fig3A, lanes 2 and 3). A similar proportion
Hernandez and Weinet)( However, the last stem—loop structureof U1 and histone’'3nds was seen when the dg$gene was
may be important for stability of the transcripts. transfected into CHO cells (Fi8A, lanes 4 and 5).
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Figure 3. Expression of genes with intermediate transcript lengthdqQug RNA from cells transfected with the b5 gene (lane 1), using the gene labeled at the

Xbd site as probe. Parallel cultures of cells, either control cells (lane 2) or cells treatefdgitth &ctinomycin D for 1 h (lane 3), were analyzed. 5 QidlBRNA

from cells transfected with the g gene (lanes 4 and 5) were analyzed by S1 nuclease mapping using the gene labled sit¢hes probe. Lane M is pUC18
digested wittHpall. The protected fragments are labeled as in Figure 2A. The fragment labeled P (lanes 4 and 5) is derived fromB)e @rah&NA from

CHO cells transfected with the b3 gene (lane 1) or the Wby-coqgene (lane 3) were analyzed by S1 nuclease mapping using the appropriate gene labeled at the
3'-end of theXbd site (in the polylinker 5 nt after the U1 sequence at the start of the gene) as probe. Lanes 2 anagdRNA Iom untransfected CHO cells
analyzed with the Utgy or ULzg1.cogprobes respectively. The fragments in lanes 2 and 4 are derived from the probe. Lane M is pUC18 digegiat Wita

protected fragments are as in (A).

A similar distribution of transcripts with histone and U&B8ds  formation on these long transcripts and to determine whether the
was obtained with the g1 gene, which lacks the entireéhd  presence of the distal historigpBcessing signal affected usage
of the histone coding region, and the 3¢l coq gene, which of the U1 snRNA 3end, we compared expression of the UHU
lacked the entire’$ortion of the histone coding region (R,  genes with the Utggand US3s genes.
lanes 1 and 3). Note that the 4dk_coggene has the complete U1 Two types of transcripts were also detected from the UHU
sequence at thé-8nd of the transcript and the presence of thgenes: transcripts that start at the U1 start site and end at the U1
complete U1 RNA sequence was not sufficient to cause efficieBtend (536 nt from the UHtJgene and 580 nt from the UiHU
termination at the U1'2nd. gene) and read-through transcripts that extend into laaking

Similar results were obtained when these constructs weptasmid sequences. The read-through transcripts were detected
injected intoXenopusocytes. About 60% of the transcripts fromusing the Ulggg or USs36 gene as probe, mapping all transcripts
the Ulzss, ULpg1and Ulzgs-coggenes ended at the Ulehd and  which extended past the Utéhd as a single protected fragment
40% at the histoné-&nd (not shown). Thus, increasing the lengtRT in Fig. 4A and B). The read-through transcripts have
of the transcribed region resulted in a decrease in the efficiencytmdterogeneous-8rmini, since there were no discrete protected
formation of SnRNA 3ends. fragments extending past the UleBd when the UHU genes
were used as probe$ (

Figure4A shows analysis of the transcripts formed from the
Previously we showed that the UHENnd UHLE genes, which  UHUL and Ulsgp genes in CHO cells. The WYgg gene was
have a U1 promoter and-&nd and a complete histone codinglabeled at the'3nd of theNarl site (nt 204) in the histone coding
region, but do not have a historieeBd downstream, formed a region. The great majority of the transcripts from theddfene
small number of transcripts which ended at the Udn8 @).  ended at the histonéénd, with only 10% of the transcripts ending
Since these genes did not have a histdnpr&essing site atthe Ul 3end (Fig4A, lane 3). Equal amounts of read-through
downstream, it was not possible to determine the efficiency of Udanscripts and transcripts ending at the U1 end were present in
3-end formation. To determine the efficiency of UleBd steady-state RNA produced from the UHjdne (FigdA, lane 1),

snRNA 3-ends are formed inefficiently on long transcripts
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Figure 4. Expression of the UHU, Wgp and U35 genes.A) 10 ug RNA from CHO cells transfected with the UHgene (lanes 1 and 2) or theddb.gene (lanes

3 and 4) were analyzed by S1 nuclease mapping using Hag ¢#ine labeled at thé-8nd of theNarl site as probe. RNA was prepared from duplicate cultures, one
a control culture (lanes 1 and 3, labeled —) and one which was treatequg/ithl actinomycin D for 45 min (lanes 2 and 4, labeled +). Note that thgyptobe

will map all transcripts extending >82 nt past the Uarel of UHY as a single protected fragment fJ)L The protected fragments are: ld@a, protection of the
endogenous hamster H2a gengsy) protection to the U1'@nd; Henp, protection to the histone end; gl protection of transcripts which extend >82 nt past
the U1 3-end. The position of the undigested probe (P) is indic&d0ug RNA from CHO cells transfected with the Uklgene (lanes 2 and 3) or thedd§
gene (lanes 4 and 5) were analyzed by S1 nuclease mapping usinggfgeus labeled at thé-8nd of theNarl site at codon 43 of the H2a sequence as probe.
RNA was prepared from duplicate cultures, one a control culture (lanes 2 and 4, labeled —) and one which was treaged aitindmycin D for 45 min (lanes

3 and 5, labeled +). 1y RNA from untransfected CHO cells was analyzed in lane 1. Note thatgbedosbe will map all transcripts extending >112 nt past the
U1 3-end of the UHWJ gene as a single protected fragment. The protected fragments are labeled as in (A). Lane M is pUC18 dibgstédBhithter exposures

of the gels in (A) and (B) confirmed that the concentration of the endogenous histone mRNA was similar in &) [oes RNA was extracted frodkenopus
oocytes injected with the 8o gene and analyzed by S1 nuclease mapping using the gene labeled-endhef heNarl site at codon 45 of the histone coding
region as probe (see A). Lane 1 [g/RNA from uninjected oocytes. Lanes 2 and 3 are 2 ggd®NA from the injected oocytes. The protected fragments are labeled
as in (A). P is the residual undigested probe. Lane M is pUC18 digestédpalith

in contrast to the 10% of the transcripts which end atth&-e€Hd3  of the transcripts from the UR{gene found in steady-state RNA
from the Ulsgp gene. end at the U1'&nd and 50% are longer read-through transcripts.
When CHO cells transfected with the4dbgene were treated In contrast, >90% of the transcripts from thesk®ene end at
with actinomycin D for 1 h, there was a loss[&6% of the the distal histone€'3&nd. Again the absolute amount of transcripts
transcripts with the U1'@&nd and the histoné-8nd, consistent with a U1 3-end from the UHJ and US3g genes is similar
with a half-life of(30 min for each transcript (FigA, cf. lanes  (Fig. 4B, lanes 2 and 4). Treatment of cells with actinomycin D
1 and 3 with lanes 2 and 4). Thus the transcripts ending at the sHowed that the transcripts which ended at §@-6nd were less
and histone '3ends have similar stabilities. In contrast, the smaltable than those which ended at the3end (Fig4B, lanes 3
amount of read-through transcripts from the YHjene present and 5; cf. with Fig4A). In longer exposures, transcripts ending
in steady-state RNA is more stable than the transcripts with théthe U1 end in the actinomycin D-treated cells were detectable.
Ul ends. The read-through transcripts are derived from Thus, in both the Ukgg and US3g genes the great majority of
population of transcripts which have heterogenetesds and transcripts end at the distal historreBd instead of terminating
hence different half-lives and the read-through transcripts presetthe proximal U1 end.
in steady-state RNA represent the most stable of these transcript3.here are two possible explanations for the difference in the
Similar results were obtained when the transcripts from thelative amounts of the U2-8nds from the UHU and Ulsgg
UHUsgene and USggenes were analyzed. Approximately 50%genes. First, there could be a direct effect of the distal histone
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Figure 5. Expression of UG gene®\) The UG5 gene (lane 1), the Ufgs gene (lanes 2 and 3) or the t¢ggene (lanes 6-8) was injected iXEenopusbocytes

and RNA prepared 18 h later. The RNAs were analyzed by S1 nuclease mapping using the gene labdbetisitetfae nt 5 in the transcript (& gene, lane

1; UGzgg gene, lanes 2—4) or thiindlll site in the globin coding region (Wgsgene, lanes 6-8). Three times as much RNA was analyzed in lane 3 compared with
lane 2 and increasing amounts of RNA, (@, 4x) were analyzed in lanes 6-8. Lane 4 is analysis pgM@ast tRNA. Lane 5 is pUC18 digested wiihell. The

protected fragments aregNp, protection to the U1 &nd; Henp, protection to the histone end. The bands labeled P are the undigested probes. The S1 nuclease asse
are illustrated below the figur@®)The UG7pgene (lane 1), the Ugpogene (lane 2) or the Ykogene (lane 3) was injected iddkenopuoocytes and RNA prepared

18 h later. These three genes share the same sequencésatdiaf e transcripts, allowing mapping of the transcripts from these genes using tigebié labeled

at the 3-end of thexbd site as probe. The protected fragments are labeled as in (A). Lane M is pUC18 digestpd hatid the lane N.I is analysis of RNA from
uninjected oocytes.

3'-end on the efficiency of utilization of the ULehd. Second, Efficiency of sSnRNA 3 end formation is sequence

the great majority of the heterogeneous read-through transcripidependent

from the UHU genes could be very unstable and not represented ) ) _

in steady-state RNA. We favor the second interpretation for thE0 rule out an effect of histone coding sequences, a series of gene:
following reasons. Stable transfections of genes into CHO cef§icoding short (Ugsy), intermediate (Ugso and UGgg) and

have yielded reproducible levels of expression of the transfectkild (UGsgsand UG7g) transcripts ending at the Ukehd were
histone and Ul genes& unpublished results). When we constructed (FiglC). The UGs3, UGgspand UGgg genes have
compare the absolute amount of expression of thgdind N0 sequences in the transcribed region in common with the UL
UHU_ genes (by comparing the intensity of the protecte@nd US genes, other than theeBd and the first 5 nt of the U1
fragments with the endogenous hamster histone mRNA), w@ding region. These genes were injectedXawopusocytes
observe that the absolute amount of &rgls formed from the and the proportions of the transcripts ending at the U1 and histone
UHUL gene is not greater than the amount of transcript ending3itends were measured. The results were similar to those obtained
the U1 end formed from the ggpgene (FigdA, cf. lanes 1 and for the UL genes. Over 80% of the transcripts from thggdG

3). Thus the distal histoné@&nd does not reduce utilization of the gene ended at the Ul-énd (Fig.5A, lane 1),[60% of the

Ul 3-end. It is very likely that most of the heterogeneougranscripts from the Uggggene ended at the Utéhd and 50%
read-through transcripts are very unstable, accounting for the I@ithe histone’aend (Fig5A, lanes 2 and 3) and only 15% of the
amount of read-through transcripts from the YHjéne. transcripts from the Ufgg gene ended at the Ukénd.

We also analyzed the transcripts formed from thegb/and Similar results were obtained with the t4gand UG7ogenes.
USs3sgenes after injection of the genes Mémopumocytes and ~ Since these genes are identical for the last 167 nt with thge UL
obtained similar results. The &dg gene, which has 580 nt gene, the transcripts from these genes can all be mapped with a
between the start site and the U#8d, gave primarily transcripts single probe, allowing direct comparison of the relative amounts
with histone 3ends and only a small number of transcripts whiclof the transcripts ending at the U1 and histérends. The great
ended at the Ul'&nd (Fig.4C, lanes 2 and 3). Similar results majority of the transcripts (90%) from th&g70gene end at the
were found with the Ug gene (data not shown). Thus there idistal histone ‘3end (Fig.5B, lane 1), while only 10% of the
inefficient usage of the U1 ®ox on long transcripts in both transcripts end at the proximal Uiedd. In contrast, 90% of the
mammalian cells andenopusocytes. transcripts from the Uiz, gene ended at the Utéhd (Fig 5B,
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Figure 6.5-Ends of transcripts from the UHU, UL and US genksTotal cell RNA from CHO cells transfected with thedgégenes (lanes 2 and 3) or from CHO

cells transfected with the W gene (lanes 4 and 5) was analyzed using a probe labeled'arldechtheXmd site adjacent to the U1 8equences. 5 (lanes 2 and

4) or 20pg (lanes 3 and 5) RNA were analyzed. Lane 1 is analysispaf §8ast tRNA. The protected fragment (U1) maps to the start of the U1 coding sequence.
(B) 5'-Ends of transcripts from the W UL391-cogand Ulpgs genes. The'Sends of transcripts from the Wi and Ulsg-coggenes were mapped using a probe
labeled at the'send of theAvd site at codon 20 of the H2a-614 genepdQotal cell RNA from CHO cells transfected with thejkene (lane 1), untransfected

CHO cells (lane 2) or yeast tRNA (lane 3) were analyzed. 2 (lane 4jg(EDe 5) total cell RNA from CHO cells transfected with thgddleoggene were analyzed

by S1 nuclease mapping using the ktgene labeled at thé-8nd of theAva site as probe. The band labeled U1 represents protection to the first nucleotide of Ul
RNA. The band labeled Ulhdicates transcripts which initiated upstream of the U1 promoter. This arises from protection of a probe fragment labedite the

at 90 nt before the U1 start site and the protected fragment maps to the same site observed for the UHU, UL and US genes in Figure 2C. P indicates the pos|
the undigested probe. Lane M is marker pUC18 digestedHpdth. In lanes 6-8 a probe labeled at theld of theXmd site in the polylinker of the Ulg; gene

just before the U1'&nd was used. 1@ yeast tRNA (lane 6) or 1@y total cell RNA from duplicate cultures of CHO cells transfected with thgidene (lanes

7 and 8) were analyzed. The 228 nt fragment (labeled U1) is due to protection to the first nucleotide of the U1 RNA. The 450 nt fragment labeled P is the undig
probe. The origin of the band at 195 nt is not known, although it was not observed in all analyses and is probably an S1 nuclease artifact. A diagram of the S1 nu
assays is shown below the figui@) 6'-Ends of transcripts from the UHU, g and USzggenes. 1Qug total RNA from cells transfected with the 43§(lane 2),

ULsgg (lane 3), UHY (lane 4) or UHY (lane 5) genes were analyzed using an S1 nuclease protection assagntsevere mapped using theHgene labeled

at the 5-end of theNarl site as probe. This probe also maps longer transcripts, which initiateth&se genes as a 450 nt fragment (4). These transcripts, labeled
UZ', represent <5% of the total transcripts. Lane 1 is analysisjaj $8ast tRNA. The other protected fragments are: U1, protection to the start of the U1 coding
sequence; H2gq40, protection to the ATG codon by endogenous hamster H2a mRNA. Lane M is marker pUC18 digelsifellwib) 5'-Ends of transcripts from

the Ulsgp and Ulgg1—coggenes. A 152 nt probe which contained 12 nt of heterologous DNA, 13 nt of the U1 promoter and 127 nt of coding sequence. The pro
was labeled at thé-8nd and used for S1 nuclease mapping of total RNA from CHO cells transfected witggherUlLzg1_coqgenes. A diagram of the S1 nuclease
assay is given below the figure. The 127 nt fragment (U1) results from protection of transcripts initiated at the U1 start site and the 140 ntgragesertis(U1

from protection of any transcripts which initiated >13 nt upstream of the U1 promoter. Lane 1, the 152 nt probe; lane 2, pUC18 didpaliedbwih 3 and 4,

25 and 5Qqug RNA from cells transfected with the bli3_coqgene; lane 5, 5ag RNA from the Ulsgg gene.
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lane 3). The Ugsg gene gave an intermediate result, with onlypolymerase Il. First, there is only a single sequence element which
30-40% of the transcripts ending at the Ué&r@gl (Fig5B, lane 2). lies 3 of the snRNA sequence required féreBd formation
We conclude that the length dependence of snRN&n@ (3,22). This is in contrast to the bipartite elements required for
formation is independent of the sequences in the transcript. 3'-end formation found in both histone and polyadenylated
s MRNAs, which define a cleavage site located between #gm (
Almost all the transcripts initiate at the U1 3-end Second, snRNA'@&nd formation in vertebrates is tightly coupled
One possible explanation for these results could be that theetranscription initiation and there is an absolute requirement for
transcripts which end at the histori@Bd are not initiated from the initiation from an snRNA promoter1,,24,25). The initial
U1 snRNA promoter, but from some cryptic promoter. Trapiscr transcript from the snRNA genes is formed by transcription
initiating at a cryptic promoter upstream of the U1 start site do ntgrmination.
direct U1 3-end formation 4). To rule out the possibility that ~ We have previously shown that the histone H2a sequence does
formation of histone'ands was a result of initiation from a cryptic not contain any cryptic U1’ dox signals 4) and that the Ul
promoter, we have mapped thesBds of the transcripts from all of promoter can efficiently drive expression of the histone mRNA
the genes. Figui@A shows the Sends of the transcripts from the and that the histone-8nd is formed efficiently on these transcripts
UL 355and USG9 genes, mapped using a probe labeled just prior {&). Previously we showed that the Ul promoter expresses the
the spot where the UT-8nd was attached. A single protecteda-globin protein efficiently in CHO cell®6). In the results reported
fragment of 300 nt, the expected length for transcripts initiatingere, we define a length requirement for efficient coupling of the U1
at the U1 5end, was observed with both of these genes@Rig. promoter to Ul 3end formation. Since the humanglobin
lanes 2-5). FiguréB shows the Sends of the transcripts from the coding sequence and the histone H2a sequence are totally
other genes. The transcripts were mapped using probes labelediggimilar, this phenomenon is independent of the sequences
the B-end of thevd site at codon 20 of the H2a-614 coding regiortranscribed and dependent solely on the length of the transcribed
in the Ulgg:.coggene. The great majority of transcripts from thesgegion. These results depend on the transcripts initiating at the U1
genes initiated at the U1 snRNA start site (B&).lanes 1, 4, 5, promoter, since transcripts which read through these genes which
7 and 8). A small amount of transcripts (labelet) Was detected initiated elsewhere would all end at the histdrer@. The great
which initiated upstream of the U1 promoter (BB, lanes 4 and majority of all the transcripts initiated at the proper U1 start site.
5; fragment U2. No upstream starts were detected from thg4JS Similar results have been seen with genes expregjaacto-
or ULyg; genes (Fig6B, lanes 1, 7 and 8). sidase from these promotesy.

Figure6C shows the analysis of thednds of the transcripts  The relative usage of the U1 and historerfls as a function
from the UHY , UHUs, USs36 and Ulsgg genes, using an S1 of the length of the U1 transcripts in both CHO cellsXambpus
nuclease assay with a probe which is labeled at#medsof the  oocytes is summarized in FigufeU1 3-ends are formed very
Narl site (codon 45) of the histone H2a gene. More than 95% efficiently on transcripts <200 nt, the size range of the vertebrate
the transcripts map to the U1 start site. There is only a smafRNAs. U1 3ends are formed with reduced efficiency (50—-70%)
amount of transcripts which initiaf200 nt 5 of the U1 start site  on transcripts between 280 and 400 nt and are formed very
(labeled Ulin Fig.6C). inefficiently on transcripts >500 nt.

The assays in FiguréA—C rule out the presence of large
amounts of transcripts initiating at a defined sitef3he gene.
However, they do not rule out the possibility of a heterogeneoy$ee features of @nd formation of SNRNASs in vertebrates are
set of transcripts initiating upstream of the_Ul promoter. These gtrict dependence on initiation from an snRNA promoter
would not have been detected in the previous assay, since they >4 >5) ‘a dependence on the length of the transcribed region
would not map a defined protected fragment. To assess Hifis paper) and that the@nd signal is not an essential part of the
amount of transcripts which initiated upstream of the U1 promote¥omoter, since absence of thesignal does not affect the level
we constructed a probe which contained 12 nt of heterplogoHFexpressionfrom the U1 promotdy.(The mechanism coupling
sequence, 13 nt of the U1 promoter and 127 nt of coding region. Thignscription initiation to '@nd formation of the snRNA genes
probe will map all the transcripts which come from upstream of thgesymably evolved to allow efficient expression of these small
U1 start site as a single fragment 12 nt longer than the propeffynscripts. We note that the ye&siccharomyces cerevisiae
initiated fragment. The ratio of the two protected fragments givegrRNAs, which are often much longer than vertebrate snRNAs,
the relative amount of properly initiated transcripts. The fragmen};gnging in size from 1175 to 106 6(29), are transcribed from
were q.uantn‘led ona Phosph_o_rl_mager. Ninety five percent of “Eﬁ)lymerase Il promoters similar to mRNA promoters and are
transcripts from the Wgogene initiated at the U1 start site (B,  ranscribed efficiently from mRNA promote@7(29). Thus it is
lane 5). Since the great majority of the transcripts from thgdJL |iely that 3-end formation of yeast snRNAs is not dependent on
gene ended at the historleeBd, most of the transcripts which {he jength of the transcribed region. The absolute requirement for
ended at the histoné@nd must have initiated at the U1 start Site{ranscription from an snRNA promoter to form snRNASds
Similarly, >85% of the transcripts from the 8k codgene were  may he unique to vertebrates. There is not a strong coupling of the
initiated correctly (FigeD, lanes 3 and 4), in agreement with thesnRNA promoter to formation of the@nds of invertebrate (sea
resplts in Figuré&B (lanes 4 anq 5j'aken together these resultsurchin) SnRNAs 0) or of plant snRNAs31), although these
indicate that there were not significant amounts of improperlignAs are also the size of the vertebrate snRNAs. Taad3of sea
initiated transcripts which contributed to these results. urchin snRNAs, like the'@nd of vertebrate snRNAs, is formed
DISCUSSION co-transcriptionally 30) and hence there is likely to be a similar

length dependence fot-8nd formation of these RNAs.
The mechanism of formation df@nds of the U series of snRNAs  There are two possible mechanisms for coupling transcription
in vertebrates is unique among genes transcribed by RNArmination with the promoter. First, a factor could bind tend

Mechanism of coupling the promoter to 3end formation
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— T O formation observed in transcripts synthesized in isolated nuclei.
Taken together these results suggest that thergdaseacting
factor required for snRNA'2nd formation associated with the
transcription complex, which is readily lost from the complex.
The biochemical basis of snRNA&hd formation remains to be
elucidated.
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Figure 7. Length dependence of formation of Ul 3 ends. The percentage of
transcripts ending at the Ul 3-end is plotted as a function of the lengths of the
transcripts ending at the Ul end. The data include analysis of the genes in both
mammalian cells and Xenopus oocytes. The data were obtained by densito-
metry of the autoradiographs or from analysis on a Phosphorimager. The
squares are the results for the UL and US genes in CHO cells, the diamonds th
results for the UL and US genes in Xenopus oocytes and the circles the data for
the UG genes in Xenopus oocytes. 6
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signal in the DNA and then associate with the transcriptio
initiation complex, presumably recognizing an essential component
of the complex unigue to shnRNA genes (e.g. the factor whicty
binds the proximal sequence element). Alternatively, a termination
factor, which can specifically recognize thes®nal, could 11
associate with the transcription complex during initiation, remai
with the polymerase during elongation and stimulate termination
when the 3signal is reached. The association between the factog
and the transcription complex may be weak and the termination
factor might dissociate (or be displaced) from the transcriptiol
complex on a long transcript before theeBd signal (either as ;5
RNA or DNA) is reached. Either of these mechanisms would be
consistent with the requirement of the U1 snRNA promoter fare
3'-end formation.

Recently Price and co-workers have shown that there is
transition duringin vitro transcription which converts the 14
transcription complex from one that pauses and/or terminates
readily into a complex that is highly processive and resistant 2
many pause site8%,33). Itis possible that the length dependenc
of U1 snRNA 3-end formation is a result of the transcription
complex undergoing a transition to a stable, ‘committed’ stateg
refractory to termination. Prior to reaching this length, transcription
can terminate readily at the UZl-éhd signal. While this 26
explanation could account for the length dependence, it fails
account for the coupling of-8nd formation to the U1 promoter.
The snRNA promoter may promote the initial assembly of a
transcription complex which is particularly prone to terminating8
at the snRNA ox, while transcription complexes assembled oy
other promoters read through tHé8x sequences readily. 30

We have observed inefficient UZ-énhd formation on Ul
transcripts synthesized in isolated nuclei from mouse myelonsa
cells consistent with the possibility that the termination factor i&
easily lost during cell fractionatior84). Only if nuclei are 3
prepared in such a way as to minimize loss of nuclear componegﬁs
(35) is there efficient coupling of transcription andefd 35

1
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