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belemnite (PDB) standard], were injected via the 
CC-C Ill interface to the IRMS for the computation of 
613C values of sample compounds. A set of standard 
n-alkanes with known S13C values acquired from 
Indiana University were measured before sample 
analyses to ensure accuracy of the Sq3C measure- 
ment. The standard deviation for duplicate analyses 
is < +0.3%0. 613C TOC was determined by combus- 
ting decarbonated (with 10% HCI) sediments in an 
elemental analyzer and subsequently collecting and 
cryogenically purifying the evolved CO,. The CO, 
samples were then measured on dual-inlet IRMS for 
isotopic ratios. For Alta Babicora sediments, a cold 
finger was used to further concentrate the CO, for 
measurement because of the exceptionally low or- 
ganic content (0.2 to 0.6%). Carbon isotope values 
are expressed relative to the V-PDB standard. 
Y. Huang, K. H. Freeman, T. I. Eglinton, F. A. Street- 
Perrott, Geology 27, 471 (1999). 

17. C. Rieley, 1. W. Collister, B. Stern, C. Eglinton, Rapid 
Common. Mass Spectrom. 7, 488 (1993). 

18. J. Ortega Ramirez, Ceofis. Int. 34, 107 (1995). 
19. D. G. Williams, J. R. Ehleringer, Oecologia 106, 455 

(1996). 
20. 	D. A. Hodell, J. H. Curtis. M. Brenner. Nature 375,391 

(1995). 
21. M. R. Talbot, T. Johannesson, Earth Planet. Sci. Lett. 

110, 23 (1992). 
22. R. Sukumar. 	R. Ramesh, R. K. Pant, C. Rajagopalan, 

Nature 364, 703 (1993). 
23. T. W. Boutton, S. R. Archer, L. C. Nordt, Nature 372, 

625 (1994). 
24. 	D. R. Muhs et dl., teol. Soc. Am. Bull. 111. 1861 

(1999). 
25. C. Latorre.]. Quade, W. C. Mclntosh, Earth Planet. Sci. 

Lett. 146, 83 (1997). 
26. M. 	E. Morgan, J. D. Kingston, B. D. Marino, Nature 

367, 162 (1994). 

Regulation of Transcriptional 

Activation Domain Function by 


Ubiquitin 

Simone E. Salghetti,' Amy A. Ca~dy, ' .~  Joshua C. Chen~weth,~ 

William P. Tanseyl* 

The ability of transcriptional activation domains (TADs) to signal ubiquitin- 
mediated proteolysis suggests an involvement of the ubiquitin-proteasome 
pathway in transcription. To probe this involvement, we asked how ubiquityl- 
ation regulates the activity of a transcription factor containing the VP16 TAD. 
We show that the VP16 TAD signals ubiquitylation through the Met30 ubiq- 
uitin-ligase and that Met30 is also required for the VP16 TAD to activate 
transcription. The requirement for Met30 in transcription is circumvented by 
fusion of ubiquitin to the VP16 activator, demonstrating that activator ubiq- 
uitylation is essential for transcriptional activation. We propose that ubiqui- 
tylation regulates TAD function by serving as a dual signal for activation and 
activator destruction. 

Many transcription factors are unstable proteins 
that are destroyed by ubiquitin (Ub)-mediated 
proteolysis (I), a process in which covalent 
attachment of Ub to proteins signals their de- 
struction by the proteasome (2). In most tran-
scription factors, the domain that signals their 
ubiquitylation-the "degron"-overlaps close-
ly with a transcriptional activation domain 
(TAD). Indeed, this overlap is both widespread 
and intimate: Mutational analysis of TADs (3- 
5) reveals a close correlation between transcrip- 
tional activation and proteolysis. The unexpect- 
ed convergence of transcription and proteolytic 
signaling elements raises the possibility that the 
Ub-proteasome pathway is involved in tran- 
scription. We tested this hypothesis by examin- 
ing the role that the ubiquitylation machinery 
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plays in transcriptional activation by the VP16 
activation domain (6). 

Substrate targeting by the ubiquitylation 
machnery is carried out by Ub-ligases (2), 
which interact with the degron and recruit Ub- 
conjugating enzymes to the substrate protein. 
Because of the key role of Ub-ligases in sub- 
strate recognition, we sought to identify the 
Ub-ligase that targets the VP16 TAD in Sac- 
charomyces cerevisiae. We fused the VP16 
TAD to the bacterial DNA binding protein 
LexA (7) and expressed the fusion protein in 
yeast. For comparison, we also fused LexA to 
the TAD-degrons from Myc (3) and from the 
yeast cyclin Cln3 (5).Pulse-chase analysis (Fig. 
lA, lanes 1 through 4) revealed that all three 
TADs acted as degrons in this setting, destabi- 
lizing the LexA protein. To identify the Ub- 
ligase for VP16, we next examined the stability 
of LexA-VP16 in veast strains defective for 
various componen~s of the ~ b ­
pathway, including Ubc2, Cdc4, Met30, and 
Gn1. This analysis revealed that LexA-VP16 
was stabilized by loss of Met30 (Fig. lA), a 
~ubskate-recognition component of the SCF 
Ub-ligase family (8). The dependence on 
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Met30 was specific to LexA-VP16 because 
deletion of Met30 had little effect on the stabil- 
ities of LexA-Myc and Led-Cln3 (Fig. 1A). 
Consistent with a specific role for Met30 in 
VP16 degron function, Met30 associated with 
Led-VP 16-and not other LexA-fusion pro- 
teins-in vitro (Fig. lB, compare lanes 2 and 4 
with lane 6), and Met30 was required for LexA- 
VP 16 ubiquitylation in vivo (Fig. 1 C, compare 
lanes 3 and 6) (9). Taken together, these data 
demonstrate that the Met30 Ub-ligase is specif- 
ically required for degron function of the VP16 
TAD. 

We next examined whether loss of Met30 
affected transcriptional activation by VP16 
(Fig. 2). A modified GAL1 promoter carrying 
two LexA binding sites and driving expression 
of P-galactosidase (lo), was integrated into 
yeast strains that either contained or lacked a 
functional Met30 locus. We then measured the 
ability of each LexA fusion protein to activate 
reporter gene expression in these cells (Fig. 2A, 
transcription). As expected, the Myc, Cln3, and 
VP16 TADs potently activated reporter gene 
expression in the presence of Met30. However, 
in the absence of Met30, the VP16 TAD failed 
to activate P-galactosidase expression. As ob- 
served with proteolysis (Fig. lA), the effect of 
loss of Met30 was specific to VP16 because 
transcriptional activation by LexA-Myc and 
Led-Cln3 remained constant. Thus, although 
the Led-VP16 activator is more stable and 
accumulates to twofold higher levels (Fig. 2A, 
protein) in Met30-null cells, it is unable to 
activate transcription in the absence of Met30 
(11). The specific loss of VP16 transcriptional 
activity reveals that Met30 plays an essential 
role in both the TAD and degron function of the 
VP 16 activation domain. 

To determine whether loss of Met30 attenu- 
ates VP16 activity through an indirect mecha- 
nism, we asked whether Led-VP16 displays 
any activity in Met30-null cells. Chromatin im- ~ ~ ~ t ~ ~ ~ ~ ~ 
munoprecipitation (ChlP) analysis (Fig. 2B) re- 
vealed that Led-VP16 efficiently interacts 
with promoter DNA in the absence of Met30 in 
vivo (compare lanes 3 and 6), demonstrating 
that there is not a global defect in the folding or 
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location of the Led-VP16 protein. Moreover, 
the VP16 TAD itself retained at least one h c -  
tion in Met3O-null yeast, the ability to stimulate 
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Fig. 1. Met30 is required for degron function of 
the VP16 TAD. (A) Stability of LexA fusion 
activators. Pulse-chase analysis was used to  
directly measure the stability of LexA alone (A), 
or the indicated fusion protein in Met30 (+) or 
(-) yeast (20). Shown are the radiolabeled HA- 
tagged proteins present in the initial pulse (0) 
and at each time point in the chase. Because 
deletion of Met30 is lethal unless Met4 is first 
deleted (77), each yeast strain also lacked a 
functional Met4 locus. CT, chase-time, in min- 
utes; t,,,, protein half-life, in minutes. (B) The 
VP16 TAD associates with Met30 in vitro. A 
GST pull-down (27) was used to  examine asso- 
ciation of HA-tagged LexA-fusions with either 
GST (+) or GST-Met30. Shown are LexA pro- 
teins in the input (INPUT a-HA) and bound to 
glutathione agarose (BOUND a-HA), and GST 
fusion proteins bound to  glutathione agarose 
(BOUND a-GST). (C) Met30 is required for the 
VP16 TAD to  signal ubiquitylation. HA-tagged 
LexA proteins (INPUT a-HA) were isolated from 
yeast expressing polyhistidine-tagged Ub (22), 
ubiquitylated proteins recovered by nickel af- 
finity chromatography, and HA-tagged proteins 
detected by immunoblotting (Ub a-HA). 

DNA replication (Fig. 2C). Many TADs can 
stimulate DNA replication (12), perhaps 
through their ability to direct chromatin re- 
modeling. Using a plasmid stability assay in 
which the B3 element of the ARSl replication 
origin (13) is replaced by a single L e d  bind- 
ing site, we found that LexA-VP16 stimulated 
DNA replication equally well in the presence 
or absence of Met30, as did all Led-TAD 
fusions. The selective retention of this func- 
tion demonstrates that VP16 TAD activity is 
not universally blocked in Met30-null yeast 
and strongly supports the concept that the role 
of Met30 in VP16 TAD function is specifi- 

cally related to transcriptional activation. 
We next probed the role of Met30 in 

transcriptional activation by the VP16 TAD. 
We speculated that Met30-mediated ubiqui- 
tylation of Led-VP16 may be essential for 
transcriptional activation. If this was the case, 
it might be possible to circumvent the re- 
quirement for Met30 by directly ubiquitylat- 
ing the LexA-VP16 protein. To test this hy- 
pothesis, we fused a single nonremovable Ub 
to the amino terminus of LexA-VP16 (Ub- 
VP16) and again assayed protein stability 
(Fig. 3A) and transcriptional activation (Fig. 
3B). Although direct fusion to Ub did not 

Fig. 2. Met30 is re- A 
quired for transcrip- 
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bracketed (23). (B) In 
vivo promoter occupancy by LexA fusion proteins. The indicated yeast were subject to ChlP analysis 
(24). PCR was used to  quantitate association of each LexA fusion protein with a fragment corresponding 
to the integrated LexA reporter ("I"), or the transcriptionally silent GAL1 promoter that lacked LexA 
binding sites ("2"). Lane 7 shows ChlP analysis from yeast that do not express a LexA-fusion protein. 
Lane 8 shows the PCR profile of a DNA sample that was not subject to immunoprecipitation. (C) 
LexA-VP16 stimulates DNA replication in the absence of Met30. A plasmid stability assay (25) was used 
to measure the ability of the indicated LexA fusion proteins to drive maintenance of a reporter plasmid 
containing a UM3 selectable marker. Plasmid stability is expressed as a fraction of yeast colonies that 
retain the UM3 marker after growth under nonselective conditions. 

Fig. 3. Direct fusion to  Ub allows 
LexA-VP16 to  activate transcrip- 
tion in the absence of Met30. (A) 
Linear fusion to  Ub does not re- 
store LexA-VP16 turnover in 
Met30-null yeast. Ub was fused 
in-frame to the amino terminus 
of LexA alone (Ub-A) or to  LexA- 
VP16 (Ub-VP16) (26). Pulse- 
chase analysis was used to  mea- 
sure the stability of these pro- 
teins in Met30-null yeast. The 
linear fusion to Ub resulted in 
the formation of an additional 
protein species (denoted by as- 
terisk) that is probably due to 
monoubiquitylation of the fu- 
sion protein (79). (B) Linear fu- 
sion to  Ub restores transcription- 
al activation by LexA-VP16 in 
Met30-null yeast. Transcription 
and protein levels for each LexA- 
fusion protein were measured as 
described in Fig. 2. 
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restore LexA-VP16 destruction in Met30-rm\\ 
cells (Fig. 3A), the fusion did rescue tran­
scriptional activation, restoring wild-type 
levels of VP16 TAD activity (Fig. 3B, com­
pare VP16 and Ub-VP16 in the Met3 O-rmll 
cells). Moreover, both Ub and the VP16 TAD 
are required for transcriptional activation in 
the Met30-nu\\ cells because Ub alone fused 
to LexA (Ub-A) did not activate transcription 
(14). The observation that Met30's role in 
transcription can be complemented by fusion 
of LexA-VP16 to Ub argues that Met30 co-
activates the VP16 TAD by signaling LexA-
VP16 ubiquitylation. Moreover, the metabol­
ic stability of the Ub-VP16 protein (Fig. 3 A) 
demonstrates that it is Met30-mediated ubiq­
uitylation, not destruction, that is required for 
transcriptional activation. 

The requirement of ubiquitylation for VP16 
activator function reveals that the degron func­
tion of the VP16 TAD is intimately tied to its 
ability to activate transcription. The link be­
tween these processes provides a simple expla­
nation for the frequent and intimate overlap of 
TADs and degrons (3-5). This requirement for 
ubiquitylation, which has not been observed in 
vitro, reveals a function for Ub distinct from its 
role in proteolysis (2). Recent evidence has 
demonstrated that the 19S subunit of the protea-
some plays an essential role in transcriptional 
elongation (15). Given the role of the 19S com­
plex as a Ub binding module (16), it is possible 
that activator ubiquitylation serves to recruit the 
19S complex to promoters, where the chaperone 
functions of this complex promote transcription 
elongation. 

Although our data demonstrate that proteol­
ysis is not required for transcriptional activation, 
it is important to note that Met30 does direct 
LexA-VP16 destruction. This suggests that ac­
tivator destruction by the proteasome is a natural 
consequence of ubiquitylation. Because of the 
dual role of Ub in transcriptional activation and 
activator destruction, therefore, we propose that 
Ub "licenses" transcription factors by linking 
their activity to their destruction. We imagine 
that non-ubiquitylated activators are stable and 
inactive. Interactions of an activator with a Ub-
ligase result in activator ubiquitylation, which 
simultaneously activates the transcription factor 
and primes it for destruction by the proteasome. 
Given the large number of transcription factors 
that are targeted for Ub-mediated proteolysis, it 
is possible that many transcription factors are 
regulated through this mechanism. 
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subunits, is sequestered in the cytoplasm by 
its assembly with a family of inhibitory pro­
teins termed the IKBS (1). Stimulus-induced 
phosphorylation of two NH2-terminal serines 
in the IKBS, mediated by a macromolecular 
IKB kinase complex (IKK) (3), triggers the 
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The nuclear expression and action of the nuclear factor kappa B (NF-KB) tran­
scription factor requires signal-coupled phosphorylation and degradation of the IKB 
inhibitors, which normally bind and sequester this pleiotropically active factor in 
the cytoplasm. The subsequent molecular events that regulate the termination of 
nuclear NF-KB action remain poorly defined, although the activation of de novo 
kBa gene expression by NF-KB likely plays a key role. Our studies now demonstrate 
that the RelA subunit of NF-KB is subject to inducible acetylation and that acety-
lated forms of RelA interact weakly, if at all, with kBa. Acetylated RelA is sub­
sequently deacetylated through a specific interaction with histone deacetylase 3 
(HDAC3). This deacetylation reaction promotes effective binding to kBa and leads 
in turn to kBa-dependent nuclear export of the complex through a chromosomal 
region maintenance-1 (CRM-Independent pathway. Deacetylation of RelA by 
HDAC3 thus acts as an intranuclear molecular switch that both controls the 
duration of the NF-KB transcriptional response and contributes to the replenish­
ment of the depleted cytoplasmic pool of latent NF-KB-kBa complexes. 
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