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A Mammalian Histone Deacetylase Related to cc3~~1d be 
Tritium-labeled trapoxin was prepared 

the Yeast Transcriptional Regulator Rpd3p by total synthesis and used to identify trap- 
oxin binding proteins in crude extracts from 

Jack Taunton, Christian A. Hassig, Stuart L. Schreiber* bovine thymus. W e  used a charcoal precip- 
itatlon assay to detect a specific trapoxin 

Trapoxin is a microbially derived cyclotetrapeptide that inhibits histone deacetylation in binding activity primarily in the nuclear 
vivo and causes mammalian cells to arrest in the cell cycle. A trapoxin affinity matrix was fraction of the  extracts (6). T h e  billding 
used to isolate two nuclear proteins that copurified with histone deacetylase activity. Both activity \\:as saturable with nanolnolar con- 
proteins were identified by peptide microsequencing, and a complementary DNA en- centrations of ['H]trapoxin and was not 
coding the histone deacetylase catalytic subunit (HDI) was cloned from a human Jurkat detected in the  presence of unlabeled trap- 
T cell library. As the predicted protein is very similar to the yeast transcriptional regulator oxin. Trichostatin also competed for bind- 
Rpd3p, these results support a role for histone deacetylase as a key regulator of eu- ing with ['Hjtrapoxin, \\:l~ich suggests that 
karyotic transcription. both of these compounds exert their cellu- 

lar effects by targeting the same molecule. 
If trapoxin and trichostatin induce cell 

cycle arrest by directly inhibiting histone 
Reversible acetylatio~l of lysine residues an  electrophilic epoxyketone that is essen- deacetylase, then their binding and enzy- 
clustered near the NH,-terminus of nucleo- tial for biological activity (5). Second, the lnatlc activities should copurify. T o  inves- 
soma1 histones is thought to ~nodulate  the  aliphatic epoxyketone side chain is approx- tigate this possibility, we fractionated nu- 
accessibility of transcription factors to their inlately isosteric with N-acetyl lysine (Fig. clear thyinus proteins by a~ninoniuln sulfate 
respective enhancer and promoter ele- 1A) .  Trapoxin likely acts as a substrate precipitation and hlonoQ anion-exchange 
ments. Transcriptionally silent regions of mimic, with its expoxyketone poised to al- chromatography (7). Two peaks of histone 
the genome are enriched in underacetylated kylate a n  active site n~~c leoph i l e .  W e  there- deacetylase activity eluted from the  MonoQ 
histone H4 ( I ) ,  and histone hyperacetyla- fore regarded trapoxin as a tool that could column betrveen 250 and 350 ~ n h l  NH,Cl 
tion facilitates the ability of transcription reveal the  molecular identity of histone (Fig. 1B). Trapoxin binding activity, as re- 
factor TFIIIA to bind to chrolnatin tern- deacetylase, so that its role in  transcription- vealed by the charcoal precipitation assay 
plates (2) .  Although a histone acetyltrans- a1 regulation and cell cycle progression (40 n M  ['H]trapoxin), precisely coeluted 
ferase gene ( H A T I )  has been identified in 
yeast ( 3 ) ,  the  molecular entities responsible 
for histone deacetylation are unknorvn. A N: B w0 H 5 A requirement for a functional histone 

0 N HNH TYNr deacetylase in cell cycle progression has 
been implicated by the discovery that two $3 Trapoxin cytostatic agents, trapoxin and trichostatin -I H~stone 

deacetylase (Flg. l A ) ,  inhibit histone deacetylation in 
cultured lnaln~nalian cells and in fractionat- 
ed cell extracts. In  addltion to causing G I  

\ $JJyyJf 3y3+  and G2 phase cell cycle arrest, these natural ' Trichostatln p r o d ~ ~ c t s  alter gene expression and induce 
certain m a m ~ n a l ~ a n  cell l ~ n e s  to differentiate ,. (A, Chemical structures of trapoxin and trichosta. FT 5 10 15 20 25 30 
(4). Whereas sodi~llll b~ltyrate also has these tin, natural products that n h b t  the enzymatic deacetya- Fraction 
properties, both trapoxill and trichostatin ton of ysine residues near the NH,-termnus of hstones, 
are five orders of magnitude Inore potent. The epoxyketone side chain of trapoxin is approx~mately isosteric w~th N-acetyl lysine and lhkely akyates 

Trapoxin is a n  "irreversible" inhibitor of an active site nucleoph~le. (B) Copur~f~cat~on of trapox~n binding and hstone deacetylase activit~es. 
lllstone deacetylase activity, alld its Nuclear protens from bov~ne thymus were precipitated w~th ammonlum sulfate and fractionated on a 
ular structure offers as to how it could MonoOQ column (7) .  Trapox~n binding was assayed by charcoal precpitation with [3H]trapox~n (6). For the 

form a covalent bond rL,itl, a nucleopl,llic histone deacetylase assay, a peptide correspondng to bovine histone H4 (res~dues 1 to 24) was 

active site residue. First, trapoxin colltains syntheszed. The peptde was chemically acetylated wth sodium [3H]acetate (5.3 Ci/mmo. New England 
Nuclear)-BOP reagent (Aldrch) and pur~fied by reversed-phase HPLC. Two microters of [3H]peptide 

~~~~~d ~~~~h~~ ~ ~ d i ~ ~ i  insiltUte ~~~~~~~~t~ (-40,000 dpm) was used per 2 0 0 - ~ l  assay. After ncubation at 37°C for 1 hour, the reaction was 
Chemistry and Chemical Biology, Molecular and Cellular quenched wth 1 M HC and 0.1 6 M acetic acid (50 F I ) .  Released [3H]acet~c acd  was extracted with 600 
B~ology, Haward Unlverslty, 12 Oxford Street Carn- F I  of ethyl acetate and quantified by sc~nt~llation counting. Pretreatment of crude or pariiay purified 
bridge, MA 021 38, USA. enzyme wlth trapoxin or trichostatin (20 nM) for 30 mn at 4°C abolished deacetyase activ~ty. A,,,2. 
'To whom correspondence should be addressed absorbance at 280 nm: FT. flow-thcough. 
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with the histone deacetylase peaks. Further- 
more, all detectable histone deacetylase ac- 
tivity was abolished by treatment with ei- 
ther trapoxin or trichostatin (20 nM). Sim- 
ilar results were obtained with MonoQ-frac- 
tionated nuclear extracts prepared from 
human Jurkat T cells. 

To  purify the histone deacetylase fur- 
ther, we synthesized an affinity matrix 
based on the trapoxin structure. Because 
trapoxin itself is not amenable to direct 
modification and the epoxyketone side 
chain is indispensable for activity, we chose 
to replace one of the phenylalanine residues 

of trapoxin's cyclic core with a lysine that 
could then be covalently linked to a solid 
support. This molecule, which we call K- 
trap, was prepared by a 20-step synthesis 
starting with commercially available (R ) -  
proline and (S,S)-threitol acetonide (Fig. 
2A). Synthetic K-trap inhibited [)H]thymi- 
dine incorporation in MG-63 human osteo- 
sarcoma cells with a potency approximately 
one tenth that of trapoxin. In vitro histone 
deacetylase activity was also inhibited po- 
tently by this compound (with complete 
inactivation at 20 nM) (8). 

K-trap was deprotected with Pd(Ph,P), 

- 
K-trap affinitv matrix 

Bovine Human 
thymus Jurkat 

Fig. 2. Purification of trapoxin binding proteins by affinitychromatography. (A).Synthesis of K-trap and the 
K-trap affinity matrix. K-trap contains a protected lysine residue in place of the phenylalanine at position 
2 in trapoxin. Alloc, allyloxycarbonyl; Pd(Ph,P),, tetrakis(triphenylphosphine)palladium. (B) Silver-stained 
gel showing bovine and human trapoxin binding proteins. Proteins bound to the K-trap affinity matrix in 
the presence or absence of trapoxin or trichostatin were eluted by boiling in SDS loading buffer and 
analvzed bv SDS-PAGE 19% ael). Nuclear  rotei ins from human Jurkat T cells were Dre~ared identicallv 
to those frdm bovine thy;nus h.' ~olecula; size standards (in kilodaltons) are indicaied'to the right. 

* 

A 
1 MAQTQGTRRK VCYYYDGDVG NYYYGQGHPM KPHRIRMTHN LLLNYGLYRK MEIYRPHKAN AEEUTKYHSD 

71 DYIKFLRSIR PDNMSEYSKQ MQRFNVGEDC PVFDGLFEFC QLSTGGSVAS A V K ~ ~ ~ A G G L H  
141 HAKKSEASGF CYVNDIVLAI LELLKYHQRV LYIDIDIHHG DGVEEAFYTT D R V R T V S F H K _ Y G E Y ~  
211 ER~IGAGKGK YYAVNYPL#D GIDDESYEAI FKPVMSl@E MFQPSAWLQ CGSDSLSGDR LGCFNLTIKG 
281 HAKCVEFVKS FNLPMLMLGG GGYTIWAR CWNETAVAL DTEIPNELPY NDYFEYFGPD FKLHISPSNM 
351 TNQNTNEYLE KIKQRLFENL RMLPHAPGVQ MQAIPEDAIP EESGDEDEDD PDKRISICSS DKRIACEEEF 
421 SDSEEEGEGG RKNSSNFKKA KRVKTEDEKE KDPEEKKEVT EEEKTKEEKP EAKGVKEEVK LA 

Fig. 3. Molecular characterization of the trapoxin A 

receptor HDl, a nuclear histone deacetylase. (A) - 4 
Predicted amino acid sequence of human HDl . An .- x 5.z  .- 5 5 

& = .g - - 
in-frame stop codon was found upstream of the - 

2 .I. a 2 .6 
starting methionine. Regions equivalent to microse- R E :  a 0 

quenced tryptic peptides from the purified bovine s g .g s g 
protein are boxed. Underlined amino acids 319 to 2 l - P  2 I- 

334 and 467 to 482 denote the sequences of syn- 
thetic peptides that were conjugated to keyhole lim- p55- - 
pet hemocyanin and used to generate polyclonal -HDl 
antisera. Abbreviations for the amino acid residues p46-p49[ 1 
are as follows: A. Ala: C. Cvs: D. ASD: E. Glu: F. Phe: 

and coupled to an activated agarose matrix 
(Fig. 2A). MonoQ fractions containing nu- 
clear proteins from bovine thymus were in- 
cubated with the K- t r a~  affinitv matrix and 
then tested for both trapoxin binding and 
histone deacetylase activity. Both activities 
were depleted (>90%) by treatment with 
the K-trap matrix, although a control ma- 
trix capped with ethanolamine had no ef- 
fect on either activity (8). Bound polypep- 
tides were eluted by boiling the matrix in 
1% SDS buffer and separated by polyacryl- 
amide gel electrophoresis (PAGE) (9). 

The silver-stained gel of the affinity ma- 
trix eluates revealed six major polypeptides 
with apparent molecular sizes between 45 
and 50 kD (Fig. 2B). The interaction be- 
tween bovine p46-p50 and the K-trap ma- 
trix appeared to be specific, because these 
~roteins were not retained when the incu- 
bation was done in the presence of either 
trapoxin or trichostatin (Fig. 2B) nor were 
they retained by an ethanolamine-capped 
control matrix (8). When the affinity puri- 
fication was repeated with Jurkat nuclear 
extracts, only two major bands, p50 and 
p55, were observed by silver staining (Fig. 
2B). Recovery of human p50 and p55 was 
similarly abolished by trapoxin (Fig. 2B) 
and trichostatin (8). Because the relative 
intensities of bovine p46 to p49 vary with 
each protein preparation, we suspect that 
they are proteolytic fragments derived from 
the bovine equivalent of human p55. One 
of the bands (p50) is common to both 
human and bovine sources. 

Large-scale purification of the bovine 
proteins led to the resolution of two major 
bands of -46 and -50 kD in the final 
preparative electrophoresis step, both of 
which were submitted for microsequencing 
(10). The -50-kD bovine protein corre- 
sponds to a known protein, RbAp48 ( I  1 ), 
that consists of seven WD repeat domains 
(where W is Trp and D is Asp) ( I  2). Orig- 
inally identified as a protein that binds to 
the retinoblastoma gene product (pRb), 
RbAp48 may constitute an adaptor subunit 
that targets the histone deacetylase to spe- 
cific chromatin domains. 

The -46-kD bovine protein is related to 
the protein encoded by the yeast RPD3 
gene, which has been implicated by several 
genetic screens as a transcriptional regula- 
tor but whose biochemical function is un- 
known (13). Partial complementaw DNA . . . , , . , . , . . . 

G, Gly: H, His: I ,  Ile; K. Lys; L, Leu; M, Met; N, Asn; (cDNA) sequences for ;he human gene 
P. Pro; Q. Gln: R. Arg: S. Ser: T, Thr; V, Val: W. Trp: were identified in the expressed sequence 
and Y, Tyr. (B) Protein immunoblot analogous to the p50- - pso- , - ~ b ~ p 4 8  tag database (dbEST) and were used to 
silver-stained gel in Fig. 2B, showing the relation design polymerase chain reaction (PCR) 
between bovine p46 to p49 and human p55 (top) 

Bovine Human primers (14). Screening a Jurkat T cell 
and confirming the identity of p50 (bovine and hu- 
man) as RbAp48 (bottom). Proteins eluted from the thymus Jurkat 

cDNA library with the resultant l-kb PCR 

K-trap affinity matrix (Fig. 2) were separated by product allowed for the isolation of several 
SDS-PAGE and transferred to Immobilon-P (Millipore). Blots were probed with polyclonal antibody to positive clones, one of which was fully se- 
HDl (residues 319 to 336: top panels) or monoclonal antibody to RbAp48 (bottom panels), and bound quenced and found to contain a putative 
antibodies were detected with enhanced chemiluminescence (Amersham). full-length open reading frame (Fig. 3A) 
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(GenBank accession number U50079). The 
peptide sequences obtained from the puri- 
fied bovine protein align with 100% iden- 
tity to sequences deduced from this coding 
region (Fig. 3A). We call this human pro- 
tein HD1 (for histone deacetylase), and its 
predicted size of 55 kD agrees well with the 
estimated size of p55 isolated from Jurkat 
nuclear extracts with the use of the K-trap 
affinity matrix (Fig. 2B). A dbEST search 
indicated the existence of at least two other 
related human genes. 

To determine the relation between the 
proteins from bovine thymus (p46 to p50) 
and the proteins isolated from human Jur- 
kat T cells (p50 and p55), we generated an 
antiserum to a peptide specified by the 
HD1 open reading frame (Fig. 3A, amino 
acids 319 to 334). Immunoblot analysis of 
the bovine proteins p46 to p49 and the 
human protein p55 showed that they all 
react with the antiserum and provides ad- 
ditional evidence that these bands corre- 
spond to bovine and human HD1 (Fig. 
3B). A monoclonal antibody that specifi- 
cally recognizes RbAp48 was used to con- 
firm the identity of bovine and human p50. 
Importantly, neither HD1 nor RbAp48 was 
detected when the affinity purification was 
done in the presence of trapoxin or tricho- 

Fig. 4. Association of histone deacetylase activity 
with endogenous and recombinant HD1. (A) Im- 
munoprecipitation (i.p.) of endogenous histone 
deacetylase activity with affinity-purified antibody 
to HDl (anti-HD1) (residues 467 to 482). Anti- 
HDl (residues 467 to 482) immunoprecipitates 
from equivalent amounts of Jurkat nuclear ex- 
tract (1 mg of nuclear protein supplemented with 
0.5 M NaCI, 1% bovine serum albumin, and 
0.1% NP-40) were isolated in the presence or 
absence of HD1 (residues 467 to 482) peptide 
competitor. After resuspending the immunopre- 
cipitates in HD buffer [20 mM tris (pH 8), 150 mM 
NaCI, and 10% glycerol], we added inhibitors as 
indicated, and histone deacetylase activity was 
measured as described in Fig. 1. The inherent 
background of the assay, without added protein, 
is also shown (Control). (B) Coprecipitation of 
HD1 and RbAp48, as detected by protein immu- 
noblot analysis. (C) Histone deacetylase activity 
of recombinant HD1-F. Tag Jurkat cells (26) 
were transfected with pW5 (Control) or pW5- 
HD1 -F (encoding COOH-terminal FLAG epitope- 
tagged HD1) by electroporation, and detergent ly- 
sates were prepared [0.5% Triton X-100, 50 mM 
tris (pH 8), 100 mM NaCI, and 10% glycerol]. FLAG 
antibodies (anti-FLAG) conjugated to agarose 
beads (IBI) were added to lysates in the presence 
or absence of FLAG peptide competitor, and his- 
tone deacetylase activity was measured as de- 
scribed above. Deacetylase activity was undetect- 
able in immunoprecipitates from cells transfected 
with vector alone (Control). (D) Interaction between 
recombinant HD1 -F and the K-trap affinity matrix. 
Lysates from Jurkat cells transfected with pW5- 
HD1 -F were incubated with the K-trap affinlty matrix 
anti-FLAG immunoprecipitates (Fig. 4C) and the K-t~ 
monoclonal antibody (IBI). 

statin (Fig. 3B). 
We used affinity-purified antibodies di- 

rected against a COOH-terminal peptide 
(amino acids 467 to 482) to immunopre- 
cipitate HD1 from crude nuclear extracts. 
The immunoprecipitates contained histone 
deacetylase activity that was inhibited by 
both trapoxin and trichostatin (Fig. 4A). 
Consistent with the idea that HD1 and 
RbAp48 form a complex in vivo, the two 
proteins coprecipitated with the HD1 anti- 
bodies (Fig. 4B). Neither HD1, RbAp48, 
nor the associated histone deacetylase ac- 
tivity was immunoprecipitated in the pres- 
ence of the HD1 COOH-terminal peptide 
(Fig. 4, A and B) (15). HDl ,  like RbAp48 
(1 l ) ,  is detected predominantly in the 
nucleus by immunostaining with the 
aforementioned antibodies (8). Given 
that HD1 and RbAp48 are the major pro- 
teins eluted from the K-trap matrix (Figs. 
2B and 3B), it is likely that they interact 
directly with one another. 

We extended the results obtained with 
the endogenous protein by expressing re- 
combinant FLAG epitope-tagged HD1 
(HD1-F) in Jurkat T cells. FLAG antibody 
immunoprecipitates from cells transfected 
with pBJ5-HD1-F contained histone 
deacetylase activity that was sensitive to 

Endogenous HDl 

I,. , , Anti- 
RbAp48 

$ a 0" .=s 
g g g  
+ c m  

L L LL LL.g 5 
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Anti- K-trap 
FLAG matrix 
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the presence or absence of inhibitors. Proteins from 
affinity matrix were blotted and probed with the M2 

both trapoxin and trichostatin (Fig. 4C). 
Histone deacetylase activity was not precip- 
itated when the antibody was blocked with 
excess FLAG peptide (15). Interestingly, 
endogenous RbAp48 did not coprecipitate 
with overexpressed HD1-F (8), which dem- 
onstrates that RbAp48 is not required for 
either histone deacetylase or trapoxin bind- 
ing activity. This result is consistent with 
the idea that RbAp48 serves a targeting 
rather than an enzymatic function. Finally, 
lysates from cells transfected with pBJ5- 
HD1-F were incubated with the K-trap af- 
finity matrix in the presence or absence of 
trapoxin and trichostatin. Protein immuno- 
blot analysis demonstrated an interaction 
between recombinant HD1-F and the K- 
trap affinity matrix that was prevented by 
nanomolar concentrations of trapoxin or 
trichostatin (Fig. 4D). 

HD1 is 60% identical to the protein 
encoded by the yeast RPD3 gene, which was 
isolated in four independent mutant sup- 
pressor screens designed to identify tran- 
scriptional repressors (1 3, 16-1 9). No bio- 
chemical function for the veast   rote in has , L 

yet been postulated. A negative regulator of 
the TRK2 gene, RPD3 is necessary for the 
transcriptional repression of several genes 
whose expression is regulated according to 
specific environmental conditions. Loss of 
R P D ~  also leads to decreased transcription- 
al activation of certain genes, but this effect 
may be indirect (1 3, 17). Although RPD3 
has yet to be implicated in silencing at 
telomeres or at the mating loci, the fact that 
silencing is eliminated by point mutations 
in specific lysine residues near the NH2- 
terminus of histones H3 and H4 suggests 
that lysine deacetylation may contribute to 
the maintenance of silenced chromatin 
(20-23). Indeed, silencing at telomeres and 
at the mating loci has been correlated with 
the presence of hypoacetylated histones, 
and sir mutants that are defective in silenc- 
ing show a corresponding increase in the 
extent of histone acetylation at these loci 
(24). The Sir3p and S1r4p proteins have 
been shown to interact with a bacterially 
expressed histone H4 NH2-terminal do- 
main in vitro (25). and it is ~ossible that . . .  
deacetylation of one or more lysine residues 
is required for this interaction in vivo. Our 
results further support a role for histone 
deacetylase as a transcriptional regulator 
and establish a biochemical connection to 
the genetic studies that originally charac- 
terized RPD3. 

How does inhibition of histone deacetyl- 
ase in mammalian cells lead to G, and G2 
phase cell cycle arrest? One possibility is 
that specific cell cycle regulatory proteins 
such as the cyclin-dependent kinase inhib- 
itors are transcriptionally up-regulated in 
response to histone deacetylase inactiva- 
tion. Alternatively, cell cycle checkpoints 
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may exist that monitor histone acetylation 
or higher order chromatin structure. It 
sho~lld now be possible to study the regula- 
tion of histone deacetylase during the  cell 
cycle, its substrate specificity, and the 
mechanism by which it is targeted to spe- 
cific regions of the genome. 
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Regulation of an Early Developmental 
Checkpoint in the B Cell Pathway by igp 

Shiaoching Gong and Michel C. Nussenzweig* 

Many of the cell fate decisions in precursor B cells and more mature B cells are controlled 
by membrane immunoglobulin (Ig) M heavy chain (mk) and the Iga-lgp signal transducers. 
The role of Igp in regulating early B cell development was examined in mice that lack Igp 
(Igp-'-). These mice had a complete block in B cell development at the immature 
CD43 +B220+ stage. immunoglobulin heavy chain diversity (D,) and joining (J,) segments 
rearranged, but variable (V,) to DJ, recombination and immunoglobulin messenger RNA 
expression were compromised. These experiments define an unexpected, early require- 
ment for Igp to produce B cells that can complete VDJ, recombination. 

M e m b r a n e  i m m u ~ l o g l o b ~ ~ l i ~ ~ s  are essential 
regulatory components in both developing 
and mature B cells (1 ). Specific events that 
are controlled by m p  in developing B cells 
include the precursor B cell (pre-B cell) 
transition ( 2 ) ,  allelic exclusion ( 3 ) ,  receptor 
editing (4), and deletion of lymphocytes that 
express self-reactive iinin~~noglobulins (5). 
T h e  earliest of these events, allelic exclusion 
and the pre-B cell transition, are induced by 
m p  through the mp-associated Iga-Igp sig- 
nal-transducing proteins (6).  In more mature 
B cells, the same signal transducers mediate 
B cell activation by triggering Src and Syk 
family tyrosine kinases (7). All of these mp- 
i n d ~ ~ c e d  cellular responses are thought to be 
mechanistically related because they share a 
req~~ireruent for phosphorylation of the ty- 
rosine residues in the antigen receptor acti- 
vation motifs (ARAMs) of the Iga-Igp corn- 
plex (8). 
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Less is 1cnon.n about the regulation of 
portions of the  B cell path\vay that occurs 
before Ig gene rearrangement. A receptor 
complex composed of surrogate heavy and 
light chains, possibly associated with the 
Iga-Igp signal transducers, has been pro- 
posed as a regulator of these earlier stages of 
the B cell pathway (1 ,  9) .  Support for this 
hypothesis comes from the  observation that 
Iga and Igp are expressed \\?hen Ig genes are 
still in the  germline configuration ( 2 .  10) .  

T o  determine whether the Iga-Igp corn- 
plex regulates the  early stages of B cell 
de\,elopment, we produced a targeted mu- 
tation in the  mouse Igp gene (1 1)  (Fig. 1). 
Deletion of the  promoter as well as of the  
first and part of the second coding exons of 
Igp res~llted in mice that did not  express 
Igp m R N A  (Fig. 2) .  Northern ( R N A )  blots 
rvit11 a n  Igp complementary D N A  (cDNA)  
probe failed to detect Igp R N A  extracted 
from bone marrow of IgPp'- mice, whereas 
a high-intensity signal was present in both 
wild-type and R A G - I - '  control R N A  
samples (Fig. 2) .  In  contrast to Igp, expres- 
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