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phosphate-buffered saline+ (PBS+)] described in (9). 
Nuclei were prepared from 4 to 20 x l o 7  HeLa by 
washing in PBS, resuspension in 10 ml  of PB* diluted 
by 3 volumes of distilled water (PBY-diluted), incu- 
bation (2 rnin; 37"C), addition of 40 ml  of PB*-
diluted, incubation (15 rnin), Dounce homogenization 
(X 10 to 15) to release 95 to 99% nuclei (assayed by 
phase-contrast microscopy). and adding 0.25% Triton 
X-100; after 5 rnin, nuclei were spun (2509; 5 rnin) 
through PB* with 10% glycerol, and the pellet was 
gently resuspended in PB*-BSA. Standard stereologi- 
cal procedures (21) showed that isolated nuclei were 
contaminated with <5% extranuclear ribosomes (de- 
tected by electron microscopy of Epon sections) (18) 
seen in whole cells. Greater than 95% of the nuclei 
excluded a 500-kD dextran conjugated with fluores- 
cein isothiocyanate (FITC) (Sigma), so larger cyto- 
plasmic ribosomes were unlikely to enter on isola- 
tion. Nuclei prepared as above, but without washing 
with Triton, incorporated the same amount of biotin 
(measured as in Fig. 21); 94% also excluded a 70-kD 
dextran conjugated with FITC (Sigma) but not fluo- 
rescein-12-ATP. 

9. A. Pombo et dl.. EMBO 1. 18, 2241 (1999). 
10. Calculations assume that a typical protein contains 

5.8, 2, and 9.2% lysine, methionine, and leucine, 
respectively, and that -2 x lo6 ribosomes remain 
active on -0.4 x l o6  transcripts per cell (23). The 
following confirms that few peptides were completed 
in vitro. HeLa cells were labeled with [3H]Leu in vivo 
(12) or in vitro (1 I), swollen (10 rnin; 4°C) in one-half 
dilution PB*-BSA, and broken (passage 20 times 
through 23 gauge needle), and nascent [3H]peptides 
were separated from released (completed) ones by 
pelleting (20,0009; 45 rnin; 4°C). After in vivo labeling 
for 10 and 30 rnin. 22 and 48% 3H were recovered in 
the supernatant, showing that many [3H]peptides 
were released. Corresponding values after extension 
in vitro were only 4 and 8%, respectively. Even if all 
released peptides entered nuclei, they could not ac- 
count for the nuclear signals seen. 

11. Translation "mix" contained PBY-BSA, creatine phos- 
phokinase (20 unitslml), 2.5 mM phosphocreatine, 
0.25 mM GTP, tRNA (0.5 mglml) (Sigma; bovine 
liver), aminoacyl-tRNA synthetase (200 unitslml) 
(Sigma; bovine liver), protease inhibitors for mamma- 
lian cells (Sigma), and various supplements. MgCI, 
was also added in equimolar amounts to any NTPs. 
[Synthetases can be omitted when biotin-Lys-tRNA is 
used; then nucleoplasmic biotin incorporation (mea- 
sured as in Fig. 21) falls by 22%.] For Fig. 1. 2x 
concentrates of permeabilized cells (8 to 50 X lo6/ 
ml) or nuclei (4 to 20 X 107/ml) in suspension and 
the "mix" 5 inhibitors were preincubated separately 
(3 rnin; 27.SoC), mixed, and incubated (27.S°C), and 
100 PIwas removed at various times and mixed with 
350 ~1 of 2% SDS plus 50 kL of 5 M NaOH. After 30 
min at 37"C, 100 WIof this were extracted with 10% 
trichloroacetic acid (TCA) and counted (9). For Fig. 1, 
A to C, supplements were 5 WM L-[4,5-3H]Lys (86 
Ci/mmol) + 50 WM amino acids minus Lys, 5 k M  
L-[4,5-3H]Leu (147 Cilmmol) + 50 WM amino acids 
minus Leu, and 1 k M  biotin-lysine-tRNA from brew- 
er's yeast (Boehringer) + 5 WM L-[4,5-3H]Leu (147 
Ci/mmol) + 50 WM amino acids minus Lys, respec- 
tively. For Fig. ID, supplements were 200 pCi/ml of 
~-(3~S]Met(0.5 Cilmmol) + 50 WM amino acids 
mlnus Met. After incubation. 250 kIwas added to 10 
ml  of PB*, pelleted, rewashed in 10 ml  of PB*, and 
resuspended in 150 kI of PB* diluted plus 1 mM 
MgCI,, 1 mM dithiothreitol, human placental ribonu- 
clease inhibitor (25 unitslml; Amersham), ribonucle- 
ase (RNase)-free deoxyribonuclease (100 unitslml), 
and protease inhibitors (as above); after 10 rnin at 
37°C and addition of 100 111 of sample buffer, 
[35S]proteins from l o 5  cells or 3 X lo5  nuclei were 
run on 10 to 20% gradient acrylamide gels before 
autoradiography (9). For Figs. 2. 4A, and 5A, supple- 
ments were 1 p M  biotin-lysine-tRNA from brewer's 
yeast (Boehringer) + 50 k M  amino acids minus Lys; 
for Fig. 58, 100 WM CTP and Br-UTP were also added. 
For Fig. 3, supplements were a 1/10 dilution BODIPY- 
Lys-tRNA (FluoroTect GreenLys; Promega) + 50 WM 
amino acids minus Lys. For Fig. 48, supplements were 
[3H]Lys (100 ~Ci/ml;  86 Ci/mmol) + 50 k M  amino 

acids minus Lys. After fixation in methanol, cells were indirectly immunolabeled with various antibodies 
washed in 5% TCA, rewashed in water, dried, and (12. 27-29) on ultrathin sections. and contrasted 
covered with dipping film (Ilford K.5) for 3 days; after with uranyl acetate, and digital images were collect- 
developing, grain numbers were counted. Cyclohexi- ed (21). 
mide (1 mgtml) was generally used to inhibit protein 19. D. P. Eisinger, F. A. Dick, B. L. Trumpower, Mol. Cell. 
synthesis as i t  only reduced incorporation of [3H]u- 6/01. 17, 5135 (1997). 
ridine by 25% (12). 	 20. 0 .  L. Miller. B. A. Hamkalo. C. A. Thomas, Science 169,

12. See additional information at www.sciencemag.org/ 392 (1970). 
cgi/content/full/l061216/DC1. 	 21. F. J. Iborra, D. A. Jackson, P. R. Cook, 1.Cell Sci. 111.

13. M. Hollinshead. J. Sanderson, D.J. Vaux, 1.Histochem. 
2269 (1998). Cytochem. 45, 1053 (1997). 	

22. P. R. Cook, Science 284. 1790 (1999). 14. Cells on cover slips were fixed (20 rnin; 4°C) in 4% 
paraformaldehyde in 250 mM Hepes (pH 7.4), anti- 23. D. A. Jackson, A. Pombo, F. J. Iborra. FASEE J. 14, 242 


gens were indirectly immunolabeled with various (2000). 


antibodies (12. 24-26). nucleic acids were counter- 24. M. K. Ray et al., Biochemistry 32.5151 (1993). 


stained with 20 p M  TOTO-3 (Molecular Probes), 25. J. R. Etchison. J. Virol. 61, 2702 (1987). 


images were collected with a confocal microscope 26. F. Neumann, U. Krawinkel, Exp. Cell Res. 230,252 


(9), intensities over nucleoplasm and equivalent areas (1997). 


of the slide were measured (EasiVision software; Soft 27. W. V. Yotov, A. Moreau. R. St. Arnaud, Mol. Cell 6/01. 


Imaging Systems), and data were exported to Excel 18, 1303 (1998). 


(Microsoft) for background subtraction and analysis. 28. F. J. lborra et dl., J. Histochem. Cytochem. 40, 1865 


Average intensities (confocal sections) of nucleo- (1992). 


plasm and cytoplasm abutting the nucleus were de- 29. M. B. Roth, A. M. Zahler, J. G. Gall. J. Cell Biol. 111, 


termined and multiplied by the volume fraction of 2217 (1990). 

30. We thank the Wellcome Trust. Cancer Research Cam- the two compartments (i.e., 400 and 673 km3) (21) 

to obtain relative contents. Incorporated BODIPY-Lys paign [CRC], the Ministerio de Educacion y Cultura for 
support; N. Barclay, M. Clemens, U. Krawinkel, R. was directly detected after paraformaldehyde 
St.-Arnaud, and N. Sonenberg for kindly supplying 

fixation. 
15. U. F. Greber. L. Gerace, J. Cell Biol. 128, 5 (1995). plasmids and antibodies; and J. Bartlett and H. Kimura 

16. F. I. Iborra, D. A lackson, P. R. Cook, data not shown. for their help. 

17. N. K. Chatterjee, H. W. Dickerman. T. A. Beach, Arch. 
Biochem. Biophys. 183, 228 (1977). 30 March 2001; accepted 6 June 2001 

18. For Fig. 5A, samples in suspension were fixed, treated 	 Published online 21 June 2001; 
with osmium, and embedded in Epon (21). For Fig. 5. 10.1 126/science.1061216 
B and C, they were fixed and embedded in LR White, Include this information when citing this paper. 

Snfl- a Histone Kinase That 
Works in Concert with the 

Histone Acetyltransferase Ccn5 
to  Regulate Transcription 
Wan-Sheng Lo,' Laura Duggan,' N. C. Tolga ~mre,' 


Rimma ~elotserkovskya,' William S. Lane,' Ramin ~hiekhattar,' 

Shelley L. Bergerl* 


Modification of histones is an important element in  the regulation of gene 
expression. Previous work suggested a link between acetylation and phos- 
phorylation, but questioned its mechanistic basis. We have purified a histone 
H3 serine-10 kinase complex from Saccharomyces cerevisiae and have identified 
its catalytic subunit as Snfl. The SnfllAMPK family of kinases function in 
conserved signal transduction pathways. Our results show that Snf l  and the 
acetyltransferase Gcn5 function in  an obligate sequence t o  enhance IN07 
transcription by modifying histone H3 serine-10 and lysine-14. Thus, phos- 
phorylation and acetyktion are targeted t o  the same histone by promoter- 
specific regulation by a kinaselacetyltransferase pair, supporting models of 
gene regulation wherein transcription is controlled by coordinated patterns of 
histone modification. 

Posttranslational modifications of the NH,- acetyltransferase (HAT) activity (3 ) , which 
terminal tails within core histones are impor- correlates with gene activation (4, 5). HATS 
tant determinants of transcriptional regula- are typically components of high molecular 
tion. In recent years, specific covalent modi- weight protein complexes that are recruited to 
fications on histone tails have been charac- specific promoters by interaction with DNA- 
terized, including acetylation, phosphoryl- bound transcriptional activators ( 6 ) .  
ation, ubiquitination, and methylation (1, 2). Histone phosphorylation is not as well un-
Several transcriptional coactivators, such as derstood as acetylation. Mitotic chromosome 
the Gcn5 family, possess intrinsic histone condensation is accompanied by histone H3 
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Ser~lOand Ser-28 phosphorylation, and recent-
ly several mitosis-specific Ser-10 kinases have 
been identified, including the IpllIAurora fam-
ily (7,8). Histone H3 Ser-10 phosphorylation is 
also correlated with mitogen-activated protein 
kinase signalingto the kinases Rsk2 and Mskl, 
and thereby to induction of immediate-early 
gene expression (9-11). 

The existence of multiple covalent modifi-
cations in the histone tails suggests that some 
may function in similar pathways. In vitro, 
Ser-I0 phosphorylation on histone H3 pro-
motes Gcn5-mediated acetylation on nearby 
Lys-14 (12, 13), and transcription of certain 
Gcn5-dependent genes in yeast requires Ser-I0 
(12). In addition, in epidermal growth factor-
stimulated mammalian cells, histones possess 
dual modifications at Ser-IOILys-14 or Lys-91 
Ser-I0 (13, 14). Thus, phosphorylation and 
acetylation appear to be linked; however, this 
relation is not well understood, and the identi-
fication of functionally linked kinases and 
acetyltransferases,should help to clarify these 
mechanisms. 

The importance of histone H3 phosphoryl-
ation in transcriptional activation,and its mech-
anistic interconnection to acetylation by Gcn5, 
led us to investigate histone H3 kinases in S. 
cerevisiae. Whole-cell yeast extract was frac-
tionated on Ni2+-agarose, and the bound frac-
tion was chromatographed over MonoQ ion-
exchangeresin. Four HAT complexeshave pre-
viously been identified with this scheme and 
then purified (15-18) (Fig. IA). We identified 

'Molecular Genetics Program, The Wistar Institute, 
Philadelphia, PA 19104, USA. ZHarvardMicrochemis-
try and Proteomics Analysis Facility, Harvard Univer-
sity. Cambridge, MA 02138, USA. 

*To whom correspondence should be addressed at 
The Wistar Institute, 3601 Spruce Street, Room 389, 
Philadelphia, PA 19104. USA. E-mail: berger@wistar. 
upenn.edu 

two histone H3 Ser-10 kinase activities (HKI 
and HK2). For comparison, we examined Ser-
28 kinase activity (19) and found one histone 
H3 Ser-28 kinase (HK3) (Fig. 1A) that was not 
overlapping with the Ser-I0 activity. The frac-
tionation profiles indicate that the kinases are 
not stable subunits of the acetylationcomplexes 
(Fig. 1A). 

We chose the HK2 activity for further puri-
fication because it targeted Ser-10 and because 
it had stronger activity on Ser-10 than HKI. 
The purification scheme (seven chromato-
graphic steps) is shown in Fig. 1B. We tracked 
the H3 Ser-10 kinase activity through purifica-
tion using three assays: a radioactive in vitro 
kinase assay with intact histone H3, an immu-
noblot analysis with antibodies to Ser-10-Pi, 
and an in-gel kinase assay. The molecular size 
of the activity eluting from the Superose6 col-
umn was 300 to 400 kD (20). In-gel kinase 
assays of fractions containing the peak enzy-
matic activity from the MonoQ and Superose 6 
columns (i.e., an early step and the last chro-
matographic step) indicated that the molecular 
size of the kinase itself is -70 kD (Fig. IC). 
One protein species that corresponded to the 
size of the active band was excised from the 
stainedgel, digested with trypsin, and subjected 
to ion trap mass spectrometric sequencing, 
which identified the predominant protein in the 
sample as the kinase Snfl .Snfl has a predicted 
molecular size of 72 kD, agreeing with the 
result of the in-gel assay analysis. No other 
predicted kinases in S. cerevisiae were present 
in the sample. 

We determined whether Snfl corresponds 
to the histone H3 Ser-I0 kinase originally de-
tected as HK2 activity from yeast. Snfl was 
FLAG-epitope-tagged and purified with Ni2+-
agarose and MonoQ chromatography,followed 
by anti-FLAG immunoprecipitation(Fig. 2A). 
Five apparently stoichiometric protein bands 

were apparent, including a prominent -70-kD 
band (Fig. 2B). This band correspondedto Snfl 
as shown by anti-FLAG and anti-Snfl immu-
noblots (Fig. 2C). The anti-Snfl immunoblot 
detected the original MonoQ-purified material 
from the untagged strain as a slightly lower 
molecular weight species. Note that the FLAG 
is clipped off in a fraction of the Snfl-FLAG 
protein. All the bands that correspond to Snfl in 
the anti-Snfl immunoblot were also active in 
phosphorylatinghistone H3 in the in-gel kinase 
assay. Thus, Snfl corresponds to the original 
HK2 activity (Fig. 1A) that was purified from 
yeast extract. 

Bacterial glutathione-S-transferase (GST)-
Snfl phosphorylated free histone H3 at 
slightly higher levels than did GST-Ipll (Fig. 
2D), which was previously shown to phos-
phorylate Ser-10 (7). GST-Ipll and GST-
Snfl had weak activity on nucleosomes, al-
though previous experiments with bacterial 
histidine-tagged Ipll exhibited high nucleo-
soma1 activity (7). The histone H3 phospho-
rylation was specific in that it was the prin-
cipal target within a mixture of histones. In 
addition, GST-Snfl phosphorylated Ser-10 
and not Ser-28 (21). Yeast-derived Snfl-
FLAG also exhibited specificity for histone 
H3 (Fig. 2D). In addition, similar to Ipll-
FLAG, Snfl-FLAG phosphorylated histone 
H3 within nucleosomes, which are the pre-
sumed physiological substrate; the addition-
al phosphorylated species in the original 
MonoQ fraction may correspond to H2B. The 
negative control, FLAG-tagged H4 acetyl-
transferase Esal, had no histone kinase activ-
ity. Thus, the histone kinase specificity of 
recombinant Snfl and native Snfl are similar 
to the original HK2 activity, with the excep-
tion of a potential nucleosomal H2B activity 
of the original activity. 

Snfl regulates transcription of genes re-

16 18  2 0  2 2  2 4  32 3 4  3 6  3 8  4 0  
HAT I- 0 1, 6% 

assay - I O . I ~  - - - 4-~4 
H2A 

Ada NuA4 N u A 3  SAGA 

Western - -- ------ 4 H3 
a-S10-Pi 

HKI HK2 

Western .- -- - 4 4 ~ 3 
a-S28-Pi 

HK3 

Fig. 1. (A) Purification of histone A
H3 Ser-10 and Ser-28 kinase activ-
ities from yeast, compared with H 3  
acetyltransferase activities. MonoQ 
column protein fractions were used 
in activity assays. (Upper panel) 
Fluorography of HAT assays on 
15% SDS-polyacrylamide gel elec-
trophoresis (SDS-PACE) shows dis-
tinct HAT complexes (Ada. NuA4, 
NuA3, and SAGA). Arrows indicate 
core histones. (Middle panel) Im-
munoblots with anti-H3 Ser-10-Pi 
after kinase assays. (Lower panel) The same immu-
noblots, but with anti-H3 Ser-28-Pi. Three histone 
kinase activities (HK1. HK2, and HK3) are indicated. 
(B) Purification scheme for isolation of HK2 activity. 
H3  Ser-10 kinase activity was tracked by in vitro 
kinase assays followed by immunoblots with anti-
H3 Ser-10-Pi. (C) In-gel kinase assays tracking HK2. 
MonoQ and Superose 6 fractions were resolved by 
10% SDS-PACE containing histone H 3  peptide 
(amino acids 1 t o  26). In-gel kinase reactions were 
performed, and bands were visualized by fluorogra-
phy. Rsk2 (90 kD) was used as a positive control. 
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quired for growth i n  low-glucose media or al-
ternate carbon sources such as sucrose (e.g., 
SUC2) (22, 23), and o f  genes involved i n  the 
biosynthesis o f  inositol (e.g., INOI) (Fig. 3A) 
(24). Transcription o f  I N O I  also requires the 
acetyltransferase Gcn5 (25-26) (Fig. 3A). We 
examinedwhether histone modificationsare di-
rectly required for transcription o f  INOI. The 
histone substitutions Ser- lO+Ala (S IOA), 
Lys-14+Ala (K14A), and SlOAlK14A each 
reduced I N O I  transcription to a similar level 
(Fig. 3A). Thus, phosphorylation and acetyla-
tion o f  histone H3 appear to directly regulate 
transcription and therefore may be targets o f  
Snfl and Gcn5. 

The level o f  histone H3 Ser-10 phos-
phorylation was compared to the level o f  
IN01 R N A  at various times after shifting 
growth info media lacking inositol. I n  wild-

Silver stain 

type cells transcription increased to a maxi-
mum at 3 hours, and then decreased (Fig. 
3B). I n  comparison, transcription i n  snfl-
cells also increased, but was much lower at 
each time point. A t  the onset o f  inositol star-
vation, the level o f  Ser-10 phosphorylation 
was comparable i n  wild-type and snfl- cells, 
but was greatly diminished i n  snfl- cells 
when I N O I  transcription was nearing its 
maximum (Fig. 3B). These results demon-
strate a correlation, in response to inositol 
starvation, between Snfl-dependent increase 
i n  I N O I  transcription and Snfl-dependent his-
tone H3 phosphorylation. 

These experiments suggested that phos-
phorylation o f  Ser-10 occurs in vivo during 
induction o f  the I N O I  gene, and that Snfl-
dependent phosphorylation may lead to Gcn5-
dependent acetylation. To test these models 

Whole cell extract SNF1-FLAG 
200 -

98 -
Flow 20rnM 0 3M 

Through lrn~dazole lm~dazole 68 - -- t 
M O ~ O Q  a1) 0 In-gelk~nase 
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t 19 -
FLAG Affinity 

0 FLAG Western - - Snll Western 

Fig. 2. Phosphorylation of his-
tone H3 by Snfl in vitro. (A) D COOmassieblue Western 
Chromatography used for puri- stain 
fication of FLAG-tagged Snfl 
complex from yeast. (8) Silver Snfl  M lp l l  Esal  lp l l  Snf l  
stain of the final Snfl-FLAG Gst - FLAG 
complex. The FLAG-immuno- fusions tag 
~ rec i~ i ta tedfraction was se~a- c 
iated by 4 to  20% SDS-PACE. 
Arrow indicates Snfl-FLAG. (C) 
Parallel in-gel kinase assay and 
immunoblot analysis for Snfl. 
Protein fractions were seper-
ated in 10% SDS-PAGE gels 
with H3 peptide (for in-gel ki-
nase assay only). Lane 1, 
MonoQ fractions from non-
tagged yeast extract; lane 2. 
MonoQ fractions from Snfl-
FLAG cell extract; lane 3, 
FLAG immunoprecipitation from 
MonoQ fractions, lane 4, direct 
immunoprecipitation from Snfl-
FLAG yeast extract (D) Protein 
loadingcontrols. (Left panel) Coo-
massie blue staining of purified 
recombinant GST-Snfl and CST-
Ipll fusions. (Riaht panel) Anti-

Gst fusion FLAG tag 
- 0 

c@ I\ (\' 2 I\ 4? coy
c0 \+ 5cG+ \+ 5c +O ++ 

H 3 4  - kinase 

free assay 

histones ==-! stain 
HA -- ‘ --

w? kinase 
H3+ -sz assay 

nucleo-
FLAGimm~nb~kcipjtatio~sand SOrnes !!$$-,-----,,, stain 
immunoblots from extracts con- k2-
tainingSnfl-FLAG or Ipll-FLAG.In 
vitro kinase assays were performed with free histones (5 kg, upper panel) or chicken mononu-
cleosomes (20 kg, lower panel), with GST-Snfl and GST-lpll or Snfl-FLAG and Ipll-FLAG. 
Reactionswere separated in 15% SDS-PACE gels and fluorographed. The correspondinggels were 
stained with Coomassie blue. GST alone and Esal-FLAG were negative controls and Mskl (Upstate 
Biotechnology) was a positive control. 

(Figs. 4A and 5A), we used chromatin immu-
noprecipitation (ChIP) to examine histone H3 
covalent modifications directly at the endoge-
nous IN01 promoter. The first question is 
whether phosphorylation and acetylation occur 
on the same histone tails. Using a previously 
characterizeddual-specificity antibody (15), we 
found that the level o f  dual Ser-lO-PilLys-14-
Ac at the I N O I  promoter i n the wild-type strain 
increased 14-fold upon gene induction in inos-
itol-free media (Fig. 4A). Next, we examined 

H~sloneH3 mutations 

WT gcn5- snfl- S I O A  
+ - + - + - ,nOSllOl WT ST(YI K14A K14A 

a * -+ I N 0 1  - m - - d  

IWT(RNA) Csnf- (RNA)-WT(SlaP!) -.-snf- (SlOPi) 

Fig. 3. (A) 51 nuclease analysis of IN07 RNA. 
Yeast strains (wild type, gcn5-, snf7-, or histone 
H3 SIOA, K14A, or S1OA-K14A) were grown in 
high inositoVrepressingconditions (+, minimal 
mediawith 100 pM inositol) or shifted to inositol 
starvation/inducing conditions (-, inositol-free 
minimal media) for 3 hours. RNA was purified for 
analysis. tRNA was used as the internal control 
(B) Comparison of IN07 RNA levels and histone 
H3 Ser-10 phosphorylation.Wild-type and snf7-
strains were grown in repressingconditions, then 
shifted to media lacking inositol At O,1,2,3, and 
4 hours in inducing conditions, native histones 
and RNA were purified. (Upper panel) Transcrip-
tional levels of IN07 by 51 nuclease assay. Acid-
purified proteins were separated on 15% SDS-
PAGE and immunoblotted with anti-H3-Ser-10-
Pi (middle panel) and anti-H3 (lower panel). (C) 
Histogram shows relative transcription level and 
histone phosphorylation.The relativeIN07 tran-
scription levels in wild type (gray column) and 
snf7- (white column) during inositol starvation 
were shown after normalizationto  the wild-type 
level after 1-hour induction (left axis). The levels 
of histone H3 phosphorylation were shown after 
normalizationto the wild-type Level at time zero 
(right axis). 
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R E P O R T S  

the effects of the substitutions S10A or K14A in 
histone H3, and of gcn5- or snfl- gene dis- 
ruption. The INOI promoter was immunopre- 
cipitated poorly fiom cells bearing substitution 
of either SlOA, K14A, or SlOAlK14A (Fig. 
4B). In addition, immunoprecipitation of the 
IN01 promoter was poor in cells bearing either 
a snf7- or gcn5- disruption (Fig. 4B). These 
results indicate that, at the IN01 promoter, Snfl 
modifies Ser-10 on histone H3, GcnS modifies 
Lys-14, and importantly, there is dual modifi- 
cation of Ser- 1 OILys- 14. 

Our earlier observations indicated that 
GcnS-mediated acetylation was promoted by 
Ser-10 phosphorylation in vitro (12). The 
identification of Snfl as a Ser-10 kinase at 
the INOI promoter allowed us to directly test 
this proposed sequence, using monospecific 
antibodies for Ser- I0 phosphorylation or Lys- 
14 acetylation, combined with strains disrupt- 
ed for either Snfl or GcnS. The clear predic- 
tion is that Ser-10 phosphorylation will not 
require intact Lys-14 or GcnS, but that Lys- 
14 acetylation requires both intact Ser-10 and 
Snfl (Fig. SA). 

ChIP analysis of the IN01 promoter 
indicated that, although Ser-10 phosphoryl- 
ation was diminished by SlOA substitution, 
it was not greatly affected by K14A substi- 
tution (Fig. SB). Similarly, snfl- disrup- 
tion diminished Ser-10 phosphorylation, 
but not gcn5- disruption, which instead 
increased Ser-10 phosphorylation. The re- 
sults for Lys-14 acetylation were greatly 
contrasting. Both SlOA and K14A substi- 
tution lowered Lys-14 acetylation (Fig. 
SC), and both snfl- and gcn5- disruption 
lowered Lys-14 acetylation (Fig. 5D). 
These results demonstrate that (i) Ser-10 
phosphorylation is required for acetylation 
at Lys-14 (but not vice versa) and (ii) Snfl 
is the kinase responsible for initiating the 
pathway leading to acetylation of Lys-14. 

In our earlier study,we observed a reduction 
of HO transcription caused by SlOA substitu- 
tion (12). On the basis of the ChlP results 
described above, we predicted that histone acet- 
ylation at the HO promoter would be lowered 
by SlOA substitution, but should not be affect- 
ed by snfl- disruption. Indeed, the SlOA sub- 
stitution reduced acetylation at HO, similar to 
the effect on the IN01 promoter, confirming 
that phosphorylation occurs at HO and is re- 
quired for acetylation (Fig. SD). However, in 
marked contrast to the IN01 promoter, the 
snfl-mutation had little effect on acetylation at 
HO (Fig. SD). This specificity indicates that, 
while Ser-10 phosphorylation indeed occurs at 
the HO promoter and is required for acetylation 
at Lys-14, the Snfl kinase is not responsible for 
the phosphorylation. Thus, there is promoter 
specificity of Snfl histone kinase activity, and 
presumably a different kinase carries out the 
histone phosphorylation at the HO promoter. 

Our observations identify a histone kinase 

Fig. 4. Dual modification of histone H3 
Ser-10 and Lys-14 at the IN07 promot- 
er. (A) (Left) Schematic model for the 
role of Snfl and Gcn5 in H3 modifica- 
tions at  IN07. (Right) ChlP assay. Wild- 
type cells were grown in repressing or 
inducing conditions as indicated. Chro- 
matin immunoprecipitation (ChlP) was 
done with H3 dual-modification (Ser- 
10-PiILys-14-Ac) antibody (Upstate 
Biotechnology). The IN07 [370 base 
pairs (bp)] and ACT7 (275 bp) DNA se- 
quences were identified by polymerase 
chain reaction and run on a 2% agarose 
gel. The relative immunoprecipitation 
efficiency was obtained by fluorography 
of ethidium bromide-stained gels 
(amount of immunoprecipitated DNA 
divided bv i n ~ u t  DNA) then normaliza- 
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INP IP 
SerlO Lysl4 

-- + - + - inositol 

--t--t-- + IN01 
Pi Ac + ACT1 

i 2 i 00% inductmn 

Hlstone H3 mutations 
INP IP 

SlOA SlOA 
WT SIOA K14A K14A WT SIOA K14A K14A 

tion to the hild-type Level in inositol l o o  2.3 H ii % W I I ~  type 
starvation. The averages of immunopre- 
cipitation efficiency from duplicate ChlP WT gcn5- snff- 
experiments are shown underneath INP IP INP IP INP IP 
eaih lane. The standard deviations were 4 IN01 
all <7%. (B) ChlP assay. Indicated + ACT1 
strains (wild type and mutants) were 
grown in inducing conditions for 3 100 lQ 13 % w~ld type 

hours and immun~preci~itated with du- 
al-modification antibody. The relative ChlP efficiencies were normalized to the wild-type level. 

B ChlP ~ - S I O - P ~  

SerlO Lysl4 Histone H 3  mutations 

+-I- INP I P 

Di AP WT SlOA K14A WT SlOA K14A 

WT gcn5- snfl- --- 
INP IP INP IP INP IP 

100 131 36 %wild type 

C Chip a-K9114-Ac D ChlP a ~ g / 1 4 - ~ c  
WT @- SXA e* - 

INP IP INP IP INP 1P INP IP 

INP IP 

WT SlOA K14A WT SlOA K14A 

IN01 
ACTl 

Fig. 5. Histone phosphorylation recruits acety- 100 2 10 83 %wild type 
lation. (A) Schematic model of the sequence of 
phosphorylation followed by acetylation. (B to 1.0 
D) ChlP assays. Samples (wild type and mutants 
in induction conditions) were immunoprecipi- 
tated with anti-H3-Ser-10-Pi (27) (B) or anti-H3 
Kg-AcJK14-Ac (Upstate Biotechnology). (C and .= 
D). The IN07 and ACT7 sequences were analyzed 
as in Fig. 4. The histogram shows the relative I? 
ChlP efficiency of IN07 and HO (350 bp), nor- 
malized to the wild-type level. The standard 
deviations were all <5%. 

IN07 HO 
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that is a previously known transcription-asso- 
ciated kinase, Snfl ,  and demonstrate that hi- 
stone H3 Ser-10 phosphorylation by Snfl 
leads to Gcn5-mediated acetylation at the 
I"V0I promoter. The linked and sequential 
modifications are required for full I.VOI tran- 
scriptional induction. The finding that Snfl 
functions as a histone kinase suggests that 
other transcription-linked kinases may target 
h~stones for phosphorylation. The data sup- 
port a targeting model Lvhere Snfl is recruited 
to certain promoters. perhaps through the 
fi~nction of associated subunits. We have 
shown that Snfl cofractionates in an apparent 
~nultisubunit complex, which may include the 
previously identified activating component 
Snf4 and substrate targeting subunits Sip'. 
Sip4, and Gal83 (27) .  These latter proteins 
may promote association of Snfl with acti- 
vators to direct catalysis to promoter-bound 
histones. 

The experiments reported here demon-
strate an interdependent pattern of histone 
modifications during gene acti\.ation. There 
is also e~ idence  for multiple linked modifi- 
cations (deacetylation leading to methylation) 
occurring during heterochromatic silencing in 
Sc~hizo.ruc~chtrro~ii~~cc~.spoi~ihc~and mainmalian 
cells (28. 29). The relation between histone 
modifications for silencing and those re-
quired for gene activation remains to be de- 
termined. although the balance betbveen 
Lys-9 methylation and Ser-lO phosphoryl-
ation could represent a critical switch. 

lVhy are there multiple modifications'? 
TIYO general mechanisms are possible for the 
role of modifications. In the first. the electro- 
static charge alterations may serve to directly 
alter nucleosome structure (30). and dual 
acetylation phosphorylation would increase 
negati\.e charge beyond either modification 
alone. In the second model. ~nodifications 
provide an interaction surface for binding of 
proteins. an Idea ad~anced  as the "h~stone 
code" hqpotliesii (2. 31) Phosphoiylation of 
serine may provide an inter~iiediate step. as 
discussed above, for binding of proteins in a 
sequence, or in tandem I~i t l i  acetylation. 
could provide a stronger or more se1ectk.e 
binding surface. In either mechanism. multi- 
ple ~nodifications could provide increased 
combinatorial and synergistic control during 
gene regulation 
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Argonaute2, a Link Between 

Genetic and Biochemical 


Analyses of  RNAi 

Scott M. Hamm~nd, ' ,~Sabrina Boettcher,' Amy A. C a ~ d y , ~  

Ryuji Kobayashi,' Gregory J. Hannon'x3* 

Double-stranded RNA induces potent and specific gene silencing through a 
process referred t o  as RNA interference (RNAi) or posttranscriptional gene 
silencing (PTGS). RNAi is mediated by RNA-induced silencing complex (RISC), 
a sequence-specific, multicomponent nuclease that  destroys messenger RNAs 
homologous t o  the silencing trigger. RISC is known t o  contain short RNAs (- 22 
nucleotides) derived from the double-stranded RNA trigger, but the protein 
components of this activity are unknown. Here, we report the  biochemical 
purification of the  RNAi effector nuclease from cultured Drosophila cells. The 
active fraction contains a ribonucleoprotein complex of -500 kilodaltons. 
Protein microsequencing reveals that  one constituent of this complex is a 
member of the Argonaute family of proteins, which are essential for gene 
silencing in Caenorhabditis elegans, Neurospora, and Arabidopsis. This obser- 
vation begins the  process of forging links between genetic analysis of RNAi from 
diverse organisms and the biochemical model of RNAi that  is emerging from 
Drosophila in vitro systems. 

RN.4 interference is a process whereby double- 
stranded RNA (dsRNA) induces the silencing 
of cognate genes ( I ) .  Posttranscriptional silenc- 
ing phenomena have also been obserbed in 
plants (e.g.. PTGS) and fungi (e.g.. quelling). 
and genetic studies indicate that these are likely 
to be mechanistically related to RNAi. More- 
o\,er. RNAi per se has been demonstrated in a 
\.ariety of experimental systems. including in- 
sects, protozoans, and ma~nmals (2).  

A synthesis of in \ ivo and in \ itro exper- 
iments has led to a mechanistic model for 
RNAiCPTGS. Silencing is initiated by expo- 
sure of a cell to dsRNA. This "trigger" may 

'Cold Spring Harbor Laboratory, Cold Spring Harbor, 
NY 11724. USA. 'Genetics Inc., 1 Kendall Square, 
Building 600, Cambridge, MA 02138, USA. 3Watson 
School of B~ological Sciences, Cold Spring Harbor 
Laboratory, 1 Bungtown Road, Cold Spring Harbor, NY 
11 724, USA. 

*To whom correspondence should be addressed. E-
mail: hannon@cshl org 

be introduced experimentally or may cicri\ i. 
from endogenous sources such as  \ii-uses. 
transgenes. or cellular genes (e.g.. tr,ln\- 
posons). Double-stranded l iN .4~  are pro-
cessed into discrete - 2 I - to 25-nuclcotide 
(nt)  RNA fragments k n o l ~ n  as siRNAs (small 
interfering RNAs) (3,  4 ) .  These small IiNAs 
join a multicomponent nuclease compleu. 
RISC. and guide that enzyme to its substrates 
through comentional base-pairing interac-
tions ( 5 ) . Recognition of niliN.A:, by RISC 
leads to their destruction 

To date. mechanistic studies ha\? ap-
proached RNAi. PTCiS froin two standpoints. 
Genetic studies ha\e identified nearly a dnr-
en genes that affect the dsRNX response. 
These include genes that encode piitatl\i. 
nucleases [1ii1lr-7( h ) ] .  hclicases [c/r/t,-., (7). 

SDE3 ( 8 ) .rullt-h (911. RYA-dependent RN.\ 
polymcrascs [e.g.. tyo-I ( ill). ~lr/c,-l ( I I ) .  
SDEl  (12)  SGS2 (1311. and members oi' the 
Argonaute family [i.tle-/ ( 14). c/tic,-2 ( 1' I. 
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