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Binding of Transcription 
Termination Protein Nun to  

Nascent RNA and 
Template DNA 

Randolph S. Watnick* and Max E. Cottesmant 

The amino-terminal arginine-rich motif of coliphage HKO22 Nun binds phage 
h nascent transcript, whereas the carboxyl-terminal domain interacts with RNA 
polymerase (RNAP) and blocks transcription elongation. RNA binding is inhib- 
ited by zinc (Zn2+) and stimulated by Escherichia coli NusA. To study these 
interactions, the Nun carboxyl terminus was extended by a cysteine residue 
conjugated to a photochemical cross-linker. The carboxyl terminus contacted 
NusA and made Zn2+-dependent intramolecular contacts. When Nun was 
added to a paused transcription elongation complex, it cross-linked to the DNA 
template. Nun may arrest transcription by anchoring RNAP to DNA. 

Transcription termination in bacteria may oc- 
cur a-hen elongating RNAP encounters a 
template sequence characterized by a region 
of dyad symmetry followed by a stretch of 
poly(dT). Alternatively, termination may re- 
quire a factor that is not a component of the 
elongation complex; such as the E. coli Rho 
protein ( I ) .  Factor-dependent termination is 
generally not highly template- or site-specif- 
ic. The Nun protein of phage HK022, in 
contrast. blocks transcriptioil elongation 
uniquely on phage h templates (2). Nun binds 
to boxB RiiA (BOXB) of the nascent tran- 
script of the h pL and pR operons? blocks 
translocatioil of RNAP in vitro (3);  and ter- 
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minates transcription in vivo (4). Nun is a 
109amino  acid protein that cai-ries the argi- 
nine-rich motif (ARM) RNA binding inotif 
found in several RNA binding proteins (Fig. 
1A). The ARM motif is located in the Nun 
NH2-terminus. The COOH-teiminus of Nun 
inhibits RNA binding, particularly in the 
presence of Zn2+ (5). The E. coli transcrip- 
tion factor NusA binds the COOH-teiminus 
of Nun and stimulates RNA binding (5). De- 
letion of the COOH-tenninus eliminates the 
associatioil between Nun and RNAP in solu- 
tion and prevents transcription ares t  or ter- 
mination (5). 

Within the COOH-teiminal region. a tryp- 
tophan residue at position 108 is also neces- 
saiy for termination and arest. as deteimined 
by-h  plaque-forming assays ( 6 )  (Fig. 1B). 
Mutant Nun protein TrplOS-+Ala (W108A) 
promotes template switching, the movement 
of RiiAP from the end of one template to a 
second without release of nascent transcript 
(7. 8).  We postulated that TrplOS iiltercalates 

into DNA template and brakes RiiAP ti'ans- 
location. This model is supported by the find- 
ing that a-ild-type (WT) Nun cannot arrest 
trailscription on single-stranded template (8) .  

Here we describe photocheinical cross- 
linking and directed DKA cleavage assays 
that identify contacts made by the Nun 
COOH-teiminus. Nun, which lacks cysteine 
residues. was modified by the addition of 
cysteine to the COOH-terminus, by polymer- 
ase chain reaction (PCR)-directed mutagen- 
esis (Fig. 1A). This modified Nun protein, 
Nun C ~ S " ~ ;  was active in tenninatiilg tran- 
scription in a h yL-izutL-lacZ filsion assay in 
which the pL proinoter of h a-as fused up- 
stream of the gene for P-galactosidase. Tester 
strains canying either WT or mutant Nun 
formed white (Lacp) colonies on MacCon- 
key-Lactose indicator plates, indicating that 
Nun was terminating transcription and pre- 
venting expression of p-galactosidase (9). 

We used the modified protein to conjugate 
a photoreactive cross-linker, "jI-h'[(2-pyri- 
dyldithio) ethyl]-4-azidosalicylarnide (AET). 
to the added cpsteine residue via a disulfide 
bond (10). By using this cross-linker. radio- 
labeled 1251 can be transferred to the target of 
the cross-link by treatment with dithiothreitol 
(DTT). The labeled "'1-AET-Nun conjugate 
a-as irradiated with ultraviolet (UV) light in 
the presence or absence of Zn2+ and NusA 
(11). Zn2+ proinoted formation of intramo- 
lecular Nun cross-links (Fig. 2). Thus; the 
1251-labeled Nun protein migi'ated with the 
same mobility on an SDS-polyaciylamide 
gel before and after DTT treatment NusA 
and 1251-AET-Nui~ fonned an 1251-labeled 
complex after CV irradiation The "jI-label 
was transferred to NusA after DTT treatment 
(Fig. 2). 

This intramolecular cross-linking supports 
the model that the Nun COOH-terminus in- 
hibits RiiA binding in the presence of Zn2+ 
by occluding the NH2-teiminal RiiA binding 
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domain (5). We have not yet, however, de- COOH-terminus in an arrested transcription 
fined the point of contact made by the complex. To determine whether the COOH- 
COOH-terminus. terminus contacts the DNA template, we 

We next used I2'I-AET-Nun to locate the paused RNAP at the + 15 site on a 32P- 

Fig. 1. (A) Sequence of NunllOC. The residues in bold A 
represent the ARM region that binds to  A BOXB; the resi- VKKTI YVNPD SGQNR KVSDR GLTSR, 
dues in italics represent the region of the protein that 
interacts with E. coli RNAP and NusA. and with A nutL and DRRRIARWEKRIAYA LKNSV mFN,~ 

nutR. (6). Efficiency of A plating on E. coli N99 carrying AIDDG PEYKl NEDPM DKVDK ALATP,, 
plasmids with WT Nun, NunW108A, NunWlO8L, 

Fig. 2. NunllOC was conjugated t o  
l2 I-AET and incubated without (lanes 1 
and 2) or with (lanes 3 and 4) ZnCI, 
(100 pM) and irradiated with UV light 
t o  induce cross-linking. The reactions 
were then divided in half, and one sam- 
ple was treated with DTT (lanes 2 and 
4). DTT reduces the disulfide linkage 
between Nun and AET and transfers the 
1251 label of the cross-linker to  its tar- 
get. In the unreduced sample. 1251-AET- 
Nun and its cross-linked target remain 
cross-linked. The reduced and unre- 

NU~WIO~Y, and the parent vector (pET23d) alone. Abbre- ITRDV EKIED EKYED VMHRV VNHAH,, 
viations for the amino acid residues are as follows: A, Ala; C, 
Cys; D, Asp; E, Clu; F, Phe; C, Cly; H, His; I, Ile; K, Lys; 1 Leu; QRNPNKKWSCno 

M, Met; N, Asn; P, Pro; Q, Cln; R, Arg; 5, Ser; T, Thr; V, Val; B 

labeled pL template by incubation with ATP, 
GTP, and CTP but withholding UTP (4). The 
paused complexes were exposed to Iz5I- 
AET-Nun, irradiated, and analyzed by dena- 
turing polyacrylamide gel electrophoresis 
(PAGE) (11). Before DTT treatment, an lZ51- 
labeled band migrated at a slower rate than 
template DNA (Fig. 3A, lane 2). After treat- 
ment with DTT this band migrated at the 
same position as template DNA (Fig. 3A, 
lane 3). 1251-AET-Nun did not cross-link 
DNA in the absence of RNAP (Fig. 3, lane 4). 
Thus, the Nun COOH-terminus cross-links 
with DNA in a transcription elongation com- 
plex (TEC). Two termination-defective Nun 
mutants, H98A and W108A, failed to cross- 
link template (Fig. 3A, lanes 5 and 6), al- 
though, unlike the 13-amino acid COOH- 
terminal truncation mutant T-Nun, they 

W, Trp; and Y, Tyr. 

bound RNAP in solution (Fig. 3B) (12). 
z1-1~32 - - + + + + Nun H98A may not be situated in the 
D'IT - + - +  - + elongation complex in proximity to template 
NusA -:*-+ .,--:-.,+--u DNA. Nun W108A lacks the tryptophan res- 

idue that may intercalate into double-stranded - -- 4 Nun-AET-NusA NusA-AET template DNA (Fig. 1A) (8). This indicates 
that the interaction with template DNA is an 

H O S ~  .,- I 
I A Plating Efficiency 

duced samples were then subjected to  
4 Nun-AET template+ 

gel electrophoresis on a 15% SDS-poly- 
acrylamide gel. 1251-AET-Nun was also 
incubated with NusA in the presence of 1 2 3  4 5 6 e 8 IW. r'"' 
ZnCl, (100 pM) and irradiated with UV V) 

light t o  induce cross-linking. The cross-linking reaction was then treated as described above, 
comparing the unreduced (lane 5) and reduced (lane 6) samples on the same gel. ![lo, 

1, 

W 

Fig. 3. (A) 1251-AET-N~n was in- TEC +WITun TEC 
cubated with TEC that had been + A - 
paused at the +15 site on the Tmplae -DTT +DTT -TEC w 

M d e r  
DNA template (4). The reaction . ---. -. 
was then UV-irradiated and 
transcription halted by the addi- Nun-AET-Template- 

tion of EDTA. After purification 
of template (4), the reaction was 
divided into two samples. The Templare DNA- 
unreduced sample (lane 2), in 
which Nun is cross-linked to  the 
DNA. and the reduced sam~le 1 2 3  

(lane' 3), in which the disulfide 
bond has been cleaved and the 6 
l2*I label transferred to  the DNA. 
were subjected to  electrophore- 
sis on a urea-polyacrylamide gel. 
The 32P-labeled template was 
run as a marker (lane 1). A con- Nun + 
trol reaction, in which 1251-AET- 
Nun was incubated with tem- 
plate DNA in the absence of 
RNAP and rNTPs, was subjected 1 2 3 4 5 6  

to  electrophoresis in lane 4. 
Lanes 5 and 6 show the lack of cross-linking with the mutant Nun proteins W108A and H98A, 
respectively. (B) SDS-PACE analysis of excluded fractions from a Sepharose GI00 chromatography 
column of WT (lane 3) and the Nun mutants W108A and H98A in the presence of RNAP (lanes 4 
and 5). In the absence of RNAP. W108A is retained (lane I), as are H98A and WT Nun (5, 77). Both 
mutant proteins are excluded from the column only in the presence of RNAP, indicating an 
interaction between these proteins and RNAP in solution, unlike T-Nun (lane 6). 

Fig. 4. DNA scission pattern of the +15 TEC 
treated with IOP-Nun. Lane 1, scission products 
of 32P-labeled template after cleavage by Nun- 
OP (5). Lane 2, transcription (denoted as 
Trnxn.) products after treatment of the +15 
TEC with Nun-OP. In a control reaction, Nun- 
OP was incubated with 32P-labeled template in 
the absence of RNAP and rNTPs, and cleavage 
was induced (lane 3). Lane 4 is 32~-labeled 
template run as a marker for uncleaved tem- 
plate. Numbers on the left denote where prod- 
ucts of the size (in nucleotides) ran on a se- 
quencing ladder (not shown). 
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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 heated with Nun- 
OP yielded two 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 upstream translocation, N L ~  contacted 
double-stranded template in the DNA binding 
site of RNAP (8). This obseivation supports our 
findings that Nun requires double-stranded tein- 
plate for transcription arrest in vitro (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 mok einent 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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Requirement of Yeast SGSl and 
SRS2 Genes for Replication and 

Transcription 
Sung-Keun Lee, Robert E. Johnson, Sung-Lim Yu, Louise Prakash, 

Satya Prakash* 

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 syildrome gene BLM and the \?'em- 
recombination and an increased incidence of er's syndrome gene JV&V (3). The helicases 
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