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of the background. Motion-defined figures could 
(randomly) appear at one of three possible loca- 
tions (eccentricity. 2.7' t o  4.4'). 

2. Multiunit activity 	was recorded through 16 mi- 
crowire electrodes in each monkey (4, 6). Recep-
tive-field size ranged from 0.7O to 1.4' (median 
O.gO), and eccentricity from 1.3O to  2.8' in one 
monkey and from 3.4O to  5.7O in the other. For 
each monkey, figure positions and electrodes were 
chosen such that the figures covered the receptive 
fields of 16 electrodes simultaneously. 

3. Data were obtained in pseudo-randomly interleaved 
blocks of trials in 9 to 12 daily sessions. To ensure 
identical receptive-field stimulation for figure and 
background responses, we compared the responses t o  
the same directions of motion for figure and ground 
and averaged the responses to the different direc- 
tions of motion. Electrophysiological data obtained 
during the interval between stimulus onset and cue 
time were analyzed. Response strength was calculat- 
ed as the average normalized activity during the 
intervals. Contextual modulation was calculated by 
subtracting the background response strength from 

the figure response strength. For all statistics, paired 
t tests were applied. 
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degree. Two different line segment orientations 
(135' or 45') were used to  segregate figure from 
ground, and both line orientations were used for 
figure and background. 
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Stimulation of RNA Polymerase 

II Elongation by Hepatitis Delta 


Antigen 

Yuki Yamaguchi,' Julija ~ilipovska," Keiichi Y a n ~ , ~  


Akiko F ~ r u y a , ~  
Naoto Inukai.' Takashi ~ar i ta , '  Tadashi ~ a d a , '  
Seiji S~gimoto,~ Hiroshi Handal* Maria M. ~onarska,~ 

Transcription elongation by RNA polymerase II (RNAPII) is negatively regulated 
by the human factors DRB-sensitivity inducing factor (DSIF) and negative 
elongation factor (NELF). A 66-kilodalton subunit of NELF (NELF-A) shows 
limited sequence similarity to hepatitis delta antigen (HDAg), the viral protein 
required for replication of hepatitis delta virus (HDV). The host RNAPll has been 
implicated in HDV replication, but the detailed mechanism and the role of HDAg 
in this process are not understood. We show that HDAg binds RNAPll directly 
and stimulates transcription by displacing NELF and promoting RNAPll elon- 
gation. These results suggest that HDAg may regulate RNAPll elongation during 
both cellular messenger RNA synthesis and HDV RNA replication. 

The human transcription elongation factors 
DSIF and NELF bind RNAPII and repress 
the elongation activity of this polymerase 
(1-4). This repression is reversed by P-TEFb, 
a positive elongation factor with a protein 
kinase activity that phosphorylates the 
COOH-terminal domain (CTD) of RNAPII 
and a subunit of DSIF (5), in a manner sen- 
sitive to the kinase inhibitors 5,6-dichloro-1- 
beta-D-ribofuranosylbenzimidazole (DRB) 
and H8. Because DRB affects the synthesis of 
most mRNAs, the DRB-sensitive elongation 
involving DSIF, NELF, and P-TEFb may 
reflect a general rate-limiting step of RNAPII 
transcription (6). The yeast homologs of 
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DSIF, transcription factors Spt5 and Spt4, 
have been shown to affect elongation (7). 
Purified NELF is composed of five polypep- 
tides, A to E, the smallest of which, NELF-E 
(46 kD), is identical to a putative RNA-
binding protein (4). We microsequenced 
NELF-A (66 kD) and found it to be encoded 
by WHSC2 (Fig. lA), a candidate gene for 
the Wolf-Hirschhorn syndrome, a multiple 
malformation syndrome characterized by 
mental and developmental defects resulting 
from a deletion in chromosome 4p16.3 (8). 
Computer analyses identified a weak se-
quence similarity (27% identity) between the 
NH,-terminal half of N E L F - M S C 2  (arni- 
no acids 89 to 248) and HDAg, the sole 
rote in encoded bv HDV. with the similaritv 

extending to the predicted secondary smc-
lXreSof these proteins (Fig. lB)' 

HDV, a satellite of hepatitis B virus, has a 
-1700-nucleotide (nt) circular, single-stranded 
RNA genome with a rodlike sbucture (9).Rep-
lication of HDV RNA appears to involve the 

delay period a second stimulus (red circle: size 2" to 
3", eccentricity: 5.5" to 6") appeared in one of three 
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tion. For this task, another monkey was also used. 
Data were obtained in blocked 10 to 12 daily sessions 
and normalized as described in (3). 
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host RNAPII and requires the presence of 
HDAg (9-11). TWO forms of HDAg, HDAg-S 
(195 amino acids long) and HDAg-L (2 14 ami-
no acids long), originate from editing of the 
common mRNA. Both forms bind HDV RVA, 
but have distinct roles in the viral life cycle. 
HDAg-S activates HDV replication, whereas 
HDAg-L, which contains a 19-amino acid 
COOH-terminal extension, inhibits replication 
and directs virion assembly (9-12). Earlier re- 
ports have implicated HDAgs in both activation 
and inhibition of RNAPII transcription (13, 
14), but the nature of this discrepancy and the 
mechanism of HDAg action are unknown. 

To investigate if, and how, HDAgs regu- 
late RNAPII transcription, we examined the 
effect of HDAg on DNA-templated transcrip- 
tion using HeLa nuclear extracts (NE). In the 
presence of DRB, endogenous DSIFNELF 
can repress transcription (Fig. 2A) (4). 
HDAgs reversed this inhibition (HDAg-S 
was more effective than HDAg-L), with little 
effect on basal (-DRB) transcription (Fig. 
2A). This effect required NELF, because NE 
irnrnunodepleted of NELF failed to respond 
to HDAgs (Fig. 2B). These results suggest 
that HDAg stimulates RNAPII transcription 
by counteracting the negative effect of DSIF/ 
NELF. 

Because HDAg does not affect the kinase 
activity of P-TEFb or CTD phosphorylation 
(IS), we sought to determine whether it af- 
fects association of NELF, DSIF, and RNA- 
PI1 under transcription conditions. In NE pre- 
pared from HeLa cells expressing Flag-
NELF-E, antibodies to Flag (anti-Flag) im- 
munoprecipitated the other NELF subunits 
(15), DSIF, and RNAPII (Fig. 3A) (4). Pre- 
incubation of the NE with HDAg-S substan- 
tially reduced the levels of DSIF and RNAPII 
in the precipitate (Fig. 3A), but had little 
effect on DSIF-RNAPII interaction (15). To 
determine the direct target of HDAg, we an- 
alyzed the NE proteins associated with glu- 
tathione S-transferase (GST)-HDAg. Under 
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saturating concentrations, both GST-HDA~-L A l x  B normal NE NEANELF 
and GST-HDAg-S, but not GST alone, L S - L S

H O A ~A"---
bound to substantial amounts o f  RNAPII  ORB - + - + - + - + - + - + - + ORB - + - + - + - + - + - + 
(Fig. 3B). In addition, small amounts o f  
DSIF, but not NELF, were found associated 
with GST-HDAg (Fig. 3B). These results 
suggest that H D A g  directly binds RNAPII  
and inhibits NELF-RNAPII association, pos-
sibly because H D A g  competes with NELF-A 
for a common surface on RNAPII, without 
substantially affecting the DSIF-RNAPII in-
teraction. Binding o f  HDAg-S to RNAPII  
was strongly impaired by  a deletion o f  eight 
amino acids from its COOH-terminus, 
whereas the NH,-terminal segment-includ-
ing the oligomerization domain, NLS, and a 
part o f  the RNA-binding domain-was dis-
pensable (Fig. 3B). Thus, amino acids 130 to 
195 o f  HDAg-S are sufficient for RNAPII  
binding. The COOH-terminus o f  HDAg-S is 
conserved among different genotypes o f  
H D V  (16), but to date, no function has been 
assigned to this region. 

To directly measure the effect o f  H D A g  
on elongation, we used reactions containing 
purified RNAPII and deoxycytidine (dC)-
tailed templates. In the presence o f  4NTPs, 
transcripts o f  increasing lengths appeared 
with time, and DSIF/NELF inhibited this pro-
cess (Fig. 2C) (4). The addition o f  HDAgs 
strongly stimulated RNAPII  elongation, irre-
spective o f  the presence o f  DSIF/NELF, 
whereas the HDAg-S mutant lacking 31ami-

C + DSIFMELF S L AC31 
HDAa - S AC31 - S AC31' ama - + - +-
time ' o e l s " o e e l s " o G 3  --------

time 8168 18816 8 188 168 16I 168 16 
(min) + - ~ - - w  -- 7 -

1 
i 

' 9  

Fig. 1. NELF-A is en-
coded by WHSC2. (A) 
NELF from the final 
purification step was 
visualized by silver 
staining. Molecularsiz-
es (in kD) of the sub-
units are indicated in 
parentheses. (B) Ami-
no acid sequence of hu-
man NELF-AIWHSC2. 
The three obtainedpep-
tide seauences lunder-

Fig. 2. HDAgs stimulate DNA-templated transcription with crude (A and B) or purified (C 
and D) transcription systems. (A) Increasing amounts of HDAgs (12, 50, and 200 ng) 
were added to  transcription reactions containing NE, as described (4, 26). DRB (50 pM) 
was included where indicated. Upper and lower bands represent 380- and 270-nt G-less 
transcripts from the adenovirus E4 and major-late promoters, respectively. (0) HDAgs (200 ng) 
were added to  reactions containing either untreated or NELF-immunodepleted NE. [(C) and 
(D)] WT or mutant HDAg (100 ng) was incubated with purified RNAPll and dC-tailed templates 
with or without DSIF and NELF (4, 27). a-Amanitin (ama) (1.0 pglml) was included where 
indicated. 

B 
MASMRENDTG 
AVKLKLLLWT 
PDTGSLNLEL 
TLAGPLTPPV 
GRGLLRKMDT 
ERGVKLLDIS 
AAGLVSTQKL-
EASRPPEEPS 
PAVAPTTQTP 
VTRPEKALIL 
LVDTVFEMNY 

LWLHNKLGAT 
LHLPRRTVDE 
EEQNPNVQDI 
KHFQLKRKPK 
TTPLKGIPKQ 
ELDMVGAGRE 
GSLNNEPALP 
APSPTLPAQF 
PVAMVAPQTQ 
GFMAGSRENP 
ATGQWTRFKK 

DKLWAPPSIA 
MKGALMEIIQ 
LGELREKVGE 
SATLRAELLQ 
APFRSPTAPS 
AKRRRKTLDA 
STSYLPSTPS 
KQRAPrnSG 
APAQQQPKKN 
CQEQGDVIQI 
YKPMTNVS 

SLLTAAVIDN IRLCFHGLSS 
LASLDSDPWV LMVADILKSF 
CEASAMLPLE CQYLNKNALT 
KSTETAQQLK RSAGVPFHAK 
VFSPTGNRTP IPPSRTLLRK 
EWEKPAKEE TWENATPDY 
WPASSYIPS SETPPAPSSR 
LSPATPTPAA PTSPLTPTTP 
LSLTREQMFA AQEMFKTANK 
KLSEHTEDLP KADGQGSTTM 

lined) match parts of 
the predicted human 
WHSC2 protein (22). 
(C) Sequence com- C 
parison of NELF-A/ E EEE HHHHH HHHHH LLLL HHHHHHH L LLLLLLLLLLLLLLLL L LLL LLLLLLLL 
WHSCZ, HDAg-S (ge-
notype IA, P35884), and ~~~~~~ :: 1 6 4  

1 0 9  
HDAg-S (genotype IB, d e l t a s  2 0  1 0 9  
225754). The homolo- consensus h c l ~ - ~ N P1 t s 1 h ~I ~ C  
gy was initially identi-
fied through a search 

HHHHH HHHHHHHHHHHHH LLLL L LLLLLLL L LLLLLL LLLLLLLLLLLLLLLH HHHHHH 

against tKe ProDom 
database (23) with LLLL L HHH HHHHHHHHHHHLLL LLLLL LLLLLLLLLLLLLLLLLL LLLLLLLLLLLLLLLLLLL
NELF-AIWHSC2 as a 
query. Identical resi- NEW-A 1 6 5  LRAELLQ TFBPPSRTLL 248 
duesare boxed.~ b b ~ ~ -d e l t a s  1 1 0  KKKQLSAGG I----

d e l t a s  1 1 0  -----
viations used are c, conse,s,, ~ S S SSSFS T G ~ ~ ~ S Isppsh 

charged; h, hydropho-
bic; I,aliphatic; p, polar: HHHH LLLL LLHHHHHHHHHH LLLLLLLLLLLLLLLLLLLLLL LLLLLLLLLL LLLLLLL LLLLL 

s, small; t, turnlike; u. 
tiny, and +, positive (24). Also shown are the secondary structures as predicted by the program PHD (25). Only positions with the predicted accuracy of 
greater than 82% are indicated (E, sheet; H, helix L loop). Single-letter abbreviationsfor the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; 
F, Phe; C, Cly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N. Asn; P, Pro; Q, Cln; R, Arg; 5, Ser: T, Thr: V, Val; W, Trp; and Y, Tyr. 
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no acids at the COOH-terminus (AC31) was NELF but can also stimulate RNAPII elon- ciently than HDAg might obscure the DSIF/ 
inactive (Fig. 2, C and D). These results gation in  a DSIF/NELF-independent manner. NELF independent effect o f  HDAg. 
suggest that the HDAg-RNAPII interaction I n  crude N E  (Fig. 2, A and B), the presence o f  To investigate the role for HDAg in  HDV 
not only counteracts the repression by DSIFI factors that stimulate transcription more effi- RNA replication, we used a previously de- 

6 8  8 U) 

A HeLa NE expressing Flag-NELF-E B w a  a  W ~ ~ Z Z S  3EGa0h  w r r r ~ a  
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pol ll LS ,- -w 

DSlF ~160,- a-DSIF p160 'am1C+i)&bw c I 

NELF-A +----- 
-... .", - ,  1 

- - 
a-Flag 3 lmmunoblot lrnmunoblot lmmunoblot 

IB IP: a-Flag 

Silver Coomassie Coomassie 

Fig. 3. Direct interaction between HDAgs and RNAPII. (A) HDAg-S inhibits and supernatant (S) lanes represent 2% of the total material (B) Various 
interaction between NELF and DSIFIRNAPII. NE obtained from HeLa cells GST-HDAg derivatives (-1.0 pg) were coupled to glutathioneSepharose and 
constitutively expressing Flag-NELF-E was incubated with either HDAg-S or incubated with NE (100 pi). After extensive washing with the transcription 
HDAg-L (the amounts correspond to the "114X" amounts used in Fig. 2A) for 45 buffer containing 100 mM KC1 and 0.1% Nonidet P-40, bound materials were 
min in transcription buffer containing 100 mM KC1 and 0.1% Nonidet P-40. The analyzed by immunoblotting and by silver- or Coomassie-staining. (C) Structure 
mixture was immunoprecipitated with anti-Flag, and the precipitates (P) were of HDAg-S. A solid bar corresponds to the minimal region required for RNAPII- 
analyzed by immunoblotting with the indicated antibodies (28). Input (IN) binding. NLS, nuclear localization signal, and ARM, arginine-rich motif. 

Fig. 4. HDAg stimu- A 
G fA3 , u 31 5 G ~ A  

lates HDV RNA-tem- u ~ ~ A A u c ~ ~ G A G A ~ ~ ~ c u G G ~ u ~ c ~ ~ u ~ u c c c ~  c c ~ ~ C ~ A ~ ~ ~ ~ C U ~  c c m c m c  GmwOH pppGGGC UUGGG 
plated transcription. A 1 1 1 1 1 1  1 1 1 1 1 1  1 1 1 1  1 1 1 1  1111111 1 1 1  1 1 1  I I I I I I I I I  1 1 1 1  I I I I I I I I I I I  1 1 1 1  1 1 1  1 1 1 1 1 1  I I I I  I I I I U  

(A) sequences of the UCUWUAG CUCUcyIJACC&A&GGGAACUAQX& fCC UGG CGCUCCUCCACCUCU GGUACGGCUGGGCUUCU CCU UCUUGRGCUCCCCCCCG GGCCA 
AC U 

template AGIO3 (top) UcC 

and the product Pb 
(bottom). The 3' end A 

of Po and Pa is marked ZGGGC! %UGGG 
with an arrow. RNase A l l l l l l l l l l l l l l l l l l l I I I I I I I I l I I I I I I I I I I I I l l l l l l l l l l l l l l l l l l l l l  I I I I  I I I I U  

U C U ~ A G C U C U C ~ C A C C G k C A G G G A G G G A A C U A ~ U C C A G C C U G G C G C U C C U C C A C C U C U A C G G U A ~ ~ W C U C ~ G A G C U C C C C C C C G  GGCCA 
A cleavage sites are 
indicatedVby triangles. 
The segment transcribed by RNAPli is boxed. (B) 
HDV RNA template, AG103, and Hela NE were 
incubated in the presence of [c~-~~P]GTP (77), 
with (+) or without (-) DRB (50 FM) and 
HDAg-S (200 ng). (C) The same reaction prod- 
ucts were resolved in a 5% polyacrylamide-8 M 
urea gel. Positions of nonspecifically labeled 
templates (T) and specific products (Po, Pa, and 
Pb) are indicated. (D) The reaction products 
from (C) (lanes 1 and 6) were gel purified, sub- 
jected to exhaustive RNase A digestion, and 
resolved in a 25% polyacrylamide-8 M urea gel. 
Pa+b is a mixture of Pa and Pb. (E) Plasmids 

- -- 
DRB - + - + 

+ + + 
HDV WT mt - 
n 

expressing HDV RNA-pSVL(D3) (W) or (I 

pSVL(D2m) (not expressing HDAg)-were intro- 
duced into Heh  cells with or without an addi- 
tional HDAg expression plasmid. Three days after transfection, total RNA was 
isolated and the level of 1.7-kb genomic HDV RNA was monitored by Northern 
blotting with an antigenomic-sense oligonucleotide probe. 

0.2 HDA -S O- 
Po h Pb Pa (P4q 
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scribed model system in which RNAPII in 
HeLa NE transcribes a specific segment of 
HDV RNA (17). This reaction involves cleav-
age of the RNA template at a unique site fol-
lowed by extension of the new 3' end, gener-
ating a chimeric templateitranscript product 
(Fig. 4A). Transcription discontinued after 
copying 41 nt of the template, suggesting that 
this region of HDV RNA contains a pause 
signal, andlor that some protein factors required 
for transcription are limiting in the reaction 
(17). DRB inhibited this reaction, indicating 
that D S I F m L F  participates in the RNA-tem-
plated transcription (Fig. 4B). The addition of 
HDAg-S reversed the DRB-mediated inhibition 
and strongly stimulated basal transcription (Fig. 
4B), suggesting that HDAg-S affects the RNA-
templated transcription through both DSIFI 
NELF-dependent and -independent mecha-
nisms, as observed with purified RNAPII (Fig. 
2, C and D). 

Upon better resolution of products of the 
HDAg-S-supplemented reactions, two dis-
tinct RNAs were detected (Fig. 4C). Analysis 
of ribonuclease (RNase) A digests of these 
RNAs demonstrated that, whereas the slc1ver 
migrating product (Pa) is identical to Po 
formed in the absence of HDAg, the faster 
migrating product (Pb) is a previously un-
known species, extended at its 3' end by at 
least 15 nt (Fig. 4, A and D). The unusually 
fast mobility of Pb probably results from the 
presence of an extended double-stranded seg-
ment in its structure. These results suggest 
that HDAg stimulates HDV RNA replication 
by suppressing RNAPII pausing at +41. Un-
expectedly, this position corresponds to the 
primary site of DSIFMELF repression during 
RNAPII elongation on DNA (4). 

To elucidate the physiological relevance 
of these findings, we compared the ability 
of wild-type (WT) and mutant HDAgs to 
support in trans replication of the HDAg-
defective HDV mutant. WT HDAg-S, but 
not AC8 or AC3 1 ,  supported replication of 

the defective virus (Fig. 4E). Therefore, the 
same region of HDAg is required for effi-
cient RNAPII elongation in vitro and HDV 
RNA replication in vivo. 

These results establish that HDAg directly 
binds RNAPII and stimulates transcription by 
two different mechanisms: It reverses the 
negative effect of DSIFMELF by displacing 
NELF from RNAPII and directly stimulates 
transcription elongation. This is, to our 
knowledge, the first example of a viral pro-
tein that regulates elongation through direct 
binding to RNAPII. Nonetheless, similarity 
between HDAg and human immunodeficien-
cy virus (HIV) Tat is intriguing. During HIV 
transcription, Tat stimulates RNAPII elonga-
tion by recruiting P-TEFb and reversing the 
negative effect of DSIFMELF immediately 
downstream of the promoter (18). 

HDV RNA resembles the genomes of 
plant viroids, although viroid RNAs are 
much smaller (<400 nt) and contain no 
open reading frames. This has led to a 
hypothesis that HDV may have evolved 
from a primitive viroidlike RNA through 
capture of a cellular transcript (19) .  Previ-
ously, a putative cellular homolog of 
HDAg was identified (20) .  This protein, 
termed DIPA, is 24% identical to HDAg 
but shows no apparent sequence similarity 
with NELF-A (15). The low levels of se-
quence similarity make it difficult to define 
evolutionary relationships of the three pro-
teins. Regardless of its evolutionary origin, 
the HDAg-RNAPII interaction is critical 
for HDV replication and could be used as a 
therapeutic target against this pathogenic 
virus. 
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