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Recently, we reported the identification of a 55-kDa polypeptide (p55) from Tetrahymena macronuclei as a
catalytic subunit of a transcription-associated histone acetyltransferase (HAT A). Extensive homology between
p55 and Gcn5p, a component of the SAGA and ADA transcriptional coactivator complexes in budding yeast,
suggests an immediate link between the regulation of chromatin structure and transcriptional output. Here we
report the characterization of a second transcription-associated HAT activity from Tetrahymena macronuclei.
This novel activity is distinct from complexes containing p55 and putative ciliate SAGA and ADA components
and shares several characteristics with NuA4 (for nucleosomal H2A/H4), a 1.8-MDa, Gcn5p-independent HAT
complex recently described in yeast. A key feature of both the NuA4 and Tetrahymena activities is their
acetylation site specificity for lysines 5, 8, 12, and 16 of H4 and lysines 5 and 9 of H2A in nucleosomal
substrates, patterns that are distinct from those of known Gcn5p family members. Moreover, like NuA4, the
Tetrahymena activity is capable of activating transcription from nucleosomal templates in vitro in an acetyl
coenzyme A-dependent fashion. Unlike NuA4, however, sucrose gradient analyses of the ciliate enzyme,
following sequential denaturation and renaturation, estimate the molecular size of the catalytically active
subunit to be ;80 kDa, consistent with the notion that a single polypeptide or a stable subcomplex is sufficient
for this H2A/H4 nucleosomal HAT activity. Together, these data document the importance of this novel HAT
activity for transcriptional activation from chromatin templates and suggest that a second catalytic HAT
subunit, in addition to p55/Gcn5p, is conserved between yeast and Tetrahymena.

Multiple lines of evidence demonstrate that chromatin struc-
ture plays a pivotal role in the regulation of eukaryotic gene
transcription (reviewed in references 9 and 47). For appropri-
ate gene transcription to occur in a chromatin environment,
nucleosomal structures are often modified, remodeled, or dis-
rupted to facilitate access of the transcriptional machinery to
DNA. Currently, two mechanisms are known to help relieve
nucleosomal repression of transcription: chromatin remodel-
ing by ATP-dependent remodeling complexes (reviewed in
references 21 and 48) and histone modification, particularly
acetylation as regulated by histone acetyltransferases (HATs)
and deacetylases (HDACs) (reviewed in references 5, 14, 32,
and 43).

Posttranslational acetylation of specific lysine residues in the
amino-terminal tails of core histones is closely linked to tran-
scriptional activation in numerous biological settings (reviewed
in references 14 and 47). Recently, a surprisingly large number
of polypeptides, including p55/Gcn5p (6), PCAF (50), p300/
CBP (1, 31), TAFII250 (28), and SRC/ACTR (7, 41), have
been shown to possess intrinsic HAT activity (reviewed in
reference 26). In addition, several proteins, including SAS2
and SAS3 (35), MOZ (3), Tip60 (20), MOF (16), and Esa1p
(38), possess a conserved putative acetyl coenzyme A (acetyl-

CoA) binding motif common to GCN5 homologs and other
acetyltransferases (29), and Tip60 (49) and Esa1p (38) have
recently been shown to acetylate histones in vitro. However,
whether histones are physiological substrates for all of these
activities and whether the HAT activity of each protein is
required for transcriptional activation of target genes in vivo
remain unclear. Functional requirements for the HAT activi-
ties of yGcn5p, PCAF, and p300 for transcriptional activation
in vivo have recently been demonstrated (22, 24, 34). However,
with the possible exception of yGcn5p (see references 24 and
46), it remains a formal possibility that nonhistone proteins are
the bona fide substrates for these activities in vivo, and evi-
dence supporting this possibility has been described previously
(15, 19, 33).

A related issue is to what extent HAT activities acetylate
histones within a nucleosome or a polynucleosome array, in
comparison to nonnucleosomal (free) histones. For example,
yeast Gcn5p alone readily acetylates certain “free” (nonnu-
cleosomal) histones in vitro (23) but nucleosomal histones are
not acetylated unless Gcn5p is present in one of several large
multisubunit complexes. By using yeast whole-cell extracts as a
starting source, several HAT complexes that acetylate nucleo-
somal histones have been identified (12, 13, 33; reviewed in
references 11 and 44). For example, a 1.8-MDa nucleosomal
acetylation complex referred to as SAGA (for Spt-Ada-Gcn5
acetyltransferase) contains Gcn5p, Ada3, Spt20, Spt3, Spt7,
and a subset of TATA binding protein-associated factors
(TAFs) (12, 13). However, not all of these HAT complexes
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contain Gcn5p as the catalytic subunit. These same yeast ex-
tracts contain two nucleosome acetylation complexes, NuA4
(formerly complex II) and NuA3 (formerly complex III), which
do not contain Gcn5p (12). These complexes are characterized
by distinct and nonoverlapping specificities: NuA3 preferen-
tially acetylates nucleosomal H3, while NuA4 preferentially
acetylates nucleosomal H2A and H4 in vitro (12, 45). The
catalytic subunit responsible for NuA3 activity has not been
identified. Recently, by use of a temperature-sensitive (ts) al-
lele of Esa1p, it has been shown that Esa1p is the catalytic
subunit responsible for NuA4 activity (8).

Like yeast Gcn5p, p55 from the ciliated protozoan Tetrahy-
mena thermophila was initially identified as a HAT by virtue of
its ability to acetylate free histones in the context of the HAT
activity gel assay (5, 6). The nature of this sodium dodecyl
sulfate (SDS)-gel-based assay precludes the use of nucleoso-
mal substrates. Thus, we were curious whether, as in yeast,
HAT activities with strict nucleosomal substrate specificity that
had been missed by the activity gel assay exist in Tetrahymena.
Here we report the characterization of second Tetrahymena
type A HAT activity that acetylates nucleosomal H2A and H4
but is inactive with free-histone substrates. This activity is not
dependent upon p55, suggesting that the catalytic subunit is a
novel protein that was not detected in our previous studies. We
show here that the substrate specificity and acetylation site
usage profiles of this ciliate activity are indistinguishable from
those of the yeast NuA4 complex. Moreover, we show that this
ciliate activity, like that of the yeast NuA4 complex, activates
transcription from a chromatin template in vitro in an acetyl-
CoA-dependent manner. These data suggest that this ciliate
activity plays an important and conserved role in facilitating
transcriptional activation through nucleosomal acetylation.

MATERIALS AND METHODS

Tetrahymena macronuclei preparation and DNase I extraction. T. thermophila
CU 427 or CU 428 (provided by P. Bruns, Cornell University, Ithaca, N.Y.) was
grown to log phase (cell density, 2.5 3 105 cells/ml) under standard conditions as
previously described (10). Macronuclei were prepared as described previously
(4) except for the elimination of iodoacetamide and butyric acid from nucleus
isolation buffer A. HAT activity was quantitatively extracted from macronuclei by
extensive digestion with DNase I. For DNase I extraction, freshly prepared
macronuclei (108 macronuclei/ml) were resuspended in DNase I extraction
buffer, which consisted of 25 mM Tris-HCl (pH 8.0), 15 mM NaCl, 10 mM
MgCl2, 0.1 mM CaCl2, 1 mM phenylmethylsulfonyl fluoride (PMSF), 0.05 mM
dithiothreitol (DTT), and 500 U of DNase I (Gibco BRL) per ml, and incubated
on ice for 90 min. After extraction, macronuclear remnants and insoluble debris
were removed by centrifugation at 50,500 3 g for 30 min at 2°C. The resulting
supernatant was used as crude extract for all experiments. Crude DNase I
extract, containing 10% glycerol, was stable for several months at 270°C.

Sucrose density gradient and size estimation. To separate nucleosomal his-
tone acetylation activity from free (nonnucleosomal)-histone acetylation activity,
crude DNase I extracts were subjected to centrifugation in sucrose gradients
containing 25 mM NaCl, 10 mM Tris-HCl (pH 7.5), 1 mM EDTA, and 5 to 30%
sucrose. After sedimentation at 155,000 3 g for 42 h at 2°C and fractionation,
gradient fractions were analyzed for HAT activity by using either acid-extracted
chicken histones or nucleosomes. Size calibration of parallel gradients under the
same conditions was as follows: mononucleosome (220 kDa), fractions 2 to 4;
catalase (232 kDa), fractions 2 to 4; phosphorylase b (97.4 kDa), fractions 20 to
22; chicken egg albumin (45 kDa), fractions 32 to 34; carbonic anhydrase (29
kDa), fractions 34 to 36; trypsin inhibitor (20 kDa), fractions 38 to 40; cyto-
chrome c (12.4 kDa), fractions 40 to 42. Typically, Tetrahymena peak I HAT
activity was found in fraction 18; peak II was found in fraction 24.

Preparation of substrates. Chicken core histones and oligonucleosomes were
prepared from chicken erythrocytes as described previously (27). Tetrahymena
core histones and mononucleosomes were isolated from macronuclei as de-
scribed before (4).

In vitro acetylation. A typical 50-ml in vitro acetylation reaction mixture
consisted of the following: 50 mM Tris-HCl (pH 8.0), 10% glycerol, 10 mM
n-butyrate, 1 mM PMSF, 1 mM DTT, 0.1 mCi of [3H]acetyl-CoA (4 to 5 Ci
mmol21), 1 mg of chicken nucleosome or acid-extracted chicken core histones,
and 20 ml of crude DNase I extract or corresponding sucrose gradient fractions.
Reaction mixtures were typically incubated at 30°C for 10 min, after which 10 ml
of each mixture was absorbed onto a P81 filter (2, 18) for scintillation counting.

Where appropriate, the remaining 40 ml of each mixture was precipitated with
20% trichloroacitic acid and resolved on an SDS–12.5% polyacrylamide gel.
Histones and acetylated histone products were visualized by Coomassie brilliant
blue staining and fluorography, respectively.

Antisera and Western blotting. For Western blotting, fractionated HAT sam-
ples were electrophoresed on SDS–8% polyacrylamide gels, transferred to poly-
vinylidene difluoride membranes, and processed for immunoblotting. Western
blots were probed with rabbit polyclonal antibodies generated against an internal
peptide sequence of Tetrahymena p55 (K36) (see reference 6), yAda1p (gener-
ously provided by J. Horiuchi and L. Guarente; Massachusetts Institute of Tech-
nology, Cambridge), and yAda5p/ySpt20p (generously provided by J. Horiuchi
and L. Guarente as well as S. Roberts and F. Winston, Harvard Medical School,
Boston, Mass.). With each antiserum, only a single strongly reactive band with
the expected molecular mass was observed, as follows: Tetrahymena p55, 55 kDa;
yAda1p, 55 kDa (17); yAda5p/ySpt20p, 68 kDa (25, 36). For blots probed with
antibodies against the yeast Adaps, we assume that the cross-reacting bands
represent homologous proteins from Tetrahymena.

For Esa1p antibodies, we used rabbit polyclonal antibodies generated against
an N-terminal peptide sequence (residues 4 to 18) of yeast Esa1p (AN191) (see
reference 8) or an internal peptide sequence (residues 172 to 186 of yeast
ESA1p) corresponding to a region conserved among MYST family members,
including yeast Esa1p, human Tip60, Drosophila MOF, Drosophila MOZ, and
yeast SAS2 and SAS3 (16).

Reverse-phase high-performance liquid chromatography (RP-HPLC) and re-
constitution of HAT activity. To better separate the closely sedimenting p55 from
the H2A/H4 nucleosomal HAT activity, active fractions from sucrose gradients
were chromatographed on a 2-mm by 25-cm Brownlee RP-300 column (Applied
Biosystems) eluted at 0.25 ml/min with a linear ascending gradient of acetonitrile
(36.5 to 63.5% in 30 min) on a SMART system (Pharmacia). p55 and the
H2A/H4 nucleosomal HAT activity were eluted by 45 and 51% acetonitrile,
respectively. For reconstitution of HAT activity, appropriate fractions were dried
under vacuum, resolubilized in 8 M urea–10 mM Tris HCl (pH 8.0)–1 mM
EDTA, and reconstituted by slow sequential dialysis against the same buffer
containing 4, 2, 1, and 0 M concentrations of urea (12 h per step). Reconstituted
fractions were then analyzed for HAT activity against free-histone and nucleo-
somal substrates. Assay conditions were the same as those of the standard assay
(see above) except that the incubation time was extended to 30 min.

Determination of acetylation sites. Microsequence analysis of the amino-
terminal tails of acetylated histone products was essentially as described earlier
(40). For microsequencing of acetylated H2A and H4, chicken nucleosomes were
acetylated by using the Tetrahymena peak II fraction recovered from sucrose
gradients or yeast NuA4 (partially purified by sequential chromatography on
nickel-agarose, Mono Q, Mono S, histone-agarose, and DNA-cellulose) (see
reference 8). A typical 50-ml reaction mixture consisted of the following: 50 mM
Tris-HCl (pH 8.0), 10% glycerol. 10 mM n-butyrate, 1 mM PMSF, 1 mM DTT,
5 mCi of [3H]acetyl-CoA (4 to 5 Ci mmol21), 5 mg of chicken nucleosomes, and
20 ml of peak II fraction or 7.5 ml of partially purified yeast NuA4. Reaction
mixtures were incubated at 30°C for 120 min, after which labeled histones were
extracted by 0.4 N H2SO4 and recovered by RP-HPLC. Histones were chromato-
graphed on a 2-mm by 25-cm Vydac 218TP52 column (Separations Group,
Hesperia, Calif.) eluted at 0.20 ml/min with a linear ascending gradient of
acetonitrile (29 to 52% in 90 min) on a SMART system (Pharmacia). Chicken
core histones were completely resolved under these conditions. Fractions corre-
sponding to H2A and H4 were pooled, dried under vacuum, and subjected to
microsequencing following a deblocking step (39). In all cases, the expected
amino-terminal sequence of each histone was obtained.

In vitro transcription. Analysis of transcription in vitro was performed essen-
tially as described by Steger et al. (42). In short, the human immunodeficiency
virus (HIV) dinucleosome-5S array template was incubated with enriched HAT
fractions for 30 min at 30°C in the absence or presence of 1 mM acetyl-CoA. The
amounts of Tetrahymena peak II and yeast NuA4 fractions added to the reaction
mixtures were normalized for nucleosomal HAT activity such that each complex
transferred an equal amount of [3H]acetate onto HeLa nucleosomes in a stan-
dard liquid HAT assay. However, the amounts of yEsa1p and Tetrahymena peak
I employed were determined by normalization to the activity of NuA4 with
free-histone substrate and protein concentration, respectively, since these activ-
ities do not modify nucleosomal histones. Upon completion of histone acetyla-
tion, preinitiation complexes were formed by adding HeLa nuclear extract and
incubating at room temperature for at least 20 min. G5-E4 DNA, which contains
five GAL4 sites upstream of a minimal adenovirus E4 promoter, and GAL4-AH
were included to serve as a control for RNA recovery through subsequent steps.
Transcription was initiated upon the addition of ribonucleoside triphosphates
and terminated after a 30-min incubation at 30°C. RNA transcripts were de-
tected by primer extension.

RESULTS

Identification of a novel nucleosome-specific HAT activity in
Tetrahymena. Recently, an in-gel HAT assay employing free
(nonnucleosomal) histones as a substrate was used to identify
and purify a 55-kDa polypeptide (p55) as a catalytic subunit of
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a transcription-associated, nuclear HAT (4). Like p55, yGcn5p
displays a strong preference for certain histones in a free form
(23), unless it exists as part of native HAT complexes, in which
case nucleosomes also serve as a substrate (12). We sought to
determine whether extracts prepared from Tetrahymena ma-
cronuclei might also contain additional HAT activities which
were not revealed in our original in-gel assays with free-histone
substrates.

As a starting point for this work, we selected a DNase I
extract of macronuclei since preliminary experiments indicated
that it contained a significant amount of both a free-histone
and a nucleosome acetylation activity (see below). To investi-
gate whether multiple HAT activities might exist in Tetrahy-
mena, DNase I extract was resolved on a 5 to 30% sucrose
gradient and assayed with both free and nucleosomal histones
(Fig. 1A). Two closely sedimenting activities were evident: (i)
a free-histone acetylation activity (hereafter called peak I) that
was largely H3 specific and that failed to acetylate nucleosomal
histones, and (ii) a nucleosomal activity (peak II) that was
largely H2A/H4 specific (Fig. 1C). To examine the potential
relationship of p55 and other known interacting proteins (for
example, Adaps or Sptps) to these activities, gradient fractions
were probed with antibodies against p55 peptide (K36), Ada1p,

and Ada5p/Spt20p (Fig. 1B) (see references 6 and 17 for details).
Ada1p and Ada5p/Spt20p antibodies are the only available anti-
bodies to known yeast HAT complex subunits that react strongly
with Tetrahymena proteins of the appropriate molecular weights
(34a). As expected from the distribution of H3-specific free-his-
tone HAT activity across the gradient, immunoblotting analyses
show that peak I, but not peak II, contained the majority of the
p55. Thus, these data suggested that p55 was not the catalytic
subunit responsible for the nucleosomal H2A/H4 acetylation ex-
hibited by peak II. On sucrose gradients, Ada1p and Ada5p/
Spt20p sedimented closely with the peak I and peak II activities,
respectively.

Resolution of distinct HAT activities by RP-HPLC. Given
the large native molecular weights reported for the Gcn5p-
dependent HAT complexes in yeast (12, 13, 33), it was surpris-
ing that the sizes of the peak I and II HAT activities estimated
by sedimentation analyses were ;110 and ;80 kDa, respec-
tively (relative to protein standards sedimented in parallel gra-
dients; see Materials and Methods). These molecular sizes
suggested that the peak I and II activities observed in Fig. 1,
unlike what has been described in yeast, were due to small
subcomplexes or even single polypeptides.

To investigate this possibility further, peak II (prepared by
sucrose gradient sedimentation) was subjected to RP-HPLC,
under conditions (e.g., acidic buffers and nonpolar solvents)
expected to promote dissociation of protein complexes, in an
attempt to determine if the nucleosomal HAT activity of peak
II required the assembly of subunits for function. After recon-
stitution by stepwise dialysis, RP-HPLC gradient fractions
were assayed for free-histone and nucleosomal HAT activities
(Fig. 2A and B) and by Western blot analysis using p55 anti-
bodies and Ada5p/Spt20p antibodies (Fig. 2C). A prominent
peak of nucleosomal HAT activity was detected in fractions 5
to 9, with the peak of this activity in fraction 6. Like the
;80-kDa peak II nucleosomal activity shown in Fig. 1, this
activity (hereafter referred to as peak II*) was also specific for
H2A/H4 (Fig. 2B). As well, two free-histone HAT activities
were detected, and, for the most part, these were well sepa-
rated from the major H2A/H4 nucleosomal activity. One free-
histone HAT activity was H3 specific, with the peak of this
activity in fraction 2. As expected, this fraction contained the
majority of p55 and was most likely to be the same or closely
related to the peak I activity of Fig. 1 (hereafter referred to as
peak I*). A second free-histone HAT activity was H2A/H4
specific, and the peak overlapped considerably with nucleo-
some acetylation activity in fractions 5 to 9. These data suggest
that a specific conformation of the catalytic protein and/or
correct subcomplex in peak II may be necessary to restrict
natural substrate specificity. Consistent with sucrose gradient
analyses (Fig. 1), the complete absence of p55 in the peak II*
activity (Fig. 2C) suggested that p55 is not the catalytic subunit
responsible for the H2A/H4 nucleosomal HAT activity. Ada5p/
Spt20p was detected in fractions 2 and 3 also (Fig. 2C). These
data show clearly that these proteins were well separated from
peak II* activity (fractions 5 to 9) after RP-HPLC.

Size and nature of the reconstituted H2A/H4 nucleosomal
HAT activity. To determine the size of the H2A/H4 HAT
activity reconstituted following RP-HPLC (peak II*), fractions
displaying activity after reconstitution (fractions 5 to 7) were
pooled and sedimented on a 5 to 30% sucrose gradient. Gra-
dient fractions were again assayed for HAT activity by using
nucleosomes as substrates (Fig. 3). These data clearly show
that the size of the nucleosomal HAT activity was the same,
about 80 kDa, before (Fig. 3A) or after (Fig. 3B) RP-HPLC
and subsequent reconstitution. Moreover, the H2A/H4 speci-
ficity of the reconstituted activity appeared to be identical to

FIG. 1. Two distinct type A HAT activities exist in Tetrahymena macronuclei.
(A) Sucrose-gradient sedimentation of HAT activities characterized with either
a mixture of free (nonnucleosomal) histones (peak I) or nucleosomal histones
(peak II); histone substrates were from chickens. (B) Western blot analysis using
yAda1p and yAda5p/ySpt20p antisera as well as Tetrahymena p55 (K36) peptide
antibodies. (C) Acetylated histone products were examined following gel elec-
trophoresis and fluorography. Lanes C contain DNase I extract as input.
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that of the native activity (compare Fig. 1C and 3C). When
similar analyses were performed with peak I* fractions, free-
histone acetylation activity was detected in fractions 30 to 34,
corresponding to a size of about 55 to 45 kDa (data not
shown). These data suggest that the macronuclear H2A/H4
nucleosome-specific HAT activity results from either a single
subunit or a small multisubunit complex whose activity can be
reconstituted after RP-HPLC. Our data also indicate that p55
is not likely to be the catalytic subunit responsible for this
activity.

Biochemical fractionation of HAT complexes from yeast
and human extracts indicate that Gcn5p (12, 13, 33) and a
related GCN5 family member, PCAF (30), function in the
context of large multisubunit complexes. Interestingly, both the
yeast SAGA and human PCAF HAT complexes contain a
subset of histone-like TAFs, some of which are also associated
with TFIID, a key basal component of the RNA polymerase II
transcription machinery (13, 30; reviewed in reference 44).

However, the above data suggest that the H2A/H4 nucleoso-
mal HAT from Tetrahymena may be able to function alone as
an isolated ;80-kDa subunit.

To determine whether any of the other known interacting
proteins (Adaps or Sptps) cofractionate with this nucleosomal
HAT activity, the sucrose and RP-HPLC gradients shown in
Fig. 1 and 2 were assayed by using Ada1p and Ada5p/Spt20p
antibodies (see Fig. 1B and Fig. 2C). These analyses show
clearly that while Ada5p/Spt20p sediments closely to the peak
II activity on sucrose gradients, this polypeptide is well sepa-
rated from peak II* after RP-HPLC. In addition, Ada1p is well
separated from the peak II activity on the initial sucrose gra-
dients. Although our analyses may be restricted by limited
cross-reactivity of antibodies raised against the yeast proteins,
these results indicate that Ada1p and Ada5p/Spt20p are not
required for this ciliate activity. Taken together, these data
suggest that the polypeptide or subcomplex responsible for this

FIG. 2. The H2A/H4 nucleosomal HAT activity in Tetrahymena is not p55
dependent. (A) HAT activity of RP-HPLC fractions following reconstitution by
stepwise dialysis. A peak of free, nonnucleosomal HAT activity (I*) was con-
tained in fraction 2. In contrast, a well-separated peak of nucleosomal HAT
activity was contained in fractions 5 to 7 (II*). (B) Substrate specificity of these
fractions. Note that nucleosomal HAT activity (II*) was H2A/H4 specific; in
contrast, free-histone HAT activity was H3 specific. (C) Western blot analysis of
the fractions. As expected, free-histone HAT activity (I*) (fractions 2 and 3)
contained essentially all of the p55 signal. In contrast, the peak of nucleosomal
H2A/H4 HAT activity (fractions 5 to 7) was devoid of p55, suggesting that this
polypeptide cannot be responsible for the nucleosomal H2A/H4 HAT activity
(see text). Note that fractions 2 and 3 also contained the majority of Ada5/Spt20
signal. Lane C contains DNase I extract as input.

FIG. 3. Following RP-HPLC and renaturation, the size of the H2A/H4 nu-
cleosomal HAT activity and its substrate specificity are unchanged. (A) Sedi-
mentation profile of HAT activity of native DNase I macronuclear extract on a
sucrose-density gradient, shown for reference. (B) Sedimentation profile of HAT
activity of the nucleosomal H2A/H4 HAT activity (peak II) following RP-HPLC
and renaturation. In both cases, the size of the active protein/complex was
estimated to be about ;80 kDa relative to marker proteins resolved in parallel
gradients (data not shown). (C) Substrate specificity of nucleosome acetylation
by fractions from panel B as indicated. A fluorogram of a SDS–12.5% polyacryl-
amide gel is shown. Note that nucleosomal HAT activity (II*) remained H2A/H4
specific (compare to Fig. 2B).
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activity in Tetrahymena is distinct from fully assembled ADA
and SAGA complexes in yeast.

The p55-independent H2A/H4 nucleosomal HAT from Tet-
rahymena macronuclei is reminiscent of the Gcn5p-indepen-
dent H2A/H4 nucleosomal (NuA4) HAT activity recently de-
scribed in yeast (12). However, the large (1.3-MDa) molecular
size of yeast NuA4 suggests the possibility that the Tetrahy-
mena H2A/H4 activity represents a metastable subspecies
formed upon disassembly of a larger native complex. Several
attempts were made to determine if a H2A/H4 nucleosomal
HAT activity with a similar size (;80 kDa) could be renatured
following dissociation and resolution of yNuA4 components by
RP-HPLC. Unfortunately, H2A/H4-specific HAT activity was
not reconstituted from denatured yeast NuA4 despite numer-
ous attempts.

Identical site usage patterns are catalyzed by the H2A/H4
nucleosomal HAT activities in Tetrahymena and yeast. Given
the strong similarities in histone preference between the Tet-
rahymena and yeast H2A/H4 nucleosomal HAT activities, we
sought to identify and compare the acetylation site profiles of
both activities. To that end, we recovered H2A and H4 follow-
ing in vitro nucleosome acetylation reactions with these activ-
ities and subjected each histone to microsequence analyses
with direct determination of [3H]acetate incorporation at each
position by liquid scintillation counting. The results show
clearly that the acetylation patterns were essentially identical
when either the Tetrahymena peak II or yeast NuA4 activities
were used to acetylate chicken mononucleosomes: lysines 5
and 9 in H2A (compare Fig. 4A and C) and, considering
repetitive yield, lysines 5, 8, 12, and 16 in H4 (compare Fig. 4B
and D) were strongly preferred acetylation sites for both of
these activities.

It is noteworthy that the above pattern of H4 and H2A
acetylation usage is distinct from that reported for yeast Gcn5p
(23) or for human PCAF and p300 (37), and potentially, other
GCN5 family members. The site usage profile shown with H2A
and H4 in Fig. 4 is similar to what has recently been reported
for a novel H4/H2A/H3-specific HAT, Esa1p (for essential
Sas2-related acetyltransferase), in yeast (38). Recent studies
taking advantage of a ts mutant of ESA1 are consistent with the
possibility that Esa1p is the catalytic subunit responsible for
HAT activity in the NuA4 complex (8). Based upon the acet-
ylation site usage profiles, it seems likely that the H2A/H4
nucleosomal activity observed in peaks II and II* from Tetra-
hymena macronuclear extracts is related to the yeast NuA4
HAT complex. While the predicted molecular mass of Esa1p
(;53 kDa) is reasonably close to the size of the Tetrahymena
activity under investigation here, recombinant Esa1p does not
acetylate nucleosomal substrates (38). The exact relationship
between yEsa1p and the catalytically active protein in Tetrahy-
mena remains unclear (see Discussion).

The H2A/H4 nucleosome acetylation activity in Tetrahymena
stimulates transcription from a chromatin template. Recently,
purified yeast HAT complexes were shown to facilitate tran-
scription in vitro from nucleosomal DNA templates, but not
naked DNA templates, containing either the HIV-1 enhancer/
promoter region (42) or a minimal adenovirus E4 promoter
placed downstream of five GAL4-binding sites (45). In each
case, the HAT complexes stimulated transcription only in the
presence of acetyl-CoA, suggesting a critical role for acetyla-
tion in the effect. Given these observations, we investigated
whether the Tetrahymena H2A/H4 nucleosomal activity could
also enhance transcription from nucleosomal DNA. Therefore,
the HIV type 1 (HIV-1) chromatin template discussed above
was incubated with the 80S peak II activity in the absence and
presence of acetyl-CoA, and HIV-1 transcription levels were

determined by primer extension analysis (Fig. 5). The Tetrahy-
mena peak II fraction stimulated HIV-1 transcription 13-fold
in the presence of acetyl-CoA (Fig. 5, compare lanes 2 and 4)
but exhibited no ability to induce transcription in the absence
of acetyl-CoA (lane 3). Yeast NuA4, which was included in the
experiment as a control, increased HIV-1 transcription 18-fold
(Fig. 5, compare lanes 2 and 8). Thus, although the subunit
composition of the Tetrahymena peak II activity appears to be
less complex than that of yeast NuA4, the levels of transcrip-
tional enhancement mediated by the two complexes were quite
similar under these experimental conditions. As expected from
their inability to catalyze nucleosomal acetylation, recombi-
nant yeast Esa1p (lane 6) and Tetrahymena peak I (lane 10) did
not significantly increase transcription in this assay.

DISCUSSION

A novel H2A/H4 nucleosomal HAT in Tetrahymena is active
as a ;80-kDa activity. We report the existence of a novel
nucleosomal H2A/H4-specific HAT from Tetrahymena macro-
nuclei that is clearly distinct from p55, the founding GCN5
family member (6). The estimated size of this novel activity is
;80 kDa. Although estimation of size by sedimentation anal-
yses is approximate, this result, combined with the fact that this
activity resediments at 80 kDa following relatively harsh dis-
sociating treatments (RP-HPLC), indicates that the ciliate ac-
tivity does not depend upon the assembly of a large multisub-
unit complex like the activities of the yeast SAGA, NuA4, and
ADA HAT complexes do (12, 13, 33). Our data are most
consistent with a single protein or small subcomplex possessing
the nucleosomal HAT activity detected in our experiments.

By using yeast whole-cell extracts as starting material, NuA4
was reported to acetylate H2A/H4 with nucleosomes as a sub-
strate (12, 45). The substrate specificity, acetylation site profile,
and functional data of yeast NuA4 are remarkably similar to those
of the Tetrahymena nucleosomal HAT activity. However, the es-
timated size of yeast NuA4 (;1.3 MDa [8, 12]) is much larger
than the 80 kDa estimated here for the Tetrahymena activity. It
seems likely that the yeast activity, as isolated from whole-cell
extracts, is present as a multisubunit complex while the ciliate
activity described here represents a subset of these polypep-
tides or even a single catalytically active protein. Whether these
apparent size differences reflect fundamental differences be-
tween the Tetrahymena and yeast H2A/H4 enzyme and its
subunit composition or reflect trivial differences in preparation
and extraction, etc., remains to be determined. Despite this
uncertainty, our data, together with previous findings (8), un-
derscore the importance of determining the appropriate form
of histone substrate (free versus nucleosomal) to use when
exploring and characterizing HATs in vitro.

The H2A/H4 nucleosomal HAT activity is distinct from p55/
Gcn5p. With both the yeast and Tetrahymena H2A/H4-specific
nucleosomal activities, several lines of evidence suggest that
p55/Gcn5p is not the responsible catalytic subunit. Immuno-
blotting analyses indicate that yeast NuA4 activity does not
contain Gcn5p, Ada, Spt, or Swi/Snf-related proteins, and
studies with gcn5 disruption strains demonstrate that Gcn5p is
not required for NuA4 HAT activity (12). Similarly, in Tetra-
hymena, what appears to be a comparable activity does not
overlap to any large extent with p55, Ada1p, or Ada5p/Spt20p,
the only polypeptides to which we have cross-reacting antisera
(Fig. 1 and 2).

Substrate specificities are also considerably different be-
tween p55/Gcn5p and the H2A/H4 activities reported here.
Like Gcn5p, p55 displays a strong preference for H3 with
free-histone substrates (23). In agreement, the vast majority of
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p55 detected in peaks I and I* acetylates H3 and is unable to
acetylate nucleosomal substrates. Crude DNase I extracts of
Tetrahymena macronuclei also contain H3/H2B-specific nu-
cleosomal HAT activity (Fig. 1C). These data suggest that
there may be a SAGA-like HAT complex in Tetrahymena
which acetylates nucleosome H3/H2B and whose catalytic en-
zyme is p55. During the preparation of our extract and/or
sucrose gradient sedimentation, this SAGA-like complex may
dissociate into several subcomplexes, one of which may corre-
spond to peak I. Taken together, these data suggest that both
a SAGA-like activity and a NuA4-like activity exist in macro-
nuclear extracts following extensive DNase I digestion. Our

data strongly suggest that the catalytic subunit of the NuA4-
like activity is different from p55.

Conservation between yeast and ciliate NuA4-like activities.
The substrate and site specificities of yeast NuA4 are remark-
ably similar to that described here for the Tetrahymena nucleo-
some acetylation activity. Both are H2A/H4 specific with es-
sentially identical site specificity. The finding that NuA4 HAT
activity is severely reduced in yeast strains bearing ts alleles of
ESA1 suggests that Esa1p is the catalytic component in the
yeast NuA4 complex (8) and that a similar protein may be
responsible for the activity of Tetrahymena peak II. As shown
in Fig. 4, lysines 5, 8, 12, and 16 in H4 and lysines 5 and 9 in

FIG. 4. Identical acetylation site usage by the Tetrahymena and yeast H2A/H4 nucleosomal HAT activities. Chicken nucleosomes were acetylated by partially
purified yeast NuA4 or Tetrahymena peak II. RP-HPLC-purified acetylated H2A and H4 reaction products were then deblocked and analyzed by microsequencing. The
graphs represent [3H]acetate incorporation determined by liquid scintillation counting plotted as a function of the residue identified in each sequencing cycle. Data for
Tetrahymena peak II of H2A (A), Tetrahymena peak II of H4 (B), yeast NuA4 of H2A (C), and yeast NuA4 of H4 (D) are shown.
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H2A are strongly preferred sites of nucleosomal acetylation for
both the ciliate and yeast activities. Recombinant yESA1p dis-
plays a remarkably similar site preference profile with free-
histone substrates, acetylating lysines 5, 8, 12, and 16 in H4
(with some differences in preference among H4 sites) and lysines
5, 9, 13, and 15 in H2A (38). The inability of recombinant yESA1p
to acetylate nucleosomal substrates is likely to stem from the
absence of other components of the NuA4 complex (8, 38). Even
though the similarities in acetylation site profiles suggest that an
ESA1-like protein is responsible for the Tetrahymena peak II
activity, the markedly smaller size of the ciliate activity (80
kDa) compared to that of NuA4 (1.3 MDa) suggests that the
ciliate catalytic protein, in contrast to yESA1p, requires few, if
any, interacting subunits for nucleosomal acetylation and chro-
matin transcription activation activity. This notion is supported
by the difference in our ability to reconstitute the activities of
Tetrahymena peak II and NuA4 following denaturation. Al-
though we do not have any data addressing the minimal compo-
sition of the NuA4 complex required for activity with chromatin
substrates, it appears that the ciliate catalytic polypeptide may
differ from ESA1p in that it possesses features attributable to
other proteins that endow the NuA4 complex with nucleoso-
mal acetylation and chromatin transcription activation activity.
Similar differences in the activity of related HAT catalytic
proteins with free-histone and nucleosomal substrates has been
described previously for hPCAF in comparison to yGcn5p and a
short form of hGcn5p (12, 50).

The predicted sizes of the ciliate activity and recombinant
yEsa1p were ;80 and ;53 kDa, respectively. Given the un-
certainties in the accuracy of these molecular sizes, potential
differences arising through evolution, and the striking similar-
ities in substrate and site specificities and functional properties
between these two activities, it seems most likely that an
Esa1p-like protein is also the catalytic subunit of the ciliate
enzyme. However, when peptide antibodies directed against
the N terminus of yeast Esa1p or an internal fragment con-
served in MYST family members were used, all attempts to
detect a cross-reacting polypeptide in appropriate gradient
fractions from Tetrahymena were unsuccessful. Recent studies
dramatically underscore a high degree of conservation between
yeast and human complexes containing histone-like TAFs,
Sptps, Adaps, and p55/Gcn5p family members (13, 30). As
suggested by Struhl and Moqtaderi (44), primitive eukaryotes,
like ciliates, may have evolved a basal machinery containing

TATA binding protein, histones with amino-terminal tails, and
relatively simple chromatin-modifying activities that facilitate
transcription from chromatin templates. Our data demonstrate
that yeast and ciliates have evolved a robust nucleosomal
H2A/H4 HAT activity whose essential nature in yeast (i.e.,
yEsa1p) suggests a conserved and important function.
Whether the size and functional differences we observed be-
tween the ciliate activity and yeast NuA4 result from distinct
activities or represent differences in subunit composition, etc.,
is not clear. Despite these uncertainties, our finding that what
is presumably a single polypeptide or small complex of simple
composition is sufficient for this H2A/H4 nucleosomal HAT
activity suggests that ciliates have evolved an activity that does
not require an extensive collection of additional subunits to
perform this function. As far as we are aware, the ciliate ac-
tivity described here is the smallest nucleosomal HAT known.
Understanding the differences between this activity in yeast
and in Tetrahymena may yield insights into the minimal re-
quirements for carrying out this acetylation reaction and also
its regulation.
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