CMLS, Cell. Mol. Life Sci. 58 (2001) 704720
1420-682X/01/060704-17 $ 1.50 + 0.20/0
© Birkhéuser Verlag, Basel, 2001

ICM LS cellular and Molecular Life Sciences

Histone acetylation: plants and fungi as model systems for
the investigation of histone deacetylases

S. Graessle*, P. Loidl and G. Brosch

Department of Microbiology, University of Innsbruck, Medical School, Fritz-Pregl-Str. 3, 6020 Innsbruck (Austria),

Fax +43 512 507 2866, e-mail: stefan.graessle@uibk.ac.at

Abstract. The basic element of chromatin is the nucleo-
some. Histones H4, H3, H2A and H2B form the core his-
tone octamer by protein-protein interactions of their fold-
ed domains. The free, flexible N-terminal extensions of
the histones protrude from the nuclesome; they contain
conserved lysines undergoing posttranslational acetyla-
tion. Histone acetyltransferases (HATs) transfer the
acetyl moiety of acetyl-coenzyme A to the e-amino
group; this reaction is reverted by histone deacetylases
(HDACs). The dynamic equilibrium of the acetylation/

deacetylation reaction varies throughout the genome;
some regions in chromatin undergo rapid acetylation/de-
acetylation, whereas others are fixed in a certain acetyla-
tion state without significant changes. In general, chro-
matin regions engaged in transcription display dynamic
acetylation, i.e. HATs and HDACs are recruited to these
regions. Higher plants and fungi have considerably con-
tributed to the unraveling of the multiplicity of HDACs;
in particular, plants possess HDACs that have so far not
been identified in animal cells.
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Introduction

After 30 years of research on histone acetylation, a 7e-
trahymena HAT was identified as a close homolog of the
yeast transcription factor GCN5 [1]; soon after a mam-
malian homolog of another well-known regulatory yeast
protein, RPD3, was found to be an HDAC [2]. Since then
numerous transcriptional regulators and coregulators
have been shown to act as HATs or HDACs.

Several possibilities for the biological effects of lysine
acetylation on chromatin structure may be suggested.
(i) Each acetylation reaction neutralizes a positive charge
and therefore potentially weakens the interaction of the
core histone octamer with the negatively charged DNA.
This may result in destabilization or disintegration of
nucleosomes, allowing transcriptional regulators to gain
access to the DNA. (ii) Acetylation may interfere with the
higher-order packing of chromatin and thus alter the ac-
cessibility of large chromatin areas for regulatory pro-
teins. (iii) Acetylation may act as a highly specific signal
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that alters histone-protein interactions. This possibility
has been suggested previously [3—7] and is supported by
the finding that nonhistone proteins can also be acetylat-
ed and deacetylated by HATs and HDACs [8—11].
Among these proteins are structural proteins (HMG
proteins), transcriptional activators (e.g. p53, c-myb,
GATA-1, MyoD, E2F, HIV-Tat), nuclear receptor coac-
tivators (ACTR, SRC-1, TIF2), general transcription fac-
tors (TFIIE, TFIIF) and importin-a7 (for review see
[12]). The fact that the N-terminal extensions of core his-
tones contain sites for different modifications (acetyla-
tion, phosphorylation, ubiquitination, ADP-ribosylation,
methylation) has raised the question of how these modi-
fications could cross-talk to each other in the sense of a
histone-encoded language [7].

Experimental evidence suggests that one of the main
functions of histone acetylation is a regulatory role in
gene expression. Recently, chromatin immunoprecipita-
tion (CHIP) assays have shown that acetylation of H3 and
H4 within the promoter chromatin is associated with gene
expression [13, 14]. In contrast, the use of antibodies rec-
ognizing acetylated isoforms of all core histones has
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shown that highly acetylated histones are not restricted to
promoter regions in transcriptionally active genes [15,
16]. This indicates that acetylation of distinct histone spe-
cies may have different functions and effects in different
regions of chromatin.

Acetylation can either turn on [14] or turn off [17] tran-
scription of a specific gene (IFN-p), depending on which
protein is modified; if CBP/p300 acetylates histones H3
and H4 in the context of the IFN-f enhanceosome, gene
expression is turned on; if CBP acetylates HMG-I(Y),
this results in disruption of the IFN-f enhanceosome and
in turning off gene expression. It might be speculated that
acetylation of histones by HATs generally has a positive
effect on transcription, whereas acetylation of nonhist-
one regulatory factors by HATs may have activating or
repressing effects. Activation of gene expression by
CBP/p300 does not necessarily involve direct acetylation.
MyoD is not acetylated by p300 itself, but by PCAF; so
p300 recruits PCAF to acetylate the proper sites on
MyoD for transcriptional activation [10]. It should be
considered that some putative HATs may acetylate tran-
scription factors in vivo, but not at all histones, and
this could modulate the binding of these factors to chro-
matin.

Structural rearrangements of chromatin are necessary for
functional changes; one can assume that all processes oc-
curing in chromatin, such as DNA replication, transcrip-
tion, DNA repair, silencing and recombination involve
posttranslational histone modifications. The identifica-
tion of HATs and HDACSs as modulators of transcription
has largely focused the attention of molecular biologists

Table 1. Histone deacetylases.
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on the regulation of gene expression. However, there are
many more processes which depend on changes in his-
tone acetylation. It has been recently shown that V(D)J
recombination in T and B lymphocytes is regulated by
histone acetylation [18]. In mammalian cells a HAT has
been identified that associates with a replication origin
recognition complex [19]. This HAT, HBOI1, is a member
of the MY ST family of acetyltransferases,which includes
a number of putative HATs (e.g. MOZ, Tip60, ESAI,
SAS2 and 3), some of which are implicated in human dis-
ease [20]. Interestingly, yeast SAS2 is genetically linked
to the function of the replication origin recognition com-
plex [21]. It may be that HBO1 or analogous acetyltrans-
ferases in other systems mark histone H4 (in particular ly-
sine 12) for chromatin assembly during S phase. It has
been shown that H4 is acetylated on lysines 12 and 5 in a
sequential manner by a cytoplasmic HAT B [22, 23]. On
the other hand, origin recognition complex subunits also
participate in silencing of the mating-type loci in yeast,
indicating diverse roles of these proteins in the cell. In
yeast, hypoacetylation seems to be required for the stable
maintenance of silenced chromatin [24]. In mammalian
cells, transcriptional regulators (Ikaros, Helios) are asso-
ciated with A/T-rich satellite sequences and may recruit
HDAC: to centromeres to maintain this chromatin in a
hypoacetylated state [25].

HATSs have attracted considerable more research attention
than HDAC:s during the past 10 years. However, the identi-
fication of yeast RPD3 and RPD3-related proteins as tran-
scriptional corepressors and the fact that HDACs often
exert their function as multisubunit complexes with a va-

HDAC-type Enzymes Organism Proteins associated with HD complexes (examples)
RPD3-like Sin3, Rbap, SAP, MAD, MAX, NCoR, SMRT, Mi2, MTA2,
MBD3, MeCP1, MeCP2, Ikaros, UME®6, Ski, p53, HPV E7,
PcG, YY1, LIM, Hunchback, Groucho, LAZ3, PLZF,
BRCA1, HDAC4, HDACS
RPD3, HOS1-3 S. cerevisiae
dHDACI1-3 Drosophila
HDA1-3 Caenorhabditis elegans
HDm Xenopus laevis
HDACI1-3
HDAC7, 8 chicken, mammals
RPD3/HDI1-B Zea mays
HDA1-like HDAC3, MEF2A, NCoR, SMRT
HDAL S. cerevisiae
dHDA2 Drosophila
mHDAI, 2 mouse
HDAC4-6 human
HD2-like homopolymer of HD2-p39 and phosphorylated forms
HD?2 plants
SIR2-like
NAD-dependent
SIR2 S. cerevisiae SIR3, SIR4

SIR2-homolog mouse
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riety of regulatory protein partners (table 1), has now led
to the conclusion that gene regulation is a complex inter-
relation of histone-acetylating and histone-deacetylating
activities. Repression of transcription is often linked to
the recruitment of multisubunit complexes containing
one or multiple HDACs. Moreover, some of the known
HDACs are part of chromatin-remodeling machines.
More recently, evidence has accumulated that HDACs are
implicated in human cancer [26, 27]. A great deal of re-
search on functional aspects of histone acetylation has ex-
ploited the fact that inhibitors of HDACs have been avail-
able, whereas no inhibitors are known for HATSs. Inhibi-
tors used are butyrate and a panel of highly specific and
potent natural compounds of diverse chemical composi-
tion, such as TSA (Trichostatin A) or members of the cy-
clic tetrapeptide family (HC-toxin, chlamydocin, trapoxin).
The latter class plays a significant role in plant-microbe in-
teractions [28]; the maize pathogen Cochliobolus carbo-
num colonizes maize, and the production of the host-spe-
cific HC toxin by Cochliobolus and its inhibitory effect on
HDAC S seems to be the main pathogenicity mechanism.

Posttranslational acetylation of plant histones

In plants, as in other eukaryotes, research was focused on
acetylation of histone H4 and H3. Whereas H4 is the pre-
dominant target of acetylation in animal cells, fungi or
protists, followed by H3 and to a lower extent H2B and
H2A, in plants H3 was found to be the most extensively
acetylated histone species [29]. Immunofluorescence stu-
dies of mitotic chromosomes from several plants (e.g. Vi-
cia, Gagea, Silene) using antisera against specific acetyl-
ated H4 isoforms confirmed the staining pattern which is
also seen in animal and insect cells, with highly acetyl-
ated H4 associated with heavily transcribed regions, such
as the nucleolus organizer region (NOR), and underace-
tylation of H4 in heterochromatic areas of the genome.
This distribution pattern could also be observed in he-
terochromatinized whole chromosomes such as the tran-
scriptionally inert B chromosomes of Brachycome
dichromosomatica [30] or even in whole inactive chro-
mosome sets as was shown for the pentaploid endosperm
of Gagea lutea [31], reflecting a direct relation between
transcriptional activity and histone acetylation. In-
triguingly, no difference in H4 acetylation patterns could
be detected between the two X chromosomes in Silene la-
tifolia homogametic cells, which is somewhat unexpected
since the second X is supposed to be inactivated as a con-
sequence of dosage compensation [32]. Recently, it was
shown for Vicia and barley root tip cells that the pattern
of histone acetylation, at least of lysine 5 of H4, is chang-
ing with progression of the cell cycle [33].

In contrast to nonplant species, H4 from Medicago, Ara-
bidopsis, tobacco and carrot can be detected in five dis-
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tinct acetylated isoforms (mono- to penta-acetylated at
Lys 5,8,12,16 and 20), thus establishing an obvious
difference from other eukaryotic systems where H4 was
found to be modified only up to the tetra-acetylated level
[34]. However, as yet no HAT capable of modifying
H4Lys20 has been identified.

Enzymes of histone acetylation in plants

A better understanding of the functional role of histone
acetylation resulted from the characterization and mole-
cular identification of the enzymes responsible for cata-
lyzing the reactions of addition and removal, respectively,
of acetyl groups on or from the respective lysine residues:
HATSs and HDACs. For more than 20 years these enzymes
have been studied biochemically in a variety of organisms
from yeast to mammalian cells. Among these, the mono-
cot Zea mays represents a model organism regarding the
detailed biochemical, enzymatic and molecular char-
acterization of HAT and HDAC types, their substrate
specificities and developmental regulation. In maize
seedlings, at least three types of HATs and four distinct
histone-deacetylating activities can be detected by chro-
matographic fractionation of cellular extracts [5, 35].
Aside from a predominantly cytoplasmic HATB, which
has been purified and identified as a homolog to the yeast
protein Hatlp [36, 37], two nuclear HATs (HATA1 and
HATAZ2) could be distinguished in Zea mays [38, 39].
However, immunoblotting experiments with an antibody
against a maize homolog to yeast GenSp revealed the pre-
sence of ZmGen5 in both HATA fractions, suggesting
the existence of complexes with distinct composition
[R. Thompson, personal communication] reminiscent of
the yeast SAGA and ADA complexes, respectively (for
review see [12, 40]).

A clear analogy to the situation in Saccharomyces cerevi-
siae as well as in mammals can be observed for the major
histone-acetylating activity in the cytoplasm of maize-
germinating embryos, HATB. This enzyme was shown to
be responsible for the acetylation of newly synthesized
histone H4 in a highly specific manner, like the corre-
sponding enzymes in yeast and mammals. It does not re-
act with any other of the histones in vitro, and accepts
only the nonacetylated H4 isoform for acetylation at ly-
sines 5 and 12 [23]. A unique pattern of acetylation was
demonstrated for pea HATB, which acetylates H4 up to
the triacetylated state by incorporating an acetyl group
also in lysine 16 [41].

Since chromatin assembly factor-1 (CAF-1) has been
shown to be physically associated with acetylated H4, it
is thought that acetylation might be required for the trans-
port of H4 into the nucleus and/or assembly into the
nucleosome [42]. Consequently, HATB activity would be
required to provide free H4 with a tag for its subsequent
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fate. However, deletion of Hatlp in yeast had no apparent
mutant phenotype [43], and recently it was shown that
histones need not to be acetylated in order to interact with
CAF-1 or to be correctly assembled into chromatin (for
review see [44]). Since H4 and H3 N-termini in yeast are
functionally redundant with each other, it was assumed
that acetylation of H3 N-termini by another, yet unidenti-
fied enzyme could complement the loss in H4 acety-
lation. Alternatively, or in addition, other acetylation-in-
dependent nucleosome assembly pathways may exist.
Evidence for that came from the existence of replication
independent assembly mechanisms that require less mo-
dified histones [44].

HDAC:s

Four biochemically distinct HDAC activities have been
identified in maize (HD1A, HDI1BI and II, HD2) and
three in pea [35]. This classification is due to chromato-
graphic behaviour, subcellular localization and enzyma-
tic properties of the respective protein (complexes). Since
the molecular identification of human HDACI as an or-
tholog to yeast RPD3, proteins from all kinds of eukary-
otic species have been identified as HDACs basically be-
longing to two related families, the RPD3 family and the
HDA1 family [45]. In maize, two RPD3-type HDACs
(HD1BI, HD1BII) have been reported [38, 46, 47], and at
least one additional member can be detected in the data-
bases. Also, for the HDA1 family several EST clones
from maize and Arabidopsis are available, though as yet
none of them has been studied in detail. The maize HD1B
enzymes have been characterized in terms of biochemical
properties, but information on their physiological func-
tions or target genes is still lacking. Immunological data
indicated that maize HD1BI and -II cofractionate with a
protein related to the tomato WD-repeat protein LeMSI
and the human Rbap46/48 proteins [47], similar to what
has been shown for human HDAC1. Rbap46/48-like pro-
teins have been suggested to be responsible for targeting
the enzymes to histones. This function seems likely, since
Rbap-related proteins associate with B-type HATs as well
as with chromatin assembly factor CAF-1. In maize, only
the HDI1B activity can deacetylate the characteristic di-
acetylation introduced by HATB on H4 [48]; since both
enzymes may be associated with an Rbap related protein
[37, 47], it could well be that Rbap proteins in this con-
text are involved in proper substrate recognition.

Maize histone deacetylase HD1A is regulated
by phosphorylation

Although its molecular structure still remains unidenti-
fied, HD1A from maize differs from HD1BI and -1I by its
degree of chromatin association apart from other bioche-
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mical properties. HD1A is only loosely associated with
chromatin [49] and is subject to phosphorylation. Chan-
ges in phosphorylation status result in a significant ac-
tivation of enzyme activity and a change in substrate spe-
cificity [48]. HD1A was purified to homogeneity and tur-
ned out to be present as a monomeric enzyme in crude as
well as highly purified preparations [49]. HD1A differs
from other HDAC:s in this respect since it is obviously not
associated with other proteins in high molecular weight
complexes.

Maize histone deacetylase HD2 defines a novel
family of HDACs

In fact, there already exists an example of a plant HDAC
that is not related to those identified in other eukaryotes:
maize HD2. This enzyme form is tightly chromatin
bound and can be isolated from chromatin extracts as a
complex of ~ 400 kDa [50]. Extensive purification yield-
ed three almost identical polypeptides (p39, p42, p45);
cloning of a corresponding complementary DNA
(cDNA) identified a protein with a calculated molecular
mass of 32 kDa that displayed no significant homology to
any other protein in the databases. Further characteriza-
tion showed that it could be phosphorylated by casein
kinase II in vitro and in contrast to HD1A whose activity
is elevated upon dephosphorylation, removal of phos-
phate from HD2 drastically reduced its enzymatic ac-
tivity [48]. Immunofluorescence studies revealed that
HD?2 is localized exclusively in the nucleolus of maize
cells during the early embryo germination stages [51].
This subnuclear distribution pattern suggests a function
for HD2 in the regulation of ribosomal chromatin, which
is concentrated in the nucleolus. Recently, the character-
ization of the functional role of AtHD2A, a homolog
from Arabidopsis thaliana, was reported [52]; AtHD2A
was able to repress transcription when targeted to a re-
porter gene in vivo, and this property was linked to the N-
terminal part of the protein, which was proposed to har-
bour residues critical for enzymatic activity [53]. The abi-
lity to repress transcription is in line with findings for the
RPD3 type HDACs that have been shown to function as
transcriptional corepressors in context with a great num-
ber of regulatory proteins. Antisense expression of
AtHD2A resulted in aborted seed development in trans-
genic Arabidopsis plants. Hence, a role for AtHD2A in
reproductive development was assumed [52]. However,
no effect of silenced AtHD2A on expression of ribosomal
RNA (rRNA) genes was observed, as might have been
expected, considering the nucleolar localization of HD2
in maize. However, the subcellular localization of the
HD2 homolog has not been checked in Arabidopsis; thus
the possibility exists that this particular enzyme type does
not reside in the nucleolus, or another HD2 homolog
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could be responsible for regulation of rRNA genes. In
Arabidopsis at least four close homologs of HD2 exist
[54]. Alternatively, one could hypothesize that HD2’s lo-
calization in the nucleolus is not linked to a role in the re-
gulation of ribosomal chromatin but is a consequence of
controlling subcellular concentration of HD2. Examples
for this kind of regulation of a protein’s function have be-
come evident recently [55], e.g. for Mdm2, a regulator of
p53, whose recruitment to the nucleolus results in stabi-
lization of the p53 protein [56].

Although no straight homologs of HD2 can be detected in
other eukaryotic species, this type of deacetylase forms
multigene families of highly similar members within the
plant kingdom. Analysis of available sequences in the ex-
pressed sequence tag (EST) databases revealed the exi-
stence of at least four orthologs in Arabidopsis and maize
[54, 57]. Proteins with homology to HD2 type deacetyla-
ses have also been identified in insects, yeast and two pa-
rasitic apicomplexans [53]. The insect proteins belong to
a family of FK506-binding proteins, that exhibit pepti-
dyl-prolyl cis-trans isomerase (PPlase) activity. Their si-
milarity to HD2 includes the conserved N-terminal part
and the highly charged middle domain, but excludes the
C-terminal region with the putative zinc finger motif
which can be found in some but not all plant HD2 family
members. The FKBPs in addition display a PPlase do-
main, suggesting that two enzyme activities might be in-
cluded in one protein, whereas a homologous protein
from Trypanosoma contains an additional RNA binding
domain. Although so far no significant HDAC activity
could be detected for any of the homologous proteins
[G. Brosch and P. Loidl, unpublished results] the poten-
tial combination of HDAC and PPlase activity in one pro-
tein is intriguing considering that both activities might be
involved in chromatin rearrangements, e.g. during chro-
matin assembly; apart from prolines in their folded do-
mains, the histones H3, H2A, and especially H2B have
prolines within their flexible amino-terminal extensions.
Database searches revealed the existence of an Arabidop-
sis FKBP that shows homology to HD2 and displays the
PPlase domain. This finding suggests that plants might
have separated the two functions during evolution, resul-
ting in two related enzyme families: one that only har-
bours the HDAC domain and one that might combine
HDAC and PPlase activity within a single polypeptide
chain.

HDAC:s of the SIR2 family: are they involved in gene
silencing in plants?

Recently, another structurally unrelated family of HDACs
with homology to yeast SIR2 (silent information regula-
tor) was established. Yeast SIR2, 3 and 4 elicit silencing
by forming repressive chromatin structures that are con-
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fined to specific chromosomal domains, such as telome-
res [58], mating type loci [59] and rDNA [60]. Silencing
of these regions requires the deacetylated state of parti-
cular lysines in the amino-terminal tails of H3 and H4,
presumably to allow folding of the nucleosomes into a
more compact higher-order structure. Therefore and be-
cause of the fact that overexpression of SIR2 in yeast cells
led to global deacetylation of histones, SIR2 was sugges-
ted to be a deacetylase [61]. Very recently, this activity
was actually demonstrated for yeast but also for mouse
SIR2 [62]. Furthermore, SIR2 was shown to possess
ADP-ribosyltransferase activity [63, 64], which is sepa-
rable from HDAC activity, although deacetylation of his-
tones is dependent on NAD [64, 65]. This NAD depen-
dence might provide a link between cellular metabolism
and chromatin structure and thus was suggested to be a
possible mechanism to explain processes like aging of
cells (for review see [66]). Unlike other families of
HDAC:S, SIR2 deacetylase activity cannot be inhibited by
known HDAC inhibitors, such as TSA. SIR2-like pro-
teins are conserved among species from bacteria to hu-
man with apparent homologs also in plants [67], but so
far little information is available concerning the functio-
nal role and the targets of these homologs. Altogether,
these exciting new findings open up an interesting field
for studies in plants, especially with respect to a potential
role in silencing of transgenes.

HDAC: in fungi

Yeast has a long-standing importance in biotechnological
applications. For this reason and the relative ease with
which the genome of Saccharomyces cerevisiae can be
manipulated, this ‘simple’ unicellular eukaryote has been
intensively studied and has become a useful model organ-
ism for analyzing mechanisms of gene regulation in eu-
karyotes. As a result, the yeast RPD3 was the founding
member of the first HDAC family discovered [2, 68, 69].
In addition to RPD3, a related protein with HDAC ac-
tivity — HDA1 — was identified (table 2). The HDA1 pro-
tein is part of a 350-kDa complex that is highly sensitive
to the well-known HDAC inhibitor TSA. RPD3 is asso-
ciated with a 600-kDa complex that was predicted to be
less sensitive.

Disruption of either gene causes hyperacetylation and
changes in transcription levels of specific gene products.
Although increased histone acetylation in RPD3 and
HDA 1 mutant strains might also be expected to derepress
telomeric loci, an increased repression of a reporter gene
(URA3) integrated at the telomeric end of chromosome
VR was found [69]. However, even an RPD3/HDAI
double mutant is viable and does not appear to increase
the acetylation status more than either single mutant. Be-
cause of the presence of three further HDA1/RPD3 simi-
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Table 2. RPD3/HDA1-like histone deacetylases in fungi.

Organisms RPD3-like (class 1) HDA1-like (class II)
Name Acc. no. Ref. Name Acc. no. Ref.

S. cerevisiae RPD3 S66438 [2, 68, 69] HDA1 771297 [69]
HOSI1 749219 [69]
HOS2 772716 [69]
HOS3* U43503 [69, 70]

S. pompe Hdal/Phdl AL021046 [74, 73] Clr3 AF064207 [75,76]
Clr6 AF064206 [72]

P, polycephalum ppHDACI1 - -

U. maydis umRpd3 - [80]
umHda AJ133752 -

C. carbonum HDC2 - - HDC3 AF307341 -
HDCl1 AF306507 -

A. nidulans RpdA AF163862 [84] HdaA AF306859 -
HosA AF164342 [84]

* HOS3 is added to the class I HDACs but does not correlate well with either HDAC class.

lar open reading frames in the yeast genome (HOSI,
HOS2, and HOS3; HDA one similar; table 2) it has been
proposed that these putative HDACs may be upregulated
in the absence of RPD3/HDA1 and may (partly) counter-
balance HDAC activity in the mutant strains. If so, this
would demonstrate functional redundancy among tran-
scription-associated deacetylase activities in yeast. Re-
cently, HDAC activity has been demonstrated for HOS3
[70]. Moreover, a recombinant HOS3 protein shows in-
trinsic enzyme activity and strong resistance to TSA,
which has not yet been shown for any other HDAC of that
family. This intrinsic activity and the strong inhibitor
resistance weaken the idea of a redundant enzyme that
only substitutes the activity of RPD3 or HDA1, both of
which are assumed to be enzymatically active only in
association with other proteins and are inhibitor sensitive.
The remarkable features of HOS3 suggest that each gene
product plays a different biological role in budding yeast.
However, like RPD3 and HDA 1, HOS3 also seems to be
amember of a larger protein complex where the associat-
ed partners in the complex may sequester HOS3 but are
not required for its enzymatic activity towards acetylated
substrates in vitro. The enzymatic activities of HOS1 and
HOS2 are as yet unidentified, and their biological role is
still unclear.

The phylogenetic position of another fungus, the fission
yeast Schizosaccharomyces pombe, is distantly related to
S. cerevisiae. As in budding yeast, the mechanism of epi-
genetically controlled patterns of gene repression, called
silencing, has been extensively studied in S. pombe on
several silenced domains, such as centromeres
(cenl,2,3), mating-type donor loci (mat2,3) and telome-
res [71]. It became clear that the heterochromatic pro-
perties of these domains are intimately associated with
the modification of histones. Molecular analyses of some

genetically defined silencing proteins provided a link be-
tween these trans-acting factors and genes encoding en-
zymes with biochemically defined HDAC activity
[72—74]. Mutations of these factors not only derepress
donor mating-type loci in S. pombe but also alleviate the
repression of marker genes inserted within the silent do-
main. So far, three trans-acting factors with distinct simi-
larities to members of the HDAC family were identified
in S. pombe (table 2). The identical proteins Hdal [74]
and Phdl (S. pombe histone deacetylase-related protein;
[73]) share strong similarity with S. cerevisiae RPD3.
Another protein, Clr6 (cryptic loci regulator 6; [72]), is a
second member of this class. In contrast, ClIr3, a third
trans-acting factor, belongs to the S. cerevisiae HDA-type
HDAC s [72, 75, 76]. Interestingly, Clr6 acts in a partially
redundant manner with Clr3 and the putative DNA-
binding protein Clrl. Whereas CIr3 and the zinc-finger
protein Clrl seem to work together, either in the same
pathway or as a complex [76], Clr6 may be part of an-
other redundant histone deacetylation system [72]. Al-
though TSA treatment of S. pombe cells generally causes
an inhibition of the silencing mechanism, the distinct
biological roles of Hdal, Clr6 and Clr3 on chromatin
structure and silencing mechanisms in S. pombe remain
unclear.

So far, only a few facts are known about histone acetyla-
tion and deacetylation processes in other fungi. HDAC
activity has been reported in the lower eukaryote and
myxomycete Physarum polycephalum [77, 78]. Due to
the natural synchrony of the macroplasmodial cell cycle
it is possible to investigate biochemical processes in
regard to distinct stages of the cell cycle. Biochemical
studies revealed the existence of at least two deacetylase
activities in Physarum. Both HDAC activities fluctuate
during the cell cycle; interestingly, they seem to have dif-
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ferent histone specificities [77]. However, both activities
are highly sensitive to TSA and other deacetylase inhibi-
tors. Recently, a first putative HDAC gene of P polyce-
phalum was cloned and sequenced [T. Lechner et al., un-
published]. The predicted protein shows high similarity
with HDACs of the RPD3 class. Pilot expression studies
from different stages of the cell cycle confirmed an in-
crease of expression of the enzyme in two distinct stages
of the cell cycle. A possible explanation for the fluctua-
tion of Rpd3 expression was that transcription is stopped
at mitosis. In the following S phase, nucleosome assem-
bly takes place where acetylation and deacetylation pro-
cesses of histones may be important for proper assembly
of the nucleosome [79].

Recently, a protein that acts as a transcriptional repressor
of a specific set of genes and controls developmental
transition during sporogenesis was identified in the fila-
mentous fungus and causal agent of corn smut disease
Ustilago maydis. This protein, Rum! (regulator U. may-
dis), binds in combination with other sequence-specific
binding factors to selected promoters and contributes to
the maintenance of a repressed state of these genes [80].
Interestingly, distinct conserved sequence motifs are pre-
sent in Rum1. These motifs include a highly conserved
DNA binding domain and two zinc-binding PHD-finger
or LAP domains which were found in nuclear proteins
and are thought to mediate protein-protein interactions.
Recently, it was shown that such PHD domains are also
essential for the interaction of proteins with HDACI, the
human Rpd3 ortholog [81]. Thus, the repressing activity
of Ruml in U. maydis could be explained by the recruit-
ment of an HDAC; Ruml would be a component of
an HDAC complex and exerts its function via the altera-
tion of chromatin structure. This hypothesis is supported
by the finding that mutation of a gene encoding a protein
with similarities to yeast RPD3 leads to a phenotype
in U maydis reminiscent of that obtained for a Ruml
mutation [80].

Another plant pathogen, the filamentous fungus Cochlio-
bolus carbonum, causes leaf spot and ear rot of corn. The
high virulence on specific maize lines is due to produc-
tion of a cyclic tetrapeptide, the HC toxin with which the
pathogen inhibits HDACs from maize and causes hyper-
acetylation of core histones in vivo in susceptible, but not
resistant maize strains [28, 82]. HC toxin of C. carbonum
either influences the expression of maize defense genes
or probably inhibits protein synthesis by interfering with
ribosomal gene replication or transcription through ac-
tion on the nucleolar enzyme HD2 (see above). However,
the fungus must have a mechanism to protect itself
against its own toxin. Originally, it was proposed that
resistance against HDAC inhibitors might be due to the
export of produced toxin via a putative HC-toxin efflux
carrier [83], but recently HDAC activity was purified
from C. carbonum mycelia, which seems to be resistant
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to commonly known HDAC inhibitors, including the
Cochliobolus toxin [G. Brosch and S. Graessle, unpub-
lished]. At the same time, resistance was shown for
the plant pathogen fungus Diheterospora chlamydospo-
ria (=Verticillium chlamydosporium), which produces
chlamydocin, another strong HDAC inhibitor [J. D. Wal-
ton, personal communication].

Our laboratory has identified three putative HDAC
sequences (7pdA, hosA and hdaA) in the closely related
filamentous fungus Aspergillus nidulans ([84] and un-
published data of our lab). Corresponding orthologs of
these genes were also found in C. carbonum [J.D. Wal-
ton et al., unpublished]. Database searches revealed a
close relationship of the Aspergillus and Cochliobolus
sequences to the yeast RPD3/HOS2 and the HDAI
family, respectively. Since the identified enzymes of
C. carbonum and A. nidulans are orthologs, but the lat-
ter does not possess a resistant HDAC activity compara-
ble to that of C. carbonum, alternative explanations for
the basis of resistance are conceivable. Either C. carbo-
num possesses a novel enzyme with an intrinsic resi-
stance to inhibitors (as was shown for HOS3 in S. cere-
visiae) or an additional extrinsic factor other than HDAC
itself is responsible for the distinct feature of C. carbo-
num. Such an extrinsic factor could be a protein that in-
teracts with and thereby somehow protects the HDAC:; it
may well be that such a factor neutralizes HDAC inhib-
itors. However, the elucidation of the mechanism of to-
xin resistance would give further insight into the struc-
ture of HDACs and could help to understand their cata-
lytic center and mode of action.

Treatment with HDAC inhibitors was also used for inves-
tigations of gene regulation in the fungus Neurospora
crassa, which offers an attractive system to investigate a
possible correlation of DNA methylation and histone
acetylation in silencing of specific genes. Although most
of the Neurospora genome is unmethylated and methyla-
tion is nonessential [85, 86], it is clear that DNA methyl-
ation can control some genes in this organism. TSA treat-
ment of N. crassa was found to reverse the effect attri-
butable to methylation. Analysis of DNA methylation
demonstrated that TSA can cause selective loss of de-
methylation in the fungus, implying that acetylation of
histones or other proteins can somehow control DNA me-
thylation [87]. In addition to this investigation, an HDAC
complex from Xenopus laevis egg extracts was purified
that consists of six subunits, including an RPD3-like de-
acetylase and a subunit that binds specifically to methyl-
ated DNA in vitro [88]. These data substantiate a mecha-
nistic link between DNA methylation, histone de-
acetylation and transcriptional silencing.
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Table 3. SIR2-like histone deacetylases in fungi.

Organisms Name Acc. no. Ref.
S. cerevisiae SIR2 X01419 [67]
HST1 U39041 [67]
HST2 U39063 [67]
HST3 U39062 [67]
HST4 748784 [67]
S. pombe spHst4 AF173939 [89]
C. albicans caSir2 AF045774 [90]
K. lactis klSir2 X74569 [91]
A. nidlulans SirA AF306860 -

SIR?2 orthologs in fungi

SIR2 was found to be highly conserved from yeast to hu-
man [67]. S. cerevisiae contains another four members of
the SIR2 family, HST1-4 (homologues of SIR two), that
function either directly or indirectly in silencing proces-
ses [67]. Furthermore, a gene related to HS74 has re-
cently been identified in fission yeast (table 3). This or-
tholog influences silencing at both telomeres and centro-
meres in S. pombe [89].

Butyric Acid
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The human pathogen Candida albicans showed abnor-
mally high levels of variant colony formation and a high
frequency of karyotypic changes when both copies of a
SIR2-related gene were disrupted. Moreover, overexpres-
sed C. albicans SIR2 was able to partially restore mating
of a §. cerevisiae sir2 mutant strain [90].

A recent study reported the characterization of silencing
of the cryptic a-locus from the budding yeast Kluyver-
omyces lactis, which is responsible for the a-mating-type
information similar to S. cerevisiae. As in Saccharomy-
ces, SIR proteins control the chromatin structure at
HMLa. In the case of SIR2, this protein appeared to con-
trol functions unrelated to mating type, telomeres, or ri-
bosomal DNA (rDNA) [91].

Recently, a SIR2 ortholog was also found in Aspergillus
nidulans, which is the first member of this enzyme family
analyzed from filamentous fungi.

Toxins as histone deacetylase inhibitors and
plant pathogens

An important tool for the study of histone acetylation and
the elucidation of the structure and precise function of en-
zymes involved in this histone modification is the use of
specific inhibitors of HDACs (figs 1 and 2). In contrast to
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Figure 2. Fungal histone deacetylase inhibitors.

HATs, for which to date no potent inhibitors are known,
there is a panel of structurally unrelated agents available
that affect HDACs in a very selective and effective way
and which were shown to have numerous effects on can-
cer cells.

Short-chain fatty acids

Short-chain fatty acids as butyrate [92] have for a long
time been the only known inhibitors of HDACs. Butyrate
is produced in the human colon by bacterial fermentation
of carbohydrates such as dietary fibres. Butyrate exerts
various biological effects such as G1-cell-cycle block in
mammalian cells, induction of differentiation and modu-
lation of transcriptional regulatory elements [92-95].
Additionally, studies were performed that demonstrate a
therapeutic potential of butyrate in colon cancer [96].

FR901228 of Chromobacterium violaceum

Another group of HDAC inhibitors is produced by the
bacterium C. violaceum. The bicyclic depsipeptide
FR901228 was identified as a novel antitumor substance
chemically unrelated to fungal toxins such as TSA or cyc-
lic tetrapeptides [101]. Some of the effects observed by
FR901228 are induction of morphological reversion of
H-ras-transformed NIH3T3 cells [102], inhibition of pro-
liferation of tumor cells in vitro [103] and suppression of
tumor growth in mice [104].

Synthetic compounds

Finally, a series of synthetic compounds was shown to be
highly specific inhibitors of HDACs. Oxamflatin, an aro-
matic sulfonamide derivative with a hydroxamic group
[105], and the benzamide derivative MS-27-275 [106]
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were shown to have antitumor activities in vivo and in
vitro. Hybrid polar compounds as suberoylanilide hydro-
xamic acids (SAHA) and m-carboxycinamic acid bis-
hydroxamide (CBHA) were reported to induce terminal
differentiation and/or apoptosis in various transformed
cells [107]; and finally, analogues of TSA and trapoxin,
which inhibited maize HD2 in nanomolar range, induced
differentiation in Friend leukemic cells [108, 109].

Fungal toxins

Fungal metabolites represent a group of potent and high-
ly specific toxins. Among these are trichostatin A (TSA)
[97], cyclic tetrapeptides such as apicidin [98], trapoxin
[99], HC toxin and chlamydocin [28], and the structurally
distinct agent depudecin [100].

Trichostatin A

The most prominent and the first to be identified among
highly specific inhibitors of HDACs was the fungal me-
tabolite TSA, which contains a hydroxamate group. TSA
was originally isolated by Tsuji et al. [110] from Strep-
tomyces hygroscopicus as an antifungal antibiotic active
against Trichophyton. Some of the initially observed ef-
fects after treatment of various cell lines with TSA were
the induction of differentiation of Friend murine erythro-
leukemia cells as well as the inhibition of cell prolifera-
tion of mammalian cells at very low concentrations of
TSA [111-113]. The finding of highly aceytylated his-
tones in TSA-treated cells finally led to the identification
of HDAC as the target of TSA. In vitro experiments using
partially purified HDAC from mouse mammary tumor
cells confirmed this assumption, thereby inhibiting
HDAC in nanomolar concentrations and in a noncompe-
titive fashion [97, 99].

Since its identification in 1976, multiple cellular effects
of TSA have been observed. Treatment of cells thereby
resulted in induction or suppression of a variety of genes
responsible for differentiation, apoptosis and prolifera-
tion. One of these genes was shown to be gelsolin [114].
Gelsolin is an actin-binding protein that is regarded as a
tumor supressor since expression of gelsolin is greatly
decreased in many transformed cell lines and tumor tis-
sues, whereas high gelsolin expression is consistently ob-
served in differentiated and nonproliferative cells [115].
By studying TSA effects on the morphology and cell cyc-
le of human carcinoma cell lines (T24, HeLa), a 7-fold or
12-fold increase in the intracellular levels of gelsolin was
demonstrated [114]. Furthermore, in human breast can-
cer cells it was shown that epigenetic modifications and
not point mutations in the coding region of the gelsolin
gene are responsible for downregulation of gelsolin ex-
pression [116]. Treatment of MDA231, MCF7 and T47D
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human breast cancer cells with TSA resulted in increased
expression of gelsolin and apoptotic cell death. Thus, an
increased level of gelsolin might be the direct cause of
TSA-induced morphological changes and cell cycle ar-
rest [116].

p21lwafl, responsible for inhibition of cyclin-dependent
kinase activity in p53-mediated cell cycle arrest induced
by DNA damage [117], is another gene induced by
HDAC inhibitors. Treatment of human colon cancer cells
[118, 119] and lung adenocarcinoma cells [120] as well
as NIH3T3 cells with TSA or butyrate [121] led to upre-
gulation of p21expression and therefore identified p21 as
a target gene of HDACs. Furthermore, during differentia-
tion of prostate epithelial cancer cells after treatment with
TSA, the induction of a novel gene, designated carboxy-
peptidase A3 (CPA3), was reported [122]. Interestingly,
the induction of CPA3 was inhibited by p21 WAF/CIP1
antisense messenger RNA (mRNA), indicating that p21
transactivation might be required for the induction of
CPA3 [122].

Proof that TSA might have potential as a topical treat-
ment for epidermal malignancies was demonstrated by
Saunders et al. [123]. Treatment of keratinocytes or squa-
mous cells with TSA and butyrate thereby induced
growth arrest and differentiation.

Besides the induction of genes as described above, TSA
was also shown to specifically downregulate genes linked
to proliferation, apoptosis and differentiation. In leu-
kemia cell lines treatment with TSA and butyrate resulted
in the abrogation of interleukin (IL)-2-mediated gene ex-
pression prior to induction of apoptosis in IL-2-depen-
dent ILT-Mat and BAF-BO03 transfectant F7 cells [124].
HDAC inhibitors therefore represent promising candi-
dates for cancer therapy as effective inducers of apop-
tosis.

TSA has been presented as an effective treatment of acute
promyelocytic leukemia (APL) [125]. In APL reciprocal
chromosomal translocation of chromosomes 15 and 17
[t(15;17)] causes fusion of the retinoic acid receptor-«
gene (RARa) and the pro-myelocytic leukemia gene, and
expression of PML/RAR« proteins in all leukemic cells
[126—128]. In some cases, the promyelocytic leukemia
zink finger (PLZF) is fused to RARa by t(11;17) trans-
location [129]. RAR« fusion proteins are resistent to phy-
siological levels of retinoic acid [129, 130] and interfere
with the expression of RA-inducible genes that promote
myeloid differentiation [130, 131]. In this context, TSA
has been shown to restore RA responsiveness to
PLZF/RARa and to allow leukemic cells expressing this
fusion protein to differentiate in response to all-trans-re-
tinoic acid [130, 132, 133].

Another chromosomal translocation [t(8;21)] creates the
chimeric fusion protein AML1/ETO [134, 135]. The tran-
scription factor AML (acute myeloid leukemia), which
regulates the expression of a number of genes involved in
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hematopoiesis [136, 137], is fused to a protein called
eight-twenty-one (ETO) [138], which additionally was
shown to recruit a transcription repression complex in-
cluding the HDAC1 enzyme [139]. The AML1/ETO fu-
sion protein blocks trans-activation of AML1-dependent
target genes [140, 141]. Using transient transfection as-
says, TSA again was capable of relieving ETO-mediated
repression and induced differentiation of AMLI1/ETO
leukemia cells [142]. These data suggest that HDAC in-
hibitors, in particular TSA, could function as promising
differentiation-enhancing agents in the therapy of AML
or APL.

Cyclic tetrapeptides

Besides TSA, cyclic tetrapeptides represent another
group of fungal toxins with potent and highly specific in-
hibitory activity to HDACs. After identification of trap-
oxin [143], several cyclic tetrapeptides with similar struc-
tures and properties have been reported. In general, these
toxins inhibit HDACs in nanomolar or micromolar con-
centrations. Among these inhibitors are Aeo (2-amino-
9,10-epoxy-8-oxodecanoic acid) containing the cyclic
peptides trapoxin [143], HC toxin, and chlamydocin [28]
and apicidin, which contains the 2-amino-8-oxodecanoic
acid without the epoxide moiety [98].

Trapoxin

Trapoxin (TPX) was the first cyclic tetrapeptide to be
identified with potent activity as HDAC inhibitor in vitro
[143]. TPX was originally isolated from the culture broth
of Helicoma ambiens RF-1023 exhibiting detransforma-
tion activities against v-sis oncogene-transformed
NIH3T3 cells (sis/NIH3T3) as antitumor agent [144].
The structure was found to be cyclo(L-phenylalanyl-L-
phenylalanyl-D-pipecolinyl-L-Aeo). TPX inhibited mam-
malian HDAC at nanomolar concentrations and, inter-
estingly, the inhibition of TPX was found to be irrever-
sible, in contrast to other inhibitors. Therefore, it is
believed that TPX binds covalently to HDAC, leading to
its deviating property [143]; in addition, it was shown that
TPX causes the accumulation of highly acetylated his-
tones in a variety of mammalian cells, and a specific G1-
and G2-phase cell cycle arrest of rat fibroblasts and
morphological and biochemical changes in the pheno-
types of F9 teratocarcinoma cells were demonstrated,
effects that had also been observed with TSA and buty-
rate.

In a further approach, TPX was shown to specifically al-
ter the expression and activity of proteins involved in cell
cycle regulation of different human tumor cell lines
[145]. For example, TPX induced transcription and ele-
vated protein levels of the cdk inhibitor p2 Iwaf1 without
altering the protein levels of cdk2, cdk4 or cyclin B, re-
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sulting in G1 and G2 cell cycle arrest in H1299 human
lung and MDA-MB-435 breast carcinoma cells, and
apoptosis in A549 lung carcinoma cells. Thus, inhibition
of HDAC is able to activate a specific subset of genes that
control cell cycle arrest and apoptosis.

Apicidin

Another naturally ocurring cyclic tetrapeptide which is
structurally related to trapoxin is the fungal metabolite
apicidin. Apicidin with the structure cyclo(N-O-methyl-
L-tryptophanyl-L-isoleucinyl-D-piecolinyl-L-2-amino-8-
oxodecanoyl) was isolated from fermentations of Fusa-
rium spp. as an antiprotozoal agent against Apicom-
plexan parasites such as Plasmodium berghei and
Cryptosporidium parvum, which represent significant
threats to human and animal health via malaria and cryp-
tosporidiosis, respectively [98, 146]. It was shown that
the antiparasitic activity of apicidin might be due to nano-
molar inhibition of apicomplexan HDAC, causing hyper-
acetylation of histones. Other toxic effects include severe
hemorrhage in internal organs [147]. In addition to the
biological and toxic effects, Kim et al. described a pos-
sible involvement of HDAC in the ras-signaling pathway
via inhibition by apicidin [148]. In that case, apicidin in-
hibited H-ras-induced malignant phenotypes in MCF10A
human breast epithelial cells. Furthermore, they showed
morphological reversal and growth inhibition of H-ras
MCFI10A cells induced by apicidin, similar to that ob-
served with depudecin [149] and oxamflatin [150]. Thus,
apicidin represents an attractive tool for the development
of antimalarial agents, but the detransforming activities
of apicidin and other inhibitors of HDACs support a po-
tential use in the treatment of cancer.

HC toxin and Chlamydocin

Another cyclic tetrapeptide with specific and potent inhi-
bitory effects on HDAC:s is the host-specific toxin of the
filamentous fungus C. carbonum. C. carbonum (imper-
fect stage Helminthosporium carbonum or Bipolaris zei-
cola) causes leaf spot and ear rot of maize plants that are
homozygous recessive at the Hm locus, whereas maize
that is heterozygous or homozygous dominant at Hm is
100-fold less sensitive to HC toxin and develops only
small, nonexpanding lesions when infected with Tox2+
isolates [151, 152]. The production of HC toxin [structure
cyclo-(D-proline-L-alanine-D-alanine-L-Aeo)] is under the
control of TOX2, a complex genetic locus that consists of
at least three different duplicated genes that are unique to
Tox2+ isolates [151], encoding a 570-kDa tetrapartite
cyclic peptide synthetase [153], a putative membrane
antibiotic efflux pump encoded by TOXA and a gene call-
ed TOXC that encodes a putative Aeo synthase [154]. The
demonstration that HC toxin inhibits partially purified
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HD1-A, HD1-B and HD2 of maize, but also HDACs of
chicken and the myxomycete P polycephalum led to the
hypothesis that HDAC is the biologically significant site
of action of HC toxin [28]. Furthermore, treatment of
maize plants with HC toxin demonstrated that HDACs
are also inhibited in vivo resulting in the accumulation of
highly acetylated histone H3 and H4 subspecies in both
maize embryos and tissue cultures [28, 82]. Although, it
is not clear how HC toxin allows colonization of suscep-
tible maize, it is speculated that inhibition of maize
HDAC:s by HC toxin promotes infection of maize by C.
carbonum and thereby causes the accumulation of hyper-
acetylated core histones and the development of a com-
patible disease interaction, e.g. by interfering with the in-
duction of defense genes in maize [28].

A strong inhibitory effect on HDACs was also demon-
strated for chlamydocin [28], a cyclic tetrapeptide con-
taining the Aeo side chain with the structure cyclo
(L-Aeo-a-aminobutyric acid-L-phenylalanyl-D-proline-
L-Aeo). It is produced by the soil inhabiting fungus Di-
heterospora chlamydosporia [155] and was originally
isolated as a cytostatic agent against mammalian cells
[156].

Depudecin

Depudecin is a structurally distinct natural product whose
putative molecular target was determined by Kwon et al.
[100]. Depudecin was isolated from the fungus Altern-
aria brassicicola by screening for agents that morpholo-
gically detransform NIH3T3 cells transfected with v-ras
and v-src oncogenes [149]. It also showed detransform-
ing activity in v-raf-transformed cells and in human
osteosarcoma cells [157]. Since depudecin shares the
same binding site as trapoxin, induces histone hyper-
acetylation and inhibits HDAC activity in vitro, the mor-
phological reversion of transformed NIH3T3 fibroblasts
is suggested to occur via inhibition of HDAC [100]. Fur-
thermore, depudecin was also tested for its antiangio-
genic activity, since several epoxide-group-containing
agents had been shown to be potent inhibitors of angio-
genesis [158, 159]. Using an in vivo system, depudecin
inhibited embryonic angiogenesis in a dose-dependent
manner, and it also affected the growth of vascolar endo-
thelial cells, indicating the impact of depudecin as an
antiangiogenic agent [159].

Inhibitor resistance of HDACs

During the past years evidence has accumulated that
alterations of chromatin structure by histone acetylation
and deacetylation play a central role in the regulation of
gene transcription; more recent studies imply that aber-
rant histone acetylation may be a critical mechanism in
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the development of cancer. As outlined, inhibition of
HDAC: in cancer cells by specific toxins can lead to di-
verse cellular effects. As a consequence, inhibition leads
to transcriptional activation or silencing, cell cycle arrest,
induction of apoptosis or differentiation in vitro and in
vivo.

Specific HDAC inhibitors are useful tools for several rea-
sons. The identification and analysis of new HDAC inhi-
bitors is of paramount importance for the elucidation of
the general role of histone acetylation for chromatin
structure and function. Due to their differentiation- and
apoptosis-inducing activities in neoplastic cells, HDAC
inhibitors are regarded as promising agents for cancer
therapy and chemoprevention [160, 161].

An interesting aspect in this context would be deacetyl-
ases that show greatly reduced sensitivity or resistance
to well-known inhibitors. Resistance could be due either
to structural differences in the catalytic region of the
enzyme itself or to an external protective factor that
masks the enzyme and counteracts binding of toxin(s).
The existence of toxin-resistant HDACs may have impli-
cations for the clinical use of toxins, and it could further-
more help to analyze and clarify the correlation between
certain neoplastic diseases and aberrant histone acetyla-
tion.

Some HDACs have been reported to be much less sensitive
to inhibitors. A mammalian cell line that was selected for
resistance to trichostatin is at least 20 times less sensitive
than the parental line to both TSA and trapoxin, and HDAC
partially purified from the resistant cell line is also ~20
times less sensitive as well [97, 143]. The yeast HDAC
complexes HDA and HDB were also shown to differ in
their sensitivity to TSA. Whereas HDA was completely
sensitive to TSA, the K; for TSA against RPD3 as part of
the HDB complex was reported to be 10-fold greater than
against yeast HDA1 (i.e. ~5 nM vs. 50 nM) [162].
Another HDAC in yeast that was identified by sequence
similarity to HDA1 (designated HOS3) was even more
resistant to high concentrations of TSA. Immunoprecipi-
tated HOS3 protein was found to be less sensitive to
TSA than HDA1 by two orders of magnitude, indicating
a difference in the structure of the catalytic subunit of
HOS3 [70].

Recently, yeast SIR2, a nicotinamide adenine dinucleot-
ide dependent HDAC, was shown to be completely resi-
stant to TSA. At 400 nM TSA, a concentration that com-
pletely inhibits other HDACs had no effect on purified re-
combinant yeast SIR2 [62].

The finding of inhibitor-resistant HDACs would be of ad-
ditional importance, since such enzymes could also serve
as targets for the development of novel antiparasitic
agents. For example, the fungal metabolite apicidin, a cy-
clic tetrapeptide of Fusarium pallidoroseum, related to
HC toxin and chlamydocin, was shown to exhibit strong
antiprotozoal activity against apicomplexan parasites due
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to nanomolar inhibition of HDACs [98]. Interestingly,
apicidin was inactive against several of the flagellated
protozoa. This could be due to a detoxifying system in
these organisms or a specific and distinct HDAC struc-
ture. HC toxin of the maize pathogen C. carbonum was
shown to have an in vitro and in vivo efficiency compar-
able to apicidin [98]. Since inhibition of HDACs might
interfere with transcriptional control, cell proliferation
and ribosomal gene replication/ transcription, HDACs
could be targets for the development of antiparasitic
agents.

The study of HDAC inhibitors, their mode of binding to
HDAC: and the mechanism of HDAC-inhibitor-mediated
cell cycle arrest could support the design of new potent
HDAC inhibitors with potential application in chemopre-
vention and chemotherapy of malignant disease such as
combined therapy of acute myeloid leukemia, using
HDAC inhibitors and retinoids.
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