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The 50x ULWD Olympus objective lens was used 
for scanning confocal microscopy. The imaging soft­
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3000 cells in 10 fields were analyzed for each popu­
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This analysis was developed by G. Harkin (Montana 
State University, Bozeman, MT). 

34. Biofilms for chemical analysis were grown in silicone 

tubing in a once-through continuous-flow system. 
Size 15 silicone tubing with a flow rate of 0.13 ml/min 
or size 15 tubing with a flow rate of 0.8 ml/min was 
used. After biofilms matured, the tubing was sliced 
lengthwise and biofilm cells were collected. The col­
lected material was centrifuged at 13,000 rpm (Ep-
pendorf Microfuge) for 10 min and the sedimented 
material was analyzed for total carbohydrates, uronic 
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1 olyadenylation signals at the 3 ' end of 
pre-mRNA are required for the termination 
of transcription in higher eukaryotes (I), 
budding yeast (2), and fission yeast (3). 
This ensures that transcription will only 
terminate after RNA polymerase II (pol II) 
has read beyond the end of the mRNA 
sequence. The mechanism of pre-mRNA 
3'-end formation (sequential endonucleo-
lytic cleavage and polyadenylation) and 
many of the factors involved in catalyzing 
these reactions are very similar between 
higher eukaryotes and S. cerevisiae (4). Re-
constitution of this reaction in vitro in S. 
cerevisiae has allowed the fractionation of 
factors [cleavage factor IA (CF IA), CF IB, 
CF II, polyadenylation factor I (PF I), and 
poly(A) polymerase (PAP)] required for 
each step in the 3'-end formation reaction 
(5). The use of temperature-sensitive (ts) 
mutants has facilitated the determination of 
the molecular composition of these factors 
and revealed interactions between them 
(6). Here, we used yeast strains carrying 
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these ts mutant alleles to demonstrate that 
some of these factors are also involved in 
pol II transcription termination. 

We used transcription run-on analysis to 
measure transcription termination at the 3 ' 
end of the S. cerevisiae CYCl gene (Fig. 1), 
for which signals that direct 3'-end forma­
tion have been well characterized (7). To 
achieve high transcription, we transformed 
yeast cells (8) with the multicopy plasmid 
pGCYC, in which the CYC1 promoter has 
been replaced by the GAL1/10 promoter 
region (9). Reverse transcription polymer­
ase chain reaction (RT-PCR) analysis con­
firmed that transcripts initiating at the 
GAL promoter are polyadenylated at the 
same sites as found for the intact CYC I 
gene (10, 11), The distribution of run-on 
transcript over the contiguous single-
stranded probes 1 to 6 showed that tran­
scription stops efficiently, soon after the 
CYCl poly(A) site (located at the 3 ' end of 
probe 2), with only small amounts of run-on 
transcript detected beyond probe 3 (Fig. 1, 
B and D). This finding is in agreement with 
previous in vivo data showing that signals 
100 base pairs (bp) beyond the CYCl 
poly(A) site are required to direct the ter­
mination of transcription (2). The back­
ground signal detected in the upstream 
GAL probe indicates that transcription be­
gins at the GAL promoter. A similar distri­
bution of polymerases was observed with 
the genomic copy of the CYCl gene, al-

Coupling Termination of Transcription to 
Messenger RNA Maturation in Yeast 

Charles E. Birse,* Lionel Minvielle-Sebastia, Barbara A. Lee, 
Walter Keller, Nick J. Proudfootf 

The direct association between messenger RNA (mRNA) 3'-end processing and the 
termination of transcription was established for the CYC1 gene of Saccharomyces 
cerevisiae. The mutation of factors involved in the initial cleavage of the primary transcript 
at the poly(A) site (RNA14, RNA15, and PCF11) disrupted transcription termination at the 
3' end of the CYC1 gene. In contrast, the mutation of factors involved in the subsequent 
polyadenylation step (PAP1, FIP1, and YTH1) had little effect. Thus, cleavage factors link 
transcription termination of RNA polymerase II with pre-mRNA 3'-end processing. 
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Fig. 1. Pol I I  transcription ter- 
minates close to the CYCl 

A 
poly(A) site. (A) Schematic 
representation of plasmid , r z P r 4 ! 5  6 
p~~~~ (9) showing'the ar- GALp I I 71 I I I I I f 
rangement of M13 probes 127 355 509 669 825 1025 1277 
(20) used in run-on analysis , G , 
relative to the CYCl PO&(A) 
site (position 502). Locations - 21 3 - 41 
of CYCl probes 1 to 6 and 4G ioQ $G the upstream GAL probe (G) B c ,G,.'p 
are shown relative to the G 1 2 3 4 5 6 M A  Q O Q  
CYCl ORF start site (position 
1). (B) Run-on analysis pGCYC 
across the 3' end of the 

1 1 1  I 
CYCl gene in strains indicat- I CYCl 
ed. Hybridization of tran- Deletion 
scripts to actin (A) and M13 
control (M) probes are 
shown. (C) Northem blot Genornic I , ACT1 
analvsis showinq amount of 
C Y C ~  mRNA in strains 
shown. The CYCl probe D 1 2 3 4  5 6 A T  

was generated by random- 
primer labeling of a 382-bp 25OC I ) / ; I I 
fragment spanning M13 rpbl-l 
probes 1 and 2. The tilterwas 1 2 3 4 5 6 A T  

stripped and reprobed for 
ACTl mRNA as a loading 

37OC I 
control. The ACTl probe 
was generated by random-primer labeling of a 567-bp fragment spanning the M13 actin probe. (D) 
Run-on analysis across the 3' end of the CYCl gene performed in the pol I I  temperature-sensitive strain 
(rpbl-1) under permissive (25°C) or restrictive (37°C) conditions. Hybridization of pol I l l  transcripts to the 
tRNA probe (T) is shown. Transcription run-on and Northern blot analysis were performed as described (3). 
The conditions used in the run-on assay (0.5% Sarkosyl) inhibit transcription initiation but allow elongation 
over a short distance. Incorporation of [a-32P]uridine triphosphate into nascent transcripts reflects the 
relative density of active RNA-polymerase complexes. After partial hydrolysis, hybridization of these 
end-labeled primary transcripts to single-stranded probes reveals where polymerase density falls to zero, 
indicating that transcription has stopped. 

though the signal was 5% of that detected 
with the pGCYC plasmid. No signals were 
detected using the CYCJ deletion strain 
(B-7467) (12). In all strains tested, poly- 
merase density showed a strong correlation 
with the amount of stable CYCJ pre- 
mRNA (Fig. 1C). Run-on analysis was also 
performed in the rpbl-J mutant strain that 
carries a ts mutation in the large subunit of 
RNA pol I1 (13). Inactivation of pol I1 
activity, achieved by culturing cells at the 
restrictive temperature (37OC) for 60 min, 
abolished signals over CYCJ (1 to 6) and 
ACTJ probes that detect pol I1 transcrip- 
tion, whereas the amount of pol III-gener- 
ated transcript, detected over the tRNA 
probe, remained unchanged (Fig. 1 D). 

Next, we mutated the CYCJ polyadenyl- 
ation signal to test for an effect on tran- 
scription termination. The 38-bp deletion 
mutation of pGcycl-5 12, which prevents 
CYCJ polyadenylation (J4), also affected 
the termination of pol I1 transcription, con- 
firming previous in vivo data (2). Steady- 
state RNA analysis (Fig. 2A) showed that 
the amount of stable CYCJ transcript de- 
creased in the strain carrying pGcycl-512, 
but this analysis did not reveal the location 

or efficiency of transcription termination. 
In contrast, run-on analysis showed a 
marked shift in the distribution of polymer- 
ase density when the polyadenylation signal 
was mutated, with an increase in active 
polymerase complexes located well beyond 
the normal site of transcription termination 
(Fig. 2B). 

Because the efficiency of mammalian 
pre-mRNA 3'-end formation has been cor- 
related with the degree of transcription ter- 
mination, 3'-end formation factors have 
been implicated in the coupling of pol I1 
termination with RNA processing (15). We 
therefore analyzed yeast strains carrying ts 
mutations in the 3'-end RNA processing 
factors (Fig. 3). Consistent with the results 
of previous studies (6, J6), switching 
growth from permissive (25OC) to restric- 
tive conditions (37°C) severely affected the 
extent of pre-mRNA 3'-end formation ob- 
served in all of the mutant strains, with the 
amount of stable CYCJ transcript decreas- 
ing substantially within 25 min (Fig. 3A). 
However, only a subset of these muta- 
tions-mJ4, m J 5 ,  and pcfl 1 (protein 1 of 
CF I)-also affected transcription termina- 
tion (Fig. 3B), with considerable run-on 

CYCl - 
ACTl .i 

Fig. 2. Pre-mRNA 3'-end formation signal directs 
transcription termination. (A) Northern blot analy- 
sis showing CYCl mRNA in strains carrying either 
pGCYCl or pGcycl -51 2. The filter was stripped 
and reprobed for ACTl mRNA as a loading con- 
trol. (B) Run-on analysis across 3' end of the 
CYCl gene in strains indicated. 

transcript detected over probes 4, 5, and 6. 
With the pap1 [poly(A) polymerase], fipl 
[factor interacting with poly(A) polymer- 
ase], and ythl (yeast 30-kD homolog) mu- 
tant strains, we observed little difference in 
polymerase density after culture in the per- 
missive and restrictive conditions. Slightly 
slower decay profiles were observed with 
the fipl - 1 and ythl-J alleles (Fig. 3A); how- 
ever, even after extended incubation at 
37OC, no difference was observed in the 
polymerase profiles (1 1). The major 
poly(A) binding protein, Pablp, is associat- 
ed with CF IA and functions in controlling 
the length of the poly(A) (17). However, 
extended incubations of the ts mutant allele 
pub1 -F364L (1 8) in nonpermissive condi- 
tions does not influence the polymerase 
profile at the 3' end of the CYCJ gene (I  1 ). 

RNAJ4, RNAJS, and PCFJ J are com- 
ponents of CF IA (Fig. 3C), a factor re- 
quired for both the cleavage of the pre- 
mRNA and subsequent polyadenylation 
(6). In contrast, YTHJ and FIPJ, compo- 
nents of PF I and PAPJ, are involved in the 
addition of the poly(A) (Fig. 3C) (6). This 
analysis therefore demonstrates that only 
factors involved in the pre-mRNA cleavage 
reaction play a role in directing termination 
of pol I1 transcription. Factors involved in 
polyadenylation do not appear to be re- 
quired for termination. 

The mammalian cleavage and polyade- 
nylation specificity factor (CPSF) and 
cleavage stimulation factor (CstF) are asso- 
ciated with the COOH-terminal domain of 
the largest pol I1 subunit (19). This raised 
the possibility that the termination of tran- 
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scription might be signaled through the re- 
lease of these 3'-end RNA processing fac- 
tors from the COOH-terminal domain to 
the poly(A) signals on the nascent RNA. 
Therefore, the ts mutations in the cleavage 
factors might prevent termination through 
loss of poly(A) site binding. The RNAl5 
gene product, RnalSp, is the only subunit 
of CF 1A that cross-links to RNA, binding 
to uridine-rich sequences like those found 
in yeast poly(A) signals (6). It is also ho- 
mologous to mammalian cleavage factor 
CstF 64, which is known to interact with 
the pre-mRNA poly(A) signal (4). There- 
fore, the binding properties of this protein 
were compared with the ts mutant Rnal5 
protein. In vitro translated wild-type and ts 
mutant proteins both bound tightly to 
poly(U)-agarose (Fig. 4A, lanes 1 and 2), 
but not to poly(A), poly(C), or poly(G) 

Fig. 3. Pre-mRNA 3'-end 
cleavage factors direct 
transcription termination. 
(A) Northern blot analysis 
showing amount of CYCl 
mRNA under permissive 
conditions (25"C), defined 
as 0, or after a shift to re; 
strictii conditions (37°C) 
for 5, 25, or 60 min in 
strains indicated. (8) Run- 
on analysis performed un- 
der permissive conditions 
and after a shift to restric- 
t ie conditions for 25 min 
in strains indicated (8). (C) 
Schematic representation 
of proteins involved in pre- 
mRNA 3'end processing 
in yeast. Only the proteins 
corresponding to the mu- 
tants tested in this study 
are designated. 

A Minutes 
at 37OC 

( I  I). After incubation at 45OC for 10 min, 
the mutant Rnal5-lp did not exhibit al- 
tered affinity for poly(U) compared with 
that of the wild-type protein (Fig. 4A, lanes 
4 and 5). Furthermore, the COOH-tenni- 
nal domain of Rnal5p canying the m15-1 
mutation that replaces a leucine with a 
proline (CTA to CCA) is dispensable for 
its binding capacity (Fig. 4A, lanes 3 and 
6). We finally tested whether the m15-1 
mutation affected the stability of the pro- 
tein after a shift to the nonpermissive tem- 
perature. Even after incubation for 60 min 
at 37OC, no loss in RNAl5 gene product 
was detectable (Fig. 4B). 

The fact that the rna15-1 mutation does 
not affect RNA binding or stability of the 
protein argues against models directly con- 
necting termination with the transfer of 
poly(A) factors from the pol I1 COOH-ter- 

wild-type I I I 

pap15 I l l  

ma14-1 ( ( 1  

Fig. 4. Poly(U) binding of the wild-type and mutant A Minutes at 45% Minutes 
Rnal5 proteins. (A) The Rnal5-1 p produced by in 

0 10 
B at 3T0C 

- vitro transcription-translation of the ts allele 
ma 15- 1 was assayed for its ability to bind poly(U) 6 0 5 25 60 
(21) before or after incubation at 45°C for 10 min. 5- - - 
Lanes 1 and 4, wild-type Rnal5p; lanes 2 and 5, 
mutant Rnal5-1 protein; lanes 3 and 6, COOH- 
terminal truncated version of the Rnal5 protein 
corresponding to the RNA binding domain only - (3 
(1 54 amino acids). (B) Protein immunoblot analy- 
sis showing the Rnal5 mutant protein extracted from LM91 cells shied to the nonpermissive temper- 
ature (37°C) for the times indicated. The blot was probed wlh antibody to Rnal5p at a 1 : 10,000 dilution. 

minal domain to nascent RNA. Instead. a 
subset of factors involved in catalyzing the 
cleavage of the primary transcript must be 
functionally active to direct the termination 
of transcription. Endonucleolytic cleavage of 
the nascent transcript may therefore be re- 
quired for efficient pol I1 termination in 
yeast. 
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Rejoining of DNA by the 
RAG1 and RAG2 Proteins 

Meni Melek, Martin Gellert,* Dik C. van Gent 

Assembly of immunoglobulin and T cell receptor genes from separate gene segments 
[V(D)J recombination] begins with DNA double-strand breakage by the RAGl and RAG2 
proteins, acting at a pair of recombination signal sequences (RSSs). Here, the RAG 
proteins are shown to reverse the cleavage reaction by joining an RSS to a broken coding 
sequence end. These "hybrid joints" have also been found in lymphoid cells, even when 
the normal pathway of DNA double-strand break repair is inactive, and can now be 
explained by this activity of the RAG proteins. 

A n  essential step in the  'development of 
lv ln~ho id  cells is the recombinational ioin- , 
ing of gene segments to  form the  functional 
immunoglobulin and T cell receptor genes 
(1,  2 ) .  This V(D)J reco~nbination process is 
initiated by the  R A G l  and R A G 2  proteins 
(3,  4), which act together to cleave D N A  
between the  RSSs and the  adjoining coding 
segments (5) .  T h e  resulting double-strand 
breaks (DSBs) have blunt-cut RSS ends 
(signal ends) and coding ends that are 
covalently sealed into D N A  hairpins. 
Cleavage is stimulated by the  small, DNA-  
bending high-mobility group proteins 
H M G l  or H M G 2  (6) but does not require a 
high-energy cofactor such as adenosine 
triphosphate. 

Subsequently, pairs of RSS ends (signal 
ends) and coding ends are counled to  form - 
signal joints and coding joints (Fig. 1) .  
These joining reactions require the  pres- 
ence of several ubiquitous DSB repair fac- 
tors, such as XRCC4 protein and the  DNA-  
dependent protein kinase, composed of the  
catalytic subunit (DNA-PK,,) and the het- 
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erodimeric Ku protein (7). Signal joints 
usuallv have a precise head-to-head linkage 
of t h i  RSSs, Lwhereas coding joints fri-  
quently have lost several nucleotides or 
have acquired additional nontemplated ( N )  
nucleotides inserted by terminal deoxynu- 
cleotidvl transferase 12). Added nucleotides ~, 

complementary to the end of the  coding 
seauence i P  nucleotides) are also observed 
and are readily explained as resulting from 
asymmetric opening of the  hairpin structure 
formed in  the  first step (1) .  

However, there is a n  alternative out- 
come of V(D)J  recombination: A signal end 
can become joined to the coding end that 
originally flanked the  other RSS, forming a 
"hybrid joint" (Fig. 1 ) .  Hybrid joints can 
account for as many as one-fifth of the  total 
recombinants in  nlasmid substrates 18) and ~, 

have been detected at lower frequencies in  
the  antigen receptor loci (9). Rejoining of 
the  original pair of signal and coding ends, 
to form a n  "open-and-shut joint," has also 
been observed (8, 10).  

Surprisingly high numbers of hybrid 
ioints have been found in cells that are 
defective in DSB joining, because of muta- 
tions in the Kt186 or DNA-PKCls genes (1 1,  
12). These results imply either that the  RAG . 

proteins themselves are able to catalyze hy- 
brid joint formation, as has been proposed 
(1 1, 12),  or that a different DSB repair path- 
Lvay is involved in this joining reaction. 

Biol. 8, 2237 11988)l. After extensive washes, the 
bound mater~al was released by boling w~th  SDS- 
polyacrylam~de gel electrophoresis (PAGE] oad~ng 
buffer and loaded on lo?' denat~~r~ng proten gels. 
After eectrophoress, the gels were f~xed, dr~ed. and 
subjected to autoradography. 
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Using a sensitive polymerase chain reac- 
t ion (PCR)  assay, we showed that the  R A G  
proteins generated hybrid joints in  the  ab- 
sence of other joining factors. After incu- 
bation of a plasmid substrate (Fig. 2A)  with 
the  RAG1,  RAG2,  and H M G l  proteins in  
the  presence of MgZ+,  we amplified the  
products by PCR, using various sets of prim- 
ers to identify signal joints, coding joints, 
and hybrid joints. 

Although we did not detect any signal or 
coding joints (13),  PCR products consistent 
with hybrid joint formation were readily de- 
tected (Fig. 2). W e  assayed for a product 
containing the 12-RSS joined to the region 
that originally flanked the 23-RSS and am- 
plified the predicted product of about 241 
base pairs (bp). T h e  D N A  contained a Bam 
HI site but not a Sal I or Sca I site (Fig. 2B), 
as expected for this hybrid joint. Similarly, 
the reciprocal product (a  junction of the 
23-RSS to the coding flank originally at- 
tached to the 12-RSS) was observed with 
the appropriate PCR primers. This 205-bp 
product contained sites for Sal I and Sca I 
but not for Barn HI (Fig. 2C) ,  in  keeping 
with its expected structure. W e  also obtained 
hybrid joint products using several other 
D N A  substrates containing different se- 
quences flanking the RSSs or with the 12- 
RSS in the opposite orientation (13), indi- 
cating that the reaction does not depend o n  
one particular configuration around the 
RSSs. This joining reaction, like RAG-me- 
diated cleavage (5), did not  require an  exog- 
enous energy source, suggesting that the  en- 
ergy of a phosphodiester bond is used to 
generate the  new bond at the  RSS border. 
Quantitative PCR (by dilution of rearranged 
substrate into the reaction mixture) revealed 
that the R A G  proteins converted about 
0.5% of the input D N A  to hybrid joints. 

T h e  structure of the hybrid joints linking 
the 23-RSS to the 12-coding flank was an- 
alyzed in more detail by cloning and se- 
quencing (see legend to Fig. 2). Most joints 
resulted from exact joining of the 23-RSS to 
the  region originally flanking the 12-RSS, 
Lvithout addition or loss of nucleotides. How- 
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