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integral step in the tellnillation mechanisin 
To confirm the cross-linking result and to 

define the location of the Nun-template inter- 
action, :V-(1,lO-phenanthrolin-5-y!) iodacet- 
amide (IOP) was conjugated to Nun C110, 
creating Nun-OP (13). Coordination of Cu2+ 
and treatment with 3-mercaptoproprionic 
acid and H20, converts IOP to a chemical 
nuclease that will cleave teinplate DNA upon 
contact (14; 1.5). 

To perform the cleavage reaction, a TEC 
was paused at + 15 on a 250-base pair (bp) h 
DNA temolate that was 32P-labeled at both 5' 
ends m the same manner described abol e Al- 
though the template alone was resistant to 
cleavage bq Nun-OP. TEC aeated with Nun- 
OP yielded tvl-o major cleavage products of 
about 100 and 150 bp (Fig. 4. compare lanes 1 
and 3). The recoveq7 of tsvo bands of equivalent 
intensity from the reaction, with a combined 
size of template, indicates that Nun-OP cleaved 
both template strands with equal efficiency. 
This implies that the Nun COOH-terminus con- 
tacts double-stranded DNA. The major site of 
DNA cleavage coirelated well with the location 
of KVAP on the teinplate, as deteimined by a 
transcription arrest assay with Nun-OP (Fig. 4; 
lane 2) (12) (note that transcription initiates 77 
bp from the template end). The sizes of the 
major cleavage products are consistent with a 
contact between the Nun COOH-teiminus and 
teinplate about 8 bp promoter-distal to the ac- 
tive center of RXAP and to the RNA:DNA 
hybrid. Assunling that the paused TEC did not 
undergo upshream h-anslocation, N L ~  contacted 
double-shranded template in the DNA binding 
site of RNAP (8). This obseivation supports our 
findings that Nun requires double-shranded tein- 
plate for transcription arrest in vihro (9). The 
contact between Nun and template may involve 
the intercalation of W108 into double-stranded 
DNA. As shown, W108 can be substituted with 
tyrosine, another planar aromatic amino acid, 
but not with leucine or alanine (Fig. 1B). It has 
been postulated that movement of nascent RNA 
and template DNA through a "double-sliding 
clamp" 111 the P' subunit of RNAP is coupled 
(16). As a result of this coupling, the disiuption 
of either motion would compromise the proces- 
sivity of WAF. 

Lilce polymerase; Nun binds by different 
domains to both RNA and DNA. Although 
not proven, Nun probably contacts both tran- 
script and template simultaneously. Nun is 
the first auxiliary transcription factor with 
such properties to be described. 
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The SGS7 gene of the yeast Saccharomyces cerevisiae encodes a DNA helicase 
with homology t o  the human Bloom's syndrome gene BLM and the Werner's 
syndrome gene WRN. The SRSZ gene of yeast also encodes a DNA helicase. 
Simultaneous deletion of SGS7 and SRSZ is lethal in yeast. Here, using a 
conditional mutation of SCSI, it is shown that DNA replication and RNA 
polymerase I transcription are drastically inhibited in  the srs21 sgs7-tsstrain 
at the restrictive temperature. Thus, SGS7 and SRSZ function in DNA replication 
and RNA polymerase I transcription. These functions may contribute to the 
various defects observed in Werner's and Bloom's syndromes. 

Patients with Bloom's syndroine (BS) and kaiyotypic abnoinlalities (1). The SGSl gene 
\Veri~er's syndrome (WS) suffer froin growth of Socchi~i.oi?~yces cei.evisirre is a illember of 
retardation and a high incidence of cancers. the RecQ family of DNA helicases (2);  and it 
In addition, individuals with \VS age preina- shares extensive honlology with the human 
turely (I). Both syndromes display hyper- Bloom's syndrome gene BLM and the \?'em- 
recombination and an increased incidence of er's syndrome gene JV&V (3). The helicases 
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encoded by SGSI, BLM, and IVRARhT fiinction 
in the 3' -+ 5' direction (4). A 3' - 5' DNA 
exonuclease activity is also present in the 
WRN protein (5). Sgsl protein interacts 
physically with DNA topoisoinerases I1 and 
111; and the deletion of SGSl results in a 
reduction in growth rate, an elevation in the 
rate of mitotic recombination, and a decrease 
in the fidelity of chromosome segregation 
(2). As in WS, the sgsl deletion ( sgs l l )  
decreases the average life-span of cells and 
accelerates aging (6). The WRN and Sgsl 
proteins are concentrated in the nucleolus (6, 
7); and s g s l l  cells display premature frag- 
inentation of their nucleoli (6). In addition, 
s g s l l  cells accumulate large numbers of ex- 
trachromosoinal ribosomal DNA (rDNA) cir- 
cles (ERCs), and ERC accuinulation in yeast 
leads to senescence (8) .  Here we elucidate the 
cellular function of SGSI. 

Like SGSl; the S. cei.elisiile SRS2 gene 
encodes a DNA helicase with 3' -+ 5' polarity, 
and mutations in SRS2 result in hyper-recom- 
bination (9). To exailline whether the Sgsl and 
Srs2 proteins function redundantly in a biolog- 
ical process such as DNA replication, we tried 
to generate the s g s l l  si.s21 double mutant 
swain by deleting the SRS2 gene from the s g s l l  
strain or by deleting the SGSl gene from the 
s r s2 l  strain (10). All our attempts, however, 
were unsuccessful; which suggested that the 
s g s l l  srs21 coinbinatioil was lethal. To verify 
this; we crossed a 1bfATa yeast swain, which 
cail-ied the s g s l l  mutation marked with the 
L E E  gene, to a :M4T(1 strain, which canied the 
s r s2 l  mutation marked with VRA3 (10). From 
analysis of 100 tetrads; we obtained 239 spores, 
none of which cailied both the CRA3 and 
LEU2 markers. Thus, deletion of both SGSI 
and SRS2 is lethal. 

Next, we isolated a recessive mutation of 
SGSl that confers a temperature-sensitive (ts) 
conditio~lal lethal phenotype in the s r s21  
s g s l l  mutant strain (11). The s r s 2 l  s g s l l  
strain canying this sgsl-ts mutation in plas- 
mid pPM980 (srs21 sgsl-ts) grew at the 
pelmissive temperature (25°C) but did not 
grow at the nonpeimissive temperature 
(39"C), whereas the s ~ s 2 l  s g s l l  strain car- 
lying the wild-type SGSl gene in plasmid 
pPM914 (srs2l  SGS1) grew at 39°C (Fig. 
1A). Sequence analysis has revealed four inu- 
tational alterations in the sgsl-ts mutant gene 
that consist of a GAA (Glu) to AAA (Lys) 
change in codon 17 1, two consecutive AGA 
(Arg) to AAA (Lys) changes in codoils 1048 
and 1049; and a CGC (Arg) to TGC (Cys) 
change in codon 1267. The Arg 1048 and 

Sealy Center for Molecular Science, University of Texas 
Medical Branch at Calveston, 6.104 Medical Research 
Building, 11th and Mechanic Streets, Calveston, TX 
77555-1061, USA. 

"To whom correspondence should be addressed. E-  
mail: sprakash@scms.utmb.edu 

srs2A SGSl 

A 5  

4 

srs2A ~ ~ ~ 1 - t ~  Fig. 1. DNA and RNA synthesis in  
the srsZl SGS1 and srsZl sasl-ts 
mutant  strains. (A) Growth of;rs21 
SGS1 and srsZl sgsl-ts strains. 
Strains were grown a t  25OC in YPD 
medium. A t  t ime  0, the cultures 
were divided. Half of the culture was 
le f t  a t  25"C, the other half was shift- 
ed t o  3g°C, and the cell density was 

0.5 :H determined t ime points. (OD,,,) (Band C) at  DNA the indicated and RNA 

synthesis in  the mutant  strains. 
0.0 [3H]uracil was added t o  cultures 

l 2  grown a t  25OC, and cultures were 
2  0  incubated for another 20  min  a t  

25°C t o  al low the nucleotide pools 

15 
t o  equilibrate. Cultures were then 
split ( t ime 0). Half o f  the culture 
was incubated a t  25OC and the other 

I .o half at 39°C. Radioactivity a t  each 
t ime point was determined by liquid 

0.5 scintillation counting, cpm, counts 
per minute. 0, srsZ1 SGS1 strain at 
25°C and 0.  39°C : A, srs2l sasl-ts 

0.0 
0 1 2 3 4 5 6  

strain a t  2 5 k  and' A,' 3 9 " ~ .  

Time (h) 

1049 codons are invariant among the yeast 
SGSI and human BLM and PRAY genes. 

To determine whether the s r s21  sgsl-ts 
inutant was defective in DNA or RIiA syn- 
thesis, we examined the incorporati011 of ra- 
dioactive label into these macroinolecules 
(12; 13). DNA and RIiA synthesis were se- 
verely inhibited in the s r s 2 l  sgsl-ts cells 
incubated at 39OC (Fig. 1; B and C) but were 
not affected in the s r s21  sgsl-ts strain at 
25°C or in the srs2.l SGSI strain at 25" and 
39°C (Fig. 1, B and C). Growth and DNA and 
RNA synthesis were not affected in the s g s l l  
or the sgsl-ts mutant strains at 39OC (14). 

To verify the defect in RNA synthesis in the 
srs21 sgsl-ts mutant, we measured the rate of 
total RNA synthesis by pulse-labeling cells 
with [3H]~~ac i l  after a shift to the reswictive 
temperature (12; 13). Both the s r s2 l  sgsl-ts 
and si,s2l SGSI strains showed a rapid drop in 
RNA synthesis after a shift to 39OC (Fig. 2A). 
This inhibition was transient and was caused by 
heat shock (15). The si.s21 SGSI strain recov- 
ered from heat shock after about 1 hour and 
resumed RNA synthesis. The s r s2 l  sgsl-ts mu- 
tant, however, displayed a reduced rate of RNA 
sylthesis (Fig. 2A). 

Results of FWA ailalysis suggested that 
the synthesis of large ribosomal RNAs 

(rRIiAs) was affected in the s r s 2 l  sgsl-ts 
strain (16). The synthesis of RiiA polymer- 
ase I-dependent rRNA was specifically ana- 
lyzed by pulse-labeling RNA with [3H]uracil 
and subjecting the RiiA to gel electrophore- 
sis and fluorography (12; 13). Upon transfer 
to 39°C; the s i ~ s 2 l  SGSl strain showed a 
transient decrease in the synthesis of all large 
rRiiA species (27S, 255; 20S, and 18s) and 
was followed by nearly full recoveiy. after 2 
hours (Fig. 2B). In contrast, the s r s 2 l  sgsl-ts 
strain showed a dramatic decrease in all large 
rRNA species upon shift to 39°C; with no 
recoveiy to normal amounts even after 5 
hours at 39OC (Fig. 2B). Thus; inactivation of 
both SRS2 and SGSl leads to a defect in RIiA 
polymerase I transcription. 

To determine the effect of the si.s2l sgsl- 
rs mutation on RVA polymerase I1 transcrip- 
tion, we used Northern (RNA) blot analysis 
to examine the amounts of HJS3. llET19. 
ACTI, POL1. and other inRNAs (12, 13) in 
the s i ~ s 2 l  sgsl-tj and s r j 2 l  SGSl strains 
before (sample at 0 inin) and after shifting the 
culh~res to 39'C (Fig 2C) (1 7) Howek er. a e 
o b s e ~ ~ ~ e d  no decrease in the amounts of the 
sex en inRNAs exaillined in the s r s 2 l  sgsl-ts 
st~ain oxer the 6-hour penod at 39OC (Fig 2C) 
(1 7) Lye next examined the effect of the si s 2 l  
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Fig. 2. RNA polymer- A ro 
ase I, II, and Ill tran- B m?a4SGS1 -Wl* c sts24SGSl sfs24sgsl4s 

Tm a( 

scription in the srs2A 3 T $ ~ 0 ' W l h 2 h 5 h  0 ' 3 0 1 h 2 h 5 h  3 ° ~  ~ 3 ( 1 1 h &  0 ' ~ 1 h 6 h  
SGS7 and sn2A sgs7- 5 HW = - w m m  +.? m e  
ts mutant strains. (A) E 
Total RNA synthesis '" MET19 @F 
in the snZA SGS7 and 2 
srs2A sgs7-ts strains. ;;i ACTI - 
Strains were grown at 5 
25°C in YPD medium. 0.1 : 18s - - m m m a  a-I* 
Cultures were divided 2 
into several aliquots, 2 
[3H]uracil was added a 
to one aliquot, and 001 D ~ S O S 1  !m2!isgsl4?3 :ma !m2!iSGSl srs2h sgsl-ts . , . , . , . , . , 
cells were pulse-la- 0 1 2 3 4 5  T m  d 

39°C 0 ' 1 S W l h  W I S 4 S l h  & 0 ' l h r n r n  3 h 6 h  
beled at 2SaC for 10 
min (sample at time Tlme (h) at 39°C ,.,spze 1-11 -1 * m o m  -rn 
0). The other aliquots w o  I 
were incubated at 39°C for the indicated times, and were 
then pulse-labeled for 10 min at 3g°C. Total cellular RNA u-- 
was isolated from each pulse-labeled sample. Radioactivity 
in the same amount of total RNA of each sample was determined by the srsZA SGS7 and srs2A sgsl-ts srralns arrer shift t o  39°C. (D) Heat 
liquid scintillation counting, and incorporation of [3H]uracil (counts shock-inducible synthesis of HSP26 mRNA and galactose-inducible 
per minute per microgram of total RNA) was normalized by the synthesis of GALlO and GAL7 mRNAs in the srs2A SGS7 and srs2A 
counts present in  the srsZA SGS7 sample that was pulse-labeled at sgsl-ts strains. ( E )  Amounts of intron-containing precursors of tRNA'Ie 
25OC (time 0). e, srs2A SGS7; A, srs2A sgs7-ts. ( B )  Amounts of rRNAs (tRNA1) and tRNATrP (tRNAW)in the srs2A SGSI and srs2il sgs7-ts 
transcribed by RNA polymerase I in the srs2A SCS7 and srs2A sgs7-ts strains after shift to  39°C. For (C), (D), and (E), cultures were 
strains after shift to  39OC. Total RNA obtained from cells pulse- transferred from 25" t o  39"C, and mRNA amounts (C and D) and 
labeled with [3H]uracil as in  (A) was subjected to  electrophoresis and amounts of intron-containing precursors of tRNAs (E) were examined 
fluorography. (C) Amounts of H153, MET79, ACT7, and POL7 mRNAs in at the indicated times by Northern hybridization. 

srs2A SGSI srs2A sgsl - t~  

Fig. 3. Inhibition of DNA replication in the 
sn2A sgs7-ts mutant strain. Strains grown at 
25°C were synchronized in C ,  with mating 
pheromone a factor, released from a-factor 
arrest, and then shifted to  39°C (time 0). Sam- 
ples were taken at the indicated time points, 
and their DNA content was determined by flow 
cytometry. 

sgsl-ts mutation on the inducible synthesis of 
HSP26, GAL7, and GALlO mRNAs (12, 13). 
Transfer of srs2A SGSl and srs2A sgsl-ts 
strains from 25" to 39OC greatly increased heat 
shock-inducible HSP26 mRNA in both strains 
(Fig. 2D). To examine the induction of GAL7 
and GAL10 mRNAs, galactose was added and 
cultures were transferred immediately to 39°C. 
The synthesis of GAL7 and GALlO mRNAs 
also was not affected in the srs2A sgsl-ts mu- 
tant strains (Fig. 2D). Thus, RNA polymerase I1 
transcription was not affected in the srs2A sgsl- 
ts strain at the restrictive temperature. 

To determine the effect of the srs2A sgsl- 
ts mutation on RNA polymerase 111 transcrip- 
tion, we examined the synthesis of Ile tRNA 
(tRNAHe) and Trp tRNA (tRNATv). We used 
hybridization probes that were complementa- 
ry to the intron sequences present in these 
tRNA genes to avoid the problem of high 
stability of tRNAs. Because tRNA introns are 
processed rapidly, with a half-life of <3 min 
(It?), the amount of precursor tRNA contain- 
ing the intron sequences reflects the rate of 
transcription of these genes. The amounts of 
precursor tRNA1Ie or tRNATV were not af- 
fected in the srs2A sgsl-ts cells incubated at 
39°C for up to 6 hours (Fig. 2E). 

To verify the effect of the srs2A sgsl-ts 
mutations on DNA synthesis, the srs2A SGSl 
and srs2A sgsl-ts strains were synchronized in 
G, with the use of the yeast mating pheromone 
a factor (19). Cells were shifted to either the 
permissive or restrictive temperature after re- 
moval of the a factor, and their DNA content 
was monitored by flow cytometry (19). The 
kinetics of DNA synthesis were similar in both 
strains at the permissive temperature (14). At 
the restrictive temperature, there was no DNA 
synthesis in the srs2A sgsl-ts strain even after 
at least 8 hours (Fig. 3). In contrast, DNA 
synthesis continued in the srs2A SGSI strain at 
the restrictive temperature (Fig. 3). These ob- 
servations were further confirmed by releasing 
these strains from a-factor arrest into medium 
containing [3H]uracil at 25" or 39°C and.by 
determining the amount of radioactivity incor- 
porated into DNA (20). 

Thus, yeast SGSl and SRS2 genes func- 
tion in RNA polymerase I transcription and in 
DNA replication. Sgsl and Srs2 proteins 

must play redundant roles, because the ab- 
sence of either SGSl or SRS2 is not lethal, 
and the effects on rRNA transcription and 
DNA replication are not seen in the sgslA or 
srs2A single mutants but are evident only in 
the srs2A sgsl-ts double mutant. In humans, 
the BLM and WRN genes and the putative 
SRS2 counterpart may function redundantly 
in RNA polymerase I transcription and DNA 
replication. The effects of the srs2A sgsl-ts 
mutations are similar to the inhibition of 
RNA polymerase I transcription and DNA 
replication in the yeast top1 top2-ts double 
mutant at the restrictive temperature (21). It 
has been proposed that topoisomerases I and 
I1 act as a swivel to relax the torsional stress 
that arises during DNA replication, and 
which may also result from the high rate of 
transcription of rDNA (21). 

Sgsl and Srs2 may function in the unwind- 
ing of double-stranded DNA during movement 
of the replication fork. A role for Sgsl and Srs2 
in the initiation of DNA replication is also 
possible and is suggested by the observation 
that the Sgsl-WRN counterpart foci-forming 
activity-1 (FFA-1) from Xenopus laevis is a 
component of replication foci, which are the 
initiation sites of DNA replication (22). SGSI, 
SRS2, and their human counterparts may also 
function in the unwinding of rDNA during 
transcription and be responsible for the high 
rate of rRNA synthesis. 

The involvement of Sgsl in DNA replica- 
tion and in RNA polymerase I transcription 
may help to explain the various defects ob- 
served in Bloom's and Werner's syndromes. A 
subtle deficiency in DNA replication may cause 
increased recombination, chromosome loss, 
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and other lta~yotypic abnor~nalities. These man- 
ifestations, in hrn, could account for the in- 
creased frequency of cancers in BS and WS 
patients. Rbosomal RNA chain eloilgation may 
be slowed in WS cells, which nlay render FWA 
polymerase I more prone to pausing that could 
trigger the foilllation of double strand breaks in 
rDX4. Repair of such breaks by nonhomolo- 
gous end-joining could result in the accurnula- 
tion of deletions within the ge~lonlic rDNA 
array and contribute to premature aging in WS 
patients. 
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Posttranscriptional Gene 
Silencing in Neurospora by a 

RecQ DNA Helicase 
Carlo Cogoni* and Giuseppe Macino 

The phenomenon of posttranscriptional gene silencing (PTCS), which occurs 
when a transgene is introduced into a cell, is poorly understood. Here, the qde-3 
gene, which is required for the activation and maintenance of gene silencing in 
the fungus Neurospora crassa, was isolated. Sequence analysis revealed that the 
qde-3 gene belongs to the RecQ DNA helicase family. The QDE3 protein may 
function in the DNA-DNA interaction between introduced transgenes or with 
an endogenous gene required for gene-silencing activation. In animals, genes 
that are homologous to RecQ protein, such as the human genes for Bloom's 
syndrome and Werner's syndrome, may also function in PTCS. 

Posttra~lsc~iptio~lal gene silenci~lg as a conse- 
quence of transgene introductio~l is a broadly 
diffused phenomenon in plants and fi~ngi (I, 2). 
Introd~~ction of double-stranded FWA (dsRNA) 
induces a similar phenome~lon in aniinals (3). 
The wide occurrence of gene silencing among 
different orga~~isms indicates that these phe- 
nomena may have evolved from an ancestral 
mechanism involved in genome protection 

fiom 111\admg D N 4  (4) and vlmses (5 )  Sev- 
em1 models ha\e been proposed to expla~n 
PTGS on the bas~s of the notlon that the lnho- 
duced transgenes result m the production of 
abenant RNAs (aRNAs) (2) that ale recoalzed 
as a template bq host RNA-dependent RNA 
polymerase (RdRP) The RdRP enzyme may 
synthes~ze antisense FW4 th'it can b~nd  to 
mRNA and fonn dsRNAs that are targets for 
sequence-spec~fic R N 4  degradation (6) These 
models have received experimental support. 
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The 4de-1 gene, which encodes a cellular corn- 
Roma La Sa~ ienza ,  Viale Regina Elena, 324, 00161  ponent of PTGS in the f u n ~ s  lvellros~ora - 
Roma, Italy. ciussil, is ho~~lologous to RdRP (7). Moreover, 
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mai l :  carlo@bce.med.uniromal.it ecules correlates with the occulrence of gene 
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