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Abstract: Dynamic histone acetylation is a characteristic of chromatin transcription. The first estimates for the rate of
acetylation turnover of plants are reported, measured in alfalfa cells by pulse, pulse-chase, and steady-state acetylation
labeling. Acetylation turnover half-lives of about 0.5 h were observed by all methods used for histones H3, H4, and
H2B. This is consistent with the rate at which changes in gene expression occur in plants. Treatment with histone
deacetylase inhibitor Trichostatin A (TSA) induced hyperacetylation at a similar rate. Replacement histone variant
H3.2, preferentially localized in highly acetylated chromatin, displayed faster acetyl turnover. Histone H2A with a low
level of acetylation was not subject to rapid turnover or hyperacetylation. Patterns of acetate labeling revealed funda-
mental differences between histone H3 versus histones H4 and H2B. In H3, acetylation of all molecules, limited by
lysine methylation, had similar rates, independent of the level of lysine acetylation. Acetylation of histones H4 and
H2B was seen in only a fraction of all molecules and involved multiacetylation. Acetylation turnover rates increased
from mono- to penta- and hexaacetylated forms, respectively. TSA was an effective inhibitor of alfalfa histone
deacetylases in vivo and caused a doubling in steady-state acetylation levels by 4–6 h after addition. However,
hyperacetylation was transient due to loss of TSA inhibition. TSA-induced overexpression of cellular deacetylase activ-
ity produced hypoacetylation by 18 h treatment with enhanced acetate turnover labeling of alfalfa histones. Thus, appli-
cation of TSA to change gene expression in vivo in plants may have unexpected consequences.

Résumé : L’acétylation dynamique des histones est une caractéristique de la transcription de la chromatine. Cet article
présente les premières estimations du taux de renouvellement des groupes acétyle chez les plantes, obtenues en
mesurant l’acétylation grâce à un marquage bref, suivi ou non d’une chasse, et à un marquage à l’équilibre de cellules
de luzerne. La demi-vie de renouvellement des groupes acétyle des histones H3, H4 et H2B est environ 0,50 h selon
toutes les méthodes. Cela concorde avec la vitesse de modification de l’expression des gènes chez les plantes. Une in-
cubation en présence de Trichostatine A (TSA), un inhibiteur des histones désacétylases, induit une hyperacétylation à
une vitesse similaire. Le taux de renouvellement des groupes acétyle de l’histone H3.2 de remplacement, qui se trouve
préférentiellement dans la chromatine hyperacétylée, est plus rapide. L’histone H2A peu acétylée a un taux de
renouvellement des groupes acétyle lent et elle n’est pas sujette à l’hyperacétylation. Le marquage avec l’acétate
montre qu’il y a des différences fondamentales entre l’histone H3, d’une part, et les histones H4 et H2B, d’autre part.
L’acétylation de toutes les molécules d’histone H3, limitée par la méthylation des résidus lysine, se fait à la même
vitesse, indépendamment du niveau d’acétylation des résidus lysine. Par contre, seulement une fraction de toutes les
molécules des histones H4 et H2B sont acétylées et cela fait intervenir de multiples acétylations. Les taux de
renouvellement des groupes acétyle augmentent en allant des formes mono-acétylées aux formes penta- et hexa-
acétylées. La TSA est un bon inhibiteur des histones désacétylases de la luzerne in vivo et le taux d’acétylation à
l’équilibre double 4 à 6 h après traitement avec la TSA. Cependant, l’hyperacétylation est transitoire car l’inhibition
par la TSA disparaît progressivement. La TSA induit la surexpression des désacétylases cellulaires, ce qui engendre
une hypoacétylation, 18 h aprés traitement avec la TSA, et une augmentation du taux de renouvellement des groupes
acétyle des histones de la luzerne. Donc, l’application de TSA à des plantes afin de modifier l’expression de leurs
gènes in vivo pourrait avoir des conséquences imprévues.

[Traduit par la Rédaction] Waterborg and Kapros 293

Introduction

Histone acetylation is recognized as one of the important
factors that allow gene transcription in a chromatin environ-

ment. Chromatin, the packaging of DNA by histones, pres-
ents a formidable obstacle to gene transcription (Orphanides
and Reinberg 2000). Initially, Allfrey and co-workers recog-
nized that lysine acetylation of histones, detected through ra-
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dioactive acetate labeling in vivo and quantitated as bands
with reduced gel electrophoretic mobility in acetic acid-urea
gels, correlated with gene transcription in animal cells
(Allfrey 1977). They speculated that the elimination of the
lysine charge would release tight binding to DNA, allowing
RNA polymerases to transcribe genes. They observed that
acetylation was a rapid, posttranslational modification. Re-
cently, the role of acetylation in chromatin transcription has
been widened by the recognition that histone acetyl-lysines
provide specific attachment sites for transcription factors
containing bromo domains, providing an essential frame-
work for the assembly of transcription initiation complexes
(Dhalluin et al. 1999; Jacobson et al. 2000; Matangkasombut
et al. 2000). They are part of the site-specific signals that in-
teract with other functional modifications like phos-
phorylation and ubiquitination (Mizzen and Allis 2000;
Strahl and Allis 2000). They organize directly or indirectly
through coactivator transcription factors the various histone
acetyltransferase (HAT) enzymes that increase the level of
histone acetylation locally, apparently relaxing the repres-
sive character of the nucleosomes, allowing nucleosome re-
modeling and transcription (Nightingale et al. 1998; Brown
et al. 2000; Fax et al. 2000; Hecht et al. 2000; Kurooka and
Honjo 2000). Conversely, transcriptional corepressors have
been shown to bring in tethered histone deacetylase (HDAC)
enzymes to repressed or silenced genes (Wade et al. 1998;
Ayer 1999; Bird and Wolffe 1999; Doetzlhofer et al. 1999;
Gilbert and Sharp 1999; Ahringer 2000). The progression of
a high acetylation state across transcribed chromatin may be
established through HATs associated with transcribing RNA
polymerases (Wittschieben et al. 1999; Orphanides and
Reinberg 2000). In addition, HATs may produce the do-
main-wide increases in chromatin acetylation observed for
the chicken β-globin locus (Hebbes and Allen 2000). It is
clear that histone acetylation must be very dynamic and that
changes in histone acetylation at promoters mirror rapid
changes in gene expression (Kadosh and Struhl 1997; Pazin
and Kadonaga 1997; Kuo et al. 1998; Richon et al. 2000).

In animal cells, fast rates of histone acetylation and
deacetylation have been measured with half-lives as short as
3 min (Jackson et al. 1975; Chestier and Yaniv 1979; Zhang
and Nelson 1988a, 1998b; Hendzel and Davie 1991). Re-
cently, we have demonstrated through dynamic steady-state
acetylation labeling that the vast majority of acetyl-lysines
in the chromatin of the green alga Chlamydomonas
reinhardtii is rapidly turning over with half-lives of 2–4 min-
utes (Waterborg 1998). Histone acetylation in the yeast
Saccharomyces cerevisiae had been thought to be rather
static with acetylation and deacetylation rates of several
hours (Nelson 1982). However, with the development of a
new method to retain histone acetylation quantitatively
(Waterborg 2000), it has been possible to measure
acetylation turnover rates for yeast histones with half-lives
of 15 min for histone H4, 10 min for H3, and 5 min for his-
tones H2B and H2A (Waterborg 2001). These latter studies
have revealed that acetylation of histone H3 may be different
from acetylation of histones H4 and H2B. The rates of
acetylation turnover at every level of acetylation in histone
H3 are the same and almost all H3 acetylation is dynamic.
In contrast, the rate and extent of acetylation turnover of
multiacetylated H4 and H2B histones are much higher than

measured for low or monoacetylated forms. In this paper, we
show through data collected in alfalfa (Medicago varia) A2
cell culture that this difference between histones H4 and
H2B versus histone H3 is also observed in plants and thus
may represent a fundamental difference in histone functions
within the nucleosome.

In recent years, histone acetylation has been studied in a
variety in plants (Arfmann and Haase 1981; Idei et al. 1996;
Ransom and Walton 1997; Belyaev et al. 1998; Buzek et al.
1998; Vyskot et al. 1999). We had chosen alfalfa as a model
system, partially based on a very robust tissue cell culture of
A2 cells (Waterborg et al. 1989; Kapros et al. 1995). The
distinct difference in histone acetylation levels of two
histone H3 variants (Waterborg et al. 1987, 1989; Waterborg
1992a) has lead to the identification of a constitutively ex-
pressed histone variant, named H3.2, which exists in all
monocot and dicot plants (Waterborg 1991, 1992a). Its func-
tion is to maintain transcribed genes in a chromatin context
(Waterborg 1993a). The formation of replacement
nucleosomes on transcribed sequences, denuded of
nucleosomes, results in enhanced histone acetylation, char-
acteristic of transcriptionally active chromatin. This paper
presents a direct comparison of the dynamic characteristics
of histone acetylation between the abundant, moderately ac-
etylated, replication-dependent histone variant H3.1, assem-
bled into newly replicated chromatin (Waterborg 1993a;
Kapros et al. 1995), and the highly acetylated replacement
histone variant H3.2, which is assembled into nucleosomes
within transcribing chromatin and frequently lost during
subsequent transcription (Waterborg 1993a).

To date, the turnover rate of histone acetylation has not
been determined for any plant, including alfalfa, even though
acetate labeling of alfalfa histones has been used extensively
(Waterborg et al. 1987, 1990; Waterborg 1992a, 1993a). Ac-
etate labeling has been a tool to study the functional expres-
sion of the replication-dependent histone variant H3.1
(Waterborg 1993a; Kapros et al. 1995), to demonstrate the
characteristically high acetylation of the replacement H3.2 in
transcribed chromatin (Waterborg 1993a), and to demon-
strate that all five lysines in the unmethylated amino termi-
nus of histone H4 are subject to acetylation, a feature
common to plants and algae (Waterborg 1992b, 1998).

In animal cells the HDAC inhibitor butyric acid has been
used to induce hyperacetylation and to determine the rate of
deacetylation upon butyrate withdrawal (Schroter et al.
1981; Covault et al. 1982). This method cannot be used in
alfalfa because butyrate is rapidly metabolized into acetyl-
CoA (Waterborg et al. 1990). Increased histone acetylation
was observed in response to butyrate in tobacco (Arfmann
and Haase 1981) but not in artichoke (Pedersen and
Minocha 1988). With the recognition that fungal metabolites
such as Trichostatin A (TSA) and HC toxin are inhibitors of
many HDACs (Brosch et al. 1995), although not all
(Sanchez-del-Pino et al. 1994; Carmen et al. 1996, 1999;
Lechner et al. 1996; Lusser et al. 2001), these compounds
have been used in plants. They have been shown to affect
histone acetylation in maize (Ransom and Walton 1997) and
beans (Belyaev et al. 1997, 1998). In this paper, we present
the responses of alfalfa to TSA, including a sequential pat-
tern of histone hyperacetylation and hypoacetylation that re-
sults from metabolic inactivation of the inhibitor.
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Materials and methods

Histone preparation and analysis
Throughout this study, alfalfa A2 suspension cultures

were used as described (Waterborg 1993a). Translation in-
hibitor cycloheximide was used at a final concentration of
10 µg/mL MS growth medium, added 10 min before addi-
tion of acetate from fresh, nonsterile stock (2 mg/mL in eth-
anol). For labeling at reduced specific radioactivity, 0.1 M
NH4Ac was added 30 min prior to the addition of tritiated
acetate to the final concentration specified for each experi-
ment. High specific activity [3H]NaAc (1.5 × 1014 Bq/mol,
NEN Life Science Products, Boston, Mass.) was used as
specified in each experiment. TSA (Wako Bioproducts,
Richmond, Va.) was dissolved in dimethyl sulfoxide at
0.5 mg/mL (1.67 mM), stored at –20°C, and used at the con-
centrations specified in each experiment. Histones were ex-
tracted from whole cells, collected by centrifugation into
chaotropic guanidine hydrochloride (pH 6.8), purified by
Bio-Rex 70 (Bio-Rad, Richmond, Calif.) chromatography,
dialyzed into 2.5% acetic acid with 0.1 mL 2-
mercaptoethanol/L, and lyophilized as described (Waterborg
1990, 1993a). Histones were fractionated into pools of crude
histone H2B, histone H4 with H2A, and histone H3 by re-
versed-phase high-pressure liquid chromatography (HPLC)
on Zorbax Protein-Plus as described (Waterborg 1993a,
2000). The specific radioactivity of fractions was determined
by liquid scintillation counting and optical density measure-
ments at 214 nm (Waterborg 2000). Following
lyophilization, histones were analyzed on acetic acid–urea–
Triton (AUT) gels (Waterborg 1990, 1998) by densitometry
of Coomassie staining and fluorography, as described else-
where (Waterborg et al. 1995; Waterborg 1998). Multiple
preflashed fluorography exposures were made from each gel
to obtain specific radioactivity measurements within the lin-
ear range of fluorography and X-ray film dynamics.
SigmaPlot for Windows, version 5.00 (SPSS Inc., Chicago,
Ill.), was used for linear and nonlinear regression analyses.
Data presented met all statistical tests for convergence and
fit.

Results

Acetate labeling of alfalfa histones
Acetylated histones can be isolated from whole cells of al-

falfa A2 cultures by a chaotropic extraction method in
guanidine hydrochloride that prevents proteolysis of histone
polypeptides and loss of modifications like lysine
acetylation (Waterborg et al. 1987, 1989). Fractionated by
reversed-phase HPLC, all four core histones are obtained in
a fairly to highly pure state (Waterborg 1992b, 1993a) as a
fraction with histone H2B, as a fraction of histone H4 with
histone H2A, and as two fractions of the separated histone
H3.1 and H3.2 variants (Waterborg 1990). The latter frac-
tions were combined if analysis required determination of
the ratio between the two variant forms. Gel electrophoresis
in acetic AUT polyacrylamide gels was routinely employed
to separate histones from each other, such as histone H2A
from histone H4, and to allow quantitation of the distribu-
tion of acetylated forms. Figure 1 (lane A) shows a typical
example of the Coomassie staining pattern of AUT gels.

Triacetylated forms are typically the highest modified forms
visible in stained patterns of histones H3.1, H3.2, H4, and
H2B, even though the distribution pattern of modified bands
differs. Histone H3.1 and H3.2 variants typically contain, on
average, 0.5–0.7 and 1.0–1.5 acetyl-lysines, respectively,
while histone H4 contains 0.4 and histone H2B carries 0.25
acetyl-lysines. The charge-modified forms of histone H2A
are partially caused by phosphorylation (Waterborg et al.
1989).

Labeling of alfalfa cells with tritiated acetate reveals up to
five acetylated lysines, i.e., all five lysines in the amino ter-
minus of histone H4 (Waterborg 1992b), and suggests that
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Fig. 1. Acetylation pattern of alfalfa histones by Coomassie stain-
ing and acetate fluorography of AUT gels. Alfalfa A2 cells (50-
mL aliquot) were made 10 µg/mL in cycloheximide. After 10 min,
0.5 mCi of tritiated acetate was added to 4 µM. After 5 min, cells
were collected by centrifugation. Histones were extracted and frac-
tionated by HPLC into H3, H4–H2A, and H2B preparations that
were run on long AUT gels. Lane A shows the Coomassie-stained
composite of H3, H4, H2B, and H2A gel regions, with the corre-
sponding fluorograph in lane B. The histone names and variant
forms are shown for each gel segment. Lines mark each level of
charge modification visible in either lane with numbers at the low-
est and highest visible levels of acetylation. Ammonium acetate
was added to 0.4 mM to parallel aliquots. Cells were collected by
centrifugation and resuspended for continued culture in MS me-
dium supplemented with 0.4 mM ammonium acetate. Samples
were collected after various times and histone fluorographs are
shown for histones after a chase period of 10 min (lane C),
25 min (lane D), 60 min (lane E), and 120 min (lane F).
Fluorography exposures shown were developed after 3 days for
H3 histones and after 17 days for all other histones.
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six lysines in the amino terminus of histone H2B can be ac-
etylated (Fig. 1B). Sequence analysis of the histone H3 vari-
ants has shown that the six lysines in the amino terminus of
each variant protein can be acetylated (Waterborg 1990).
However, extensive irreversible lysine methylation in these
histones (Waterborg 1990, 1993b) limits acetate labeling
patterns typically to one level above that seen by Coomassie
staining (Fig. 1, lane B).

In alfalfa cells with active synthesis of histones
(Waterborg 1993a; Kapros et al. 1995), acetate labeling will
include rapid cotranslational acetylation of the amino-
terminal serine of histone H4 (Waterborg 1992b), resulting
in labeling of nonacetylated H4. Subsequently, the rapid me-
tabolism of acetate in plant cells (Waterborg et al. 1990) will
create radioactive amino acids that will be stably incorpo-
rated into newly synthesized histones (Waterborg et al. 1990,
1995; Waterborg 1998, 2001). Thus, translation inhibitor
cycloheximide was routinely used to limit acetylation label-
ing to posttranslational lysine acetylation.

The rapid metabolism of acetate becomes readily visible
when alfalfa cells are incubated with a limited amount of
tritiated acetate. When 0.5 mCi (1 mCi = 37 MBq) of
tritiated acetate was added to 50 mL of growing A2 culture,
the 4 µM acetate concentration was quickly exhausted, as re-
vealed by the posttranslational labeling of histones (Fig. 2).
In this non-steady-state labeling protocol, a transient maxi-

mum in the specific radioactivity of histones was observed
at 10 min, followed by an apparently exponential decrease
with a half-life of 30–45 min (Table 1). Label incorporation
into histone H2A was low and slow and did not decay expo-
nentially (Fig. 2C). Based on this result, the known multi-
plicity of overlapping histone H2A variants (Waterborg et
al. 1987), and modification by phosphorylation (Waterborg
et al. 1989), experimental analysis was restricted to histones
H3.1, H3.2, H4, and H2B. The exponential character of the
decrease in their labeling suggests that the radioactivity of
the acetyl-CoA precursor pool for histone acetylation was
diluted by new, unlabeled acetyl-CoA, while histone
deacetylation and acetylation reactions continued, maintain-
ing the steady-state acetylation level for all histones. If this
dilution had been instantaneous, the observed half-life val-
ues (Table 1) would apply to dynamic, reversible histone
deacetylation. As executed, this type of experiment will
yield upper limit estimates for acetylation turnover rates. Al-
though distinct half-life values were calculated for each of
the major acetylation targets, the experimental error in this
type of experiment was too large to distinguish significant
differences in deacetylation rates.

Pulse-chase acetate labeling
A pulse-chase labeling protocol was developed in an at-

tempt to reduce error rates and to refine estimates for histone
acetylation turnover rates. Alfalfa cells were incubated with
4 µM tritiated acetate for 5 min. A 100-fold excess of am-
monium acetate was added and cells were collected by
centrifugation at 500 × g and resuspended in fresh MS
growth medium supplemented with 0.4 mM ammonium ace-
tate. The decay of acetate incorporated in the total histone
extract, prior to HPLC fractionation, was exponential with a
half-life of 38 ± 6 min. However, a third of the total label
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Fig. 2. Time course of posttranslational acetate label incorpora-
tion into alfalfa A2 histones. The specific radioactivity of histone
peaks was determined in HPLC fractions and expressed as thou-
sands of cpm per peak (filled symbols). The specific radioactiv-
ity in AUT gels, as shown in Fig. 1, was calculated from
fluorography band intensity divided by Coomassie band intensity
determined by quantitation of optical digital densitometry record-
ings (Waterborg et al. 1995). Fluorography exposures ranged
from 2 to 30 days. An arbitrary scale was used to plot as open
symbols the specific radioactivity of histones in AUT gels (AUT
gel label). (A) Labeling of histone H3.1 (up triangles); (B) label-
ing of histone H3.2 (down triangles); (C) labeling of histone H4
(squares) and gel label of histone H2A (circles); (D) labeling of
histone H2B (diamonds). Note that the amount of label in the
two H3 variant peaks was similar, while the variant abundance
differs twofold with twice as much H3.1 protein as H3.2
(Waterborg 1990).

Half-life (min)

Histone Pulsea Pulse-chaseb Steady-statec Averaged

H3.1 44±22 53±7 22±6 35±13
H3.2 30±11 38±4 17±2 26±9
H4 38±10 42±9 19±4 30±11
H2B 35±13 32±11 23±3 28±5

aAccuracy of the estimates for the half-life values is represented by the
standard error of the estimate (SigmaPlot) for a nonlinear regression fit
representing an exponential decay of specific radioactivity. Estimates
independently obtained from HPLC and AUT gel data for the exponential
decay in specific radioactivity following labeling with 4 µM acetate (Fig.
2) were averaged, as were standard errors (SigmaPlot).

bSpecific radioactivity data for a pulse-chase protocol (Fig. 3) were
fitted to exponential decay analysis. Standard errors for half-life estimates
are shown.

cAveraged standard error of estimate for a nonlinear regression fit
representing an exponential increase to a maximum level of specific
radioactivity. Estimates independently obtained from HPLC and AUT gel
data for the exponential increase in specific radioactivity following
labeling with 4 µM acetate of cultures in 0.2 mM acetate (Fig. 5) were
averaged, as were standard errors.

dBest estimates of acetylation turnover rates based on the assumption
that half-lives are overestimated by the pulse and pulse-chase protocols
and underestimated by the steady-state protocols executed (see
Discussion). The time difference with maximum and minimum values is
given as standard error of the estimate.

Table 1. Turnover rates of posttranslational acetylation of his-
tones in alfalfa A2 cells.
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appeared stable (results not shown). Exponential decay of la-
bel in each histone was observed following AUT gel electro-
phoresis and fluorography (Fig. 3) and half-life rates were
calculated (Table 1). These values were close to the upper
limit estimates obtained by non-steady-state labeling and
subject to less error. It appeared that deacetylation rates for
histones H3.2 and H2B are faster than those for H3.1 and
H4. Throughout the experiment, steady-state levels of
histone acetylation did not change.

Inspection of the fluorography patterns during the chase
(Fig. 1, lanes B–F) revealed a difference between the two H3
variants versus histones H4 and H2B. The relative abun-
dance of the fluorography bands from mono- through
tetraacetylation remained unchanged during the chase. This
would be the result if the deacetylation rate for each level of
H3 acetylation is the same. In contrast, the multiacetylated
labeled forms of histones H4 and H2B disappear much faster
from the fluorographs than mono- and diacetylated forms
(Fig. 1). The relative distribution of label across the
acetylation levels is quantitatively represented by a single
value of the average number of radioactive acetylation of
each histone (Waterborg et al. 1995; Waterborg 1998, 2000).
This acetylation level value was constant throughout the ex-
periment for histones H3.1 (Fig. 3A) and H3.2 (Fig. 3B). It
decreased significantly in an apparently linear fashion for
histones H4 (Fig. 3C) and H2B (Fig. 3D). This is consistent
with a higher rate of deacetylation for multiacetylated H4
and H2B than for less modified forms and could also mark
the existence of a stable form of acetate-labeled histone. The

nonlinear regression analysis suggests that approximately
25% of the acetate pulse labeling of histones H4 (Fig. 3C)
and H2B (Fig. 3D) is quite stable. This does not represent
labeling of newly synthesized histones, as translation inhibi-
tor cycloheximide limits acetate incorporation to post-
translational processes.

Steady-state acetate labeling
One can measure rates of turnover from the pattern of in-

creasing specific radioactivity if conditions are used that al-
low labeling under steady-state conditions (Waterborg 1998,
2001). Establishing steady-state conditions for the acetate-
labeled pool of acetyl-CoA was attempted by preloading
cells with unlabeled acetate for 30 min prior to the addition
of 4 µM tritiated acetate. If 40 µM acetate was added to the
culture medium, the labeling pattern with a maximum at
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Fig. 3. Analysis of the decay of acetate pulse-labeled histones
during a chase period. The specific radioactivity (open symbols
as used in Fig. 2) of histones (A) H3.1, (B) H3.2, (C) H4, and
(D) H2B was determined in AUT gels following a 5-min incuba-
tion of alfalfa cells with 4 µM tritiated acetate and this value
was set as 100%. The values determined throughout the chase
period in 0.4 mM nonradioactive acetate were plotted relative to
this starting value. The line represents a nonlinear regression fit
representing an exponential decay of specific radioactivity. The
dotted line represents the fraction of histone that apparently is
stable. The average acetylation level per histone molecule, deter-
mined from radioactive fluorographs, is represented by solid
symbols. A linear regression fit to these data is shown by a bro-
ken line, augmented by an error bar of the standard deviation of
the mean for stable patterns.

Fig. 4. Assessment of steady-state conditions for acetate labeling
of A2 cells. (A) Histones (symbols as used in Fig. 2) were la-
beled by 4 µM tritiated acetate in A2 cells grown for 30 min at
0.2 mM acetate and 10 µg cycloheximide/mL. The maximum la-
beling for each histone was set to 100%. The time axis is shown
in log format to prevent data crowding. (B) Average acetylation
level per histone molecule in A2 cells in growth medium with
cycloheximide was determined by quantitation of Coomassie
stained AUT gels (symbols as used in Fig. 2). (C) A 49-day
AUT gel fluorograph. Lines mark each level of charge modifica-
tion with numbers at the lowest, unlabeled, and highest levels of
acetylation. Acetate labeling times were 2.5 min (lane A), 5 min
(lane B), 10 min (lane C), 20 min (lane D), 41 min (lane E),
1.1 h (lane F), 1.8 h (lane G), 2.5 h (lane H), 3.3 h (lane I), 4 h
(lane J), 5 h (lane K), 6 h (lane L), 7 h lane (M), 8.4 h (lane
N), 9.3 h (lane O), and 10.4 h (lane P).
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10 min after label addition (Fig. 2) was qualitatively the
same, but two quantitative factors changed. A labeling maxi-
mum was observed 45 min after label addition (results not
shown). The amount of label incorporated into histones de-
creased sharply, as expected from the dilution of the high
specific activity tritiated acetate into the intracellular acetate
pool that had been established over the preceding 30 min.
Pretreatment with 200 or 500 µM acetate shifted the maxi-
mum to approximately 2.5 (Fig. 4A) and 5 h (results not
shown) after label addition, respectively. The maximum
amount of radioactivity incorporated into histones decreased
further, requiring longer fluorography exposures to measure
the specific radioactivity of histones. The choice was made
to perform a detailed kinetic analysis using conditions of
pretreatment with 200 µM acetate, since steady-state-like
conditions were achieved for a period long enough to deter-
mine accurately the specific radioactivity of the histones at
steady state if turnover rates determined by non-steady-state

and pulse-chase experiments (Table 1) were valid. In prelim-
inary experiments the accuracy of specific radioactivity
measurements decreased as fluorography exposure times ex-
ceeded 100 days, as required following pretreatment with
more than 200 µM acetate.

A critical requirement for acetate labeling by this ap-
proach is the need to limit acetate incorporation to post-
translational processes only. Cycloheximide added to a final
concentration of 10 µg/mL in the growth medium prevented
translational and cotranslational labeling of histones for
more than 12 h, as judged by the complete absence of ace-
tate incorporation into nonacetylated histone forms (results
not shown). An additional experimental requirement, a con-
stant level of histone acetylation, was maintained under ex-
perimental conditions for many hours (Fig. 4B).

The patterns of acetate incorporation over time fit well to
the expected exponential rise in specific radioactivity for all
histones analyzed (Fig. 5). A stable, maximum level of label
incorporation was apparently achieved. A turnover rate of
approximately 20 min was observed for all histones under
these experimental conditions (Table 1). The differences that
one can see between the patterns of label incorporation, e.g.,
a shorter time required for histone H3.2 to achieve a stable
labeling maximum (Fig. 5B) than for histone H3.1
(Fig. 5A), were observed in every experiment. They were
consistent with the differences observed in non-steady-state
and pulse-chase experiments (Table 1). However, the accu-
racy of the turnover rates was insufficient to conclude that
these differences are significant. The range of turnover rates
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Fig. 5. Time course of posttranslational steady-state acetate la-
beling of alfalfa A2 histones. The specific radioactivity of
histone peaks (filled symbols as used in Fig. 2) was determined
in HPLC fractions and expressed as thousands of cpm per peak.
The specific radioactivity of AUT gel label was calculated after
40-day fluorography of histone H3 and 49-day fluorography of
H4 and H2B AUT gels (open symbols). An arbitrary but com-
mon scale of AUT gel labeling was used for all panels. The line
represents a nonlinear regression fit representing an exponential
increase of specific radioactivity to a steady-state maximum.

Fig. 6. Dependence of steady-state specific radioactivity levels
on the acetylation level of histones. The maximum, steady-state
labeling of histones at each level of modification was derived
from nonlinear regression analyses for histones (A) H3.1,
(B) H3.2, (C) H4, and (D) H2B. Error bars represent standard
errors of the estimates of the steady-state acetylation level
(SigmaPlot). Each plot was scaled to the theoretical maximum
where all acetyl groups are subject to turnover at the rates mea-
sured for each histone (Table 1). These theoretical unity values
are depicted by the broken line plot.
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determined by this method should be considered minimum
values. The decrease in histone labeling after 3 h (Fig. 4)
clearly showed that a real steady-state condition was not
achieved.

Analysis of histone acetylation turnover rates in
Chlamydomonas (Waterborg 1998) and yeast (Waterborg
2001) by labeling to steady state revealed that turnover rates
for defined levels of acetylation in H3 were the same as for
total histone H3. In contrast, faster turnover was often ob-
served for multiacetylated forms of histones H4 and H2B.
Turnover rates were derived from specific radioactivity pat-
terns in AUT gels for alfalfa histone H3.1 with one and two
acetylated lysines and for histones H3.2, H4, and H2B with

one to four modifications. With typical standard errors of
15–50%, significant rate differences were not detected for
any level of acetylation relative to the turnover rate of total
histone (results not shown). Visual inspection of acetate la-
beling (Fig. 4C) supports the notion that rates of acetylation
at each modification level are the same.

One can estimate the extent to which acetyl-lysines are
subject to acetyl turnover by determining the specific radio-
activity reached at steady state for each modification level. If
every acetyl group turns over at the same rate, the maximal
specific radioactivity values would increase with the
acetylation level by multiples of the label in monoacetylated
histone. If the modification at some sites is relatively or
completely stable, labeling would be low or absent at that
site and an increase at values less than unity would result.
Figure 6 shows the patterns in labeling levels for histone
forms where maximal specific radioactivity values could be
determined with fair accuracy and reproducibility through
nonlinear regression analysis. Histone H3.2 results most
closely approach the unity correlation between maximal
steady-state labeling and acetylation level (Fig. 6B). This
supports the notion derived from pulse-chase analysis
(Fig. 3B) that all acetyl groups in histone H3, irrespective of
the modification level, are subject to the turnover rates mea-
sured (Table 1). A fraction of histone H3.1 acetyl groups
may be more stable than most (Fig. 6A), consistent with the
marginally incomplete deacetylation seen in pulse-chase ex-
periments (Fig. 3A). This suggests that deacetylation and
reacetylation reactions engage histone forms with some level
of acetylation, possibly at certain lysines. The existence of
relatively stable acetylation sites is indicated by the low
label in mono- and diacetylated forms of histones H4
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Fig. 7. Histone hyperacetylation by TSA. Histone acetylation levels, expressed as the average number of acetylated lysines per histone
(A) H3.1, (B) H3.2, (C) H4, or (D) H2B, were measured in alfalfa A2 cells incubated for 2 h with TSA at the concentrations shown
(open symbols as used in Fig. 2, solid line). Incorporation of tritiated acetate during the last 10 min of TSA treatment, preceded by
10 min by cycloheximide addition, was determined as the specific radioactivity in AUT gels. Label incorporation (filled symbols, bro-
ken line) was standardized by adjusting for the differing levels of steady-state acetylation in each histone and calculation of the label
incorporation relative to the control cultures without TSA. Unlabeled ticks on the logarithmic x-axis denote 0.2 and 0.5 times the TSA
concentration of the next higher labeled tick.

Fig. 8. Histone hyperacetylation patterns in alfalfa. Alfalfa cells
were treated with 100 ng TSA/mL for 6 h (lanes B, D, F, H, and
J) and the hyperacetylated histone pattern in Coomassie-stained
AUT gels was compared with histone acetylation from control
cells (lanes A, C, E, G, and I). Histone acetylation levels are in-
dicated with numbers for lowest and highest levels of visible
acetylation.
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(Fig. 6C) and H2B (Fig. 6D) and was also detected in pulse-
chase analyses (Figs. 3C and 3D). Inherently, any radioac-
tivity incorporated posttranslationally will be subject to turn-
over at some rate when steady-state acetylation levels are
stable (Fig. 4B), and complete loss of label over time was

observed when experiments were continued long enough
(Fig. 4A).

Induction of hyperacetylation by TSA
TSA has been shown to be an effective inhibitor of many

HDACs, and treatment of cells in vivo has been shown to
produce hyperacetylated histones. An exception to this rule
has been yeast where many HDAC enzymes are effectively
inhibited in vitro without the induction of hyperacetylation
in vivo (Sanchez-del-Pino et al. 1994). It has been argued
that this may be the result of the high level of histone
acetylation, determined almost exclusively by dominant
HAT activities (Waterborg 2001). The effect of TSA in al-
falfa was studied to evaluate whether the balance between
HAT and HDAC activities in vivo would be different for re-
placement histone H3.2, preferentially localized in highly
acetylated, transcriptionally active chromatin, than for the
generally distributed replicative histone H3.1 variant
(Waterborg 1993a). These histones have identical amino-
terminal sequences, offering identical substrate targets to
modifying enzymes should the local chromatin conformation
be the same. In addition, differences in the hyperacetylation
response to TSA in histones H4 and H2B might clarify the
kinetic differences with H3 histones.

TSA sensitivity of alfalfa was analyzed following treat-
ment with TSA for 2 h by measuring the average number of
acetylated lysines per histone. Effective hyperacetylation
was observed at 100 ng TSA/mL (0.33 µM) in histones
H3.1, H3.2, H4, and H2B (Fig. 7). The quantitative response
was rather similar, producing roughly double the number of
acetylated lysines per histone molecule. However, the quali-
tative response was very different. All histone H3 proteins,
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Fig. 9. Time dependence of histone steady-state acetylation and
acetylation turnover in alfalfa A2 cells cultured with TSA. An
A2 cell culture aliquot of 40 mL was supplied with
cycloheximide (10 µg/mL). After 10 min, 0.5 mCi of tritiated ac-
etate (to 4 µM) was added for 10 min and cells were collected
as a sample for the 0-h time point. Histones (A, E, F) H3.1, (B,
E, F) H3.2, (C, G, H) H4, and (D, I, J) H2B were prepared and
analyzed in AUT gels. In parallel, identical aliquots were col-
lected at defined times after addition of TSA to 100 ng/mL MS
medium, having been incubated for the last 20 min with
cycloheximide and for the last 10 min with tritiated acetate. The
steady-state acetylation level, the average number of acetylated
lysines per histone molecule, was plotted in Figs. 9A–9D as
open symbols as used in Fig. 2. The line indicates the data pat-
tern. A dotted line indicates the initial acetylation level above
which hyperacetylation of histone is observed and below which
hypoacetylation exists. AUT gels are shown as Coomassie-
stained gel (stain, Figs. 9E, 9G, and 9I) and after fluorography
for 5 days (label, Figs. 9F, 9H, and 9J). Histone acetylation
bands are marked with the level of acetylation for lowest and
highest visible bands shown. TSA treatment was for 0 min (lane
A), 10 min (lane B), 22 min (lane C), 30 min (lane D), 50 min
(lane E), 1.2 h (lane F), 1.4 h (lane G), 1.8 h (lane H), 2.3 h
(lane I), 3.3 h (lane J), 4.4 h (lane K), 5.8 h (lane L), 10.1 h
(lane M), 15.1 h (lane N), 22.5 h (lane O), and 31.1 h (lane P).
The specific radioactivity of these samples was plotted using
filled symbols in Figs. 9A–9D.
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of both variants, appeared to increase acetylation level by
one or two acetyl-lysines (Fig. 8, lanes A–D). In contrast,
only a fraction of histone H4 and H2B molecules increased
acetylation by several levels, while the rest remained
unacetylated (Fig. 8, lanes E–H). The band pattern of
histone H2A did not respond to TSA treatment (Fig. 8, lane
J) and was excluded from further analysis.

Alfalfa cells respond within 10 min after addition of TSA
by a detectable increase in the level of histone acetylation
(Figs. 9A–9D). Acetylation levels increased for a period of
4–6 h following essentially an exponential response pattern
with a half-life value of approximately 30 min. As in Fig. 8,
a general shift in the acetylation distribution of the H3 his-
tones was observed towards prominent triacetylated forms
and a reduction in nonacetylated histone, especially for
histone H3.2 (Fig. 9E). In contrast, only a limited fraction of
histones H4 and H2B became hyperacetylated, gaining mul-
tiple acetylated lysines and allowing visualization of
maximally modified pentaacetylated H4 (Fig. 9G) and hexa-
acetylated H2B forms (Fig. 9I).

The difference between the H3 variants versus histones
H4 and H2B was further emphasized by the pattern of ace-
tate labeling during the last 10 min of TSA treatment. This
pulse-label protocol was chosen to see whether, or how
much, turnover of histone acetylation existed after a period
of inhibition of HDAC enzymes by TSA. As expected, label-

ing of the H3 variants was very high immediately following
TSA addition (Figs. 9A and 9B), and the label distribution
(Fig. 9F) was consistent with the existing steady-state pat-
tern (Fig. 9E). This confirmed the impression that all histone
H3 molecules were affected by the TSA treatment, all gain-
ing acetyl-lysines that became labeled. After the initial spike
of high labeling, acetate incorporation rapidly fell by at least
a factor of 5 and stayed low (Figs. 9A and 9B). During this
period of limited increase to the maximum of acetylation,
the acetate labeling (Fig. 9F) remained representative of the
steady-state acetylation pattern (Fig. 9E), indicating that the
final increase in acetylation occurred across all histone H3
molecules. In contrast, high incorporation of acetate into
histone H4 was delayed by 10 min, only reaching maximum
values when steady-state acetylation had already increased
(Fig. 9C). Gradually, acetate labeling decreased fourfold,
while the acetylation labeling pattern (Fig. 9H) remained
representative in its quantitative distribution of the fraction
of H4 that became hyperacetylated rather than the total pat-
tern of H4 acetylation (Fig. 9G). The same was true for
histone H2B (Figs. 9I and 9J), except that the level of label
incorporation remained very high and decreased only by
50% even when a maximum in H2B acetylation had been
reached (Fig. 9D).

This difference between histones persisted even when the
unexpected observation was made that after 6 h, histone
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Fig. 10. Changes in histone hyperacetylation upon repeated addition of TSA. Alfalfa histone acetylation levels, expressed as the aver-
age number of acetylated lysines per histone (A) H3.1, (B) H3.2, (C) H4, or (D) H2B, are shown in the upper panels. Incorporation of
tritiated acetate during the last 10 min of TSA treatment, preceded by 10 min by cycloheximide addition, was determined as the spe-
cific radioactivity in AUT gels. These values, standardized on the steady-state acetylation level at the time of labeling and given as the
percentage of labeling relative to the maximum level observed, are shown in the lower panels. The data set collected after a single ad-
dition of TSA to 100 ng/mL are shown by open symbols (as used in Fig. 2) and a solid line. Data collected after addition of a second
aliquot of TSA after 4.2 h are shown by filled circles connected by a broken line. Data collected after addition of a second aliquot of
TSA after 14.5 h are shown as shaded circles connected by a thin continuous line.
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acetylation levels began to decrease, returning to starting
values for histones H4 (Fig. 9C) and H2B (Fig. 9D) and
even much lower for histone H3. Clearly, a condition of
hypoacetylation, a steady-state level of acetylation lower
than normal, was observed for histones H3.1 (Fig. 9A) and
H3.2 (Fig. 9B). However, the relative acetylation levels of
H3.1 and H3.2 retained their characteristic ratio of approxi-
mately 1:2 (Waterborg 1990, 1993a). Apparently the alfalfa
cells did attempt to maintain higher acetylation levels, as de-
duced by a strong increase in acetylation labeling under
these conditions (Fig. 9F). Such a response was not ob-
served for H4 or H2B and acetylation turnover levels
(Figs. 9C and 9D) and patterns (Figs. 9G–9J) for these his-
tones returned to values observed in untreated cultures.

This experiment raised a number of questions that were
pursued in subsequent tests. (i) Is TSA subject to metabolic
inactivation or destruction in alfalfa cells so that effective
HDAC inhibitor levels would gradually drop over a period of
hours? One would expect that as steady-state acetylation lev-
els become static due to HDAC inhibition by TSA, acetate
incorporation should decrease to zero. This was not seen.
Acetate labeling between 1 and 6 h in TSA remained quanti-
tatively (Figs. 9A and 9B) and qualitatively (Fig. 9F) un-
changed even when the increase in acetylation levels ceased
(Figs. 9A, 9B, and 9E). Apparently, acetylation turnover per-
sists and this might mean that cellular HDAC activities were
incompletely inhibited. (ii) From the changes in acetate la-
beling for H4 (Fig. 9C) and H2B (Fig. 9D), one might de-
duce that inhibition of HDAC activities for these histones is
quite limited. In fact, when acetylation levels decreased by
half, acetate labeling changed only in pattern (Figs. 9H and
9J) but barely in level (Figs. 9C and 9D). Should one con-
clude that the spectrum of cellular HDAC activities for his-
tones H2B and H4 is less sensitive to TSA inhibition than
HDACs acting on histone H3? Differences in HDAC sensi-
tivity to inhibitors like TSA have been observed in yeast and
plants (Sanchez-del-Pino et al. 1994; Carmen et al. 1996,

1999; Lechner et al. 1996; Caretti et al. 1999). (iii) The
observation of hypoacetylation in histone H3 raised the
question whether cellular HDAC levels might have in-
creased during the long treatment with TSA, as was deduced
for human cells (DiRenzo et al. 2000), or whether HAT lev-
els might have dropped, as has been reported for human
cells (Covault et al. 1982) and maize (Lechner et al. 2000).

TSA is not stable in alfalfa cells
One can determine whether the effective concentration of

an inhibitor decreases over time by addition of fresh inhibi-
tor at different times during treatment. If the inhibitor is la-
bile, subject to metabolic conversion or destruction, adding a
fresh, equal aliquot should reestablish inhibition to a level
higher than that observed after a single dose but less than af-
ter a single dose of twice the concentration. One would ex-
pect that inhibitor inactivation would continue to occur at
the same rate. If cellular compensatory changes are induced
by an inhibitor like TSA by an increase in HDAC activity
(DiRenzo et al. 2000) and (or) a decrease in HAT activity
(Lechner et al. 2000), one might see less than the level of in-
hibition observed after a single dose and possibly a faster
loss of inhibition.

Hyperacetylation was induced in alfalfa cells by 100 ng
TSA/mL, and maximal acetylation of histones H3.1, H3.2,
H4, and H2B (Fig. 10) was observed in this experiment after
approximately 4 h, followed by a gradual loss of acetylation
resulting in 10–40% hypoacetylation by 30 h. After 4.2 h,
the time that maximal hyperacetylation was reached, addi-
tional TSA was added to a parallel culture, increasing the
nominal inhibitor concentration to 200 ng/mL. To a separate,
parallel culture, TSA was added after 14.5 h to the same fi-
nal concentration. All aliquots were labeled with acetate dur-
ing the terminal 10 min of the treatment to allow assessment
of residual rates of acetylation turnover. Histone steady-state
acetylation levels (Fig. 10, upper panels) were compared
with the specific radioactivity, standardized on the
acetylation level as for Fig. 7 (Fig. 10, lower panels).

Addition of a second dose of TSA, given at a time that
hyperacetylation was still high, increased hyperacetylation
for all histones, and a maximum in this secondary
acetylation was reached again after approximately 4 h
(Fig. 10, upper panels). This is as predicted if the effective
concentration of TSA is increased and if at least some net
acetylation or acetylation turnover took place. The persis-
tence of acetate incorporation, even if low (Fig. 10, lower
panels), is consistent with the changes in steady-state
acetylation observed. Although one might expect hyper-
acetylation to increase as much after the first aliquot of
TSA, the nature of the HDAC–HAT balance determining the
ultimate outcome does not necessarily result in a linear re-
sponse.

Addition of a second dose of TSA at a time when much of
the initial hyperacetylation had been lost allowed a more
quantitative analysis. With nearly normal acetylation levels
restored (Fig. 10, upper panels), addition of a new and equal
aliquot of TSA should result in hyperacetylation as rapid
and extensive as that observed after the initial addition of
TSA. Hyperacetylation clearly was induced again, support-
ing the notion that TSA had been inactivated or removed.
The time required to reach maximal hyperacetylation was,
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Fig. 11. Rate of hyperacetylation of alfalfa histone in TSA. The
time required to reach maximum hyperacetylation following a
single addition of TSA to 100 ng/mL or following a second ad-
dition of the same amount (Fig. 10) was determined for each in-
dividual level of acetylation of histones (A) H3.1 (up triangles)
and H3.2 (down triangles) and (B) H4 (squares) and H2B (dia-
monds) by peak-fitting algorithms (SigmaPlot). The error bars
give standard deviations for the three estimates. In Fig. 11A, the
horizontal lines with raised and lowered error bars give the aver-
age and standard deviation for all estimates of H3.1 (solid line)
and H3.2 (broken line), respectively. In Fig. 11B, the linear re-
gression lines for H4 (solid line) and H2B (broken line) were
calculated by SigmaPlot.
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within experimental limits, identical to the initial one. This
suggests that the rate of TSA inactivation had not changed.
However, the maximum of hyperacetylation the second time
was clearly and consistently lower (Fig. 10, upper panels).
This demonstrates that the cellular balance between residual
HDAC activity and HAT activity had shifted between 4 and
18 h after the initial TSA addition to be more dominated by
deacetylation reactions. Thus, over the subsequent 12 h in
TSA the balance continued to shift further towards HDAC
dominance and the rate of loss of hyperacetylation in-
creased. The limited number of data points collected and the
variations among data for different histones made it difficult
to quantify this. Indirectly measured as increased acetate in-
corporation into hypoacetylated histones by the end of the
experiment, the net level of cellular HDAC activity had
clearly exceeded initial levels (Fig. 10, lower panels). In
conclusion, addition of TSA to alfalfa cells results in histone
hyperacetylation, TSA inactivation, induction of HDAC ac-
tivities, and histone hypoacetylation.

Detailed analysis showed that the time required to reach
maximal hyperacetylation differed slightly among histone
species (Fig. 10) as did the acetylation level in some his-
tones. Hyperacetylation rates were independent of the
acetylation level in histones H3.1 and H3.2 (Fig. 11A). It ap-
pears that TSA-induced hyperacetylation of histone H3.2
was somewhat faster than for histone H3.1. A similar differ-
ence was observed for the acetylation turnover rate in the ab-
sence of TSA (Table 1). Significant differences in the rate of
TSA-induced hyperacetylation were observed for the distinct
acetylated forms of histone H4 and H2B (Fig. 11B). TSA in-
hibition of deacetylation lead to a rapid accumulation of
multiacetylated forms of histone H4 and H2B and the accu-
mulation rate for the less acetylated forms was much lower.
This type of difference has been observed before in the ab-
sence of TSA for acetylation turnover rates of histones H4
and H2B in Chlamydomonas (Waterborg 1998) and in yeast
(Waterborg 2001). The significant differences among
hyperacetylation rates in TSA (Fig. 11B) suggested that dif-
ferences in the rates of acetylation turnover in the absence of
TSA might exist among acetylation levels of H4 and H2B,
but attempts to prove this failed due to experimental limits
(see above).

Inhibition of histone acetylation turnover by TSA
The apparent degree of inhibition of HDAC activity in

vivo shown in Fig. 9, as measured by acetate labeling during
the terminal 10 min of TSA treatment, is not a valid, quanti-
tative measure. Over time, the amount of acetylated lysines
and thus the amount of substrate for HDAC action increases
(Fig. 9). A standard TSA treatment time of 2 h was chosen
to measure more accurately the degree of HDAC inhibition
in vivo. After 2 h in TSA, four to six half-lives of
acetylation turnover (Table 1), hyperacetylation had been es-
tablished but had yet to reach steady-state levels (Fig. 11).
Residual HDAC activity was measured by acetate incorpora-
tion during the last 10 min of TSA treatment. The specific
activity of label was plotted in a way to correct for the exist-
ing level of histone acetylation, i.e., the concentration of
substrate for HDAC action. Complete inhibition was ob-
served for HDAC activities acting on histones H3.1, H3.2,
and H4 whereas inhibition of HDACs acting on histone H2B

was maximally 60% and insensitive to increasing
concentrations of TSA (Fig. 7). This result is consistent with
the limited reduction in acetate labeling when hyper-
acetylation has become established (Fig. 9D). However,
these results do not prove that HDACs acting on histone
H2B would display the same pattern of inhibition by TSA in
vitro. The constant pattern of mono- through hexaacetylation
labeling of histone H2B (Fig. 9J, lanes C–L) could represent
HAT acetylation with little or no deacetylation by HDAC
activities. The results shown in Fig. 10 give support to this
notion. When acetate label incorporation is plotted in the
same way as in Fig. 7 (Fig. 10, lower panels), residual
acetylation levels were 5% for histones H3 (Figs. 10A and
10B), 10% for H4 (Fig. 10C), and 15% for H2B (Fig. 10D).
These values were measured under the steady-state condi-
tions of stable hyperacetylation. In contrast, measurements
reported in Fig. 7D were obtained after 2 h in TSA when
acetylation levels are still rising (Figs. 9 and 10). Thus, it is
likely that HDAC activity toward histone H2B is inhibited
by TSA nearly as well as for the other histones. The residual
40% acetylation rate at high TSA concentrations in this ex-
periment (Fig. 7D) represents HAT-dependent net
acetylation and does not reflect HDAC-dependent acetyl-
ation turnover.

Discussion

Histone acetylation turnover
This paper presents the first estimates of the rates of

histone acetylation and deacetylation for a plant species.
Three different experimental approaches were used to mea-
sure the turnover of acetyl groups on the lysines located in
the amino termini of alfalfa core histones. In the first method,
a pulse-label protocol, the pattern of posttranslational label in-
corporation reveals the rapid exhaustion of the label in the
cell pool (Fig. 2) with deacetylation rates of 30–45 min (Ta-
ble 1). These represent upper limit values, as the intra-
cellular production of unlabeled acetyl-CoA would decrease
the specific radioactivity of the pool only gradually. The
pulse-chase experiments (Fig. 3) attempted to create a more
effective chase by addition of a 100-fold excess of unlabeled
acetate. One cannot chase directly with unlabeled acetyl-
CoA because it cannot enter through the cell membrane. The
deacetylation rates, i.e., acetylation turnover rates given a
stable acetylation level of histones, were the same as in the
non-steady-state pulse-label protocol (Table 1). Thus, entry
of added acetate into the acetyl-CoA pool appears to be rate
limiting.

A third experimental design, labeling to steady state, was
used to assess the validity of the prior, maximum rates of
acetylation turnover. Preloading of alfalfa cells with 200 µM
acetate, prior to the addition of label, only transiently
achieved steady-state conditions (Fig. 4). Within the accu-
racy of specific radioactivity of histones in HPLC fractions
and AUT gels, a mathematically valid steady-state condition
was reached (Fig. 5). Under conditions of stable histone
acetylation levels (Fig. 4B), the experimental rates of
acetylation are measures of acetylation turnover (Table 1). In
view of the quasi-steady-state condition reached, the half-
life values of 17–23 min (Table 1) must be considered mini-
mum estimates. Averaging of maximum pulse and pulse-
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chase values with minimum steady-state rates, with a clear
indication of data accuracy, produces the best current esti-
mate for histone acetylation turnover in plants (Table 1).

It is likely that the rate of turnover in replacement histone
variant H3.2, more highly acetylated through its preferential
assembly into transcriptionally active chromatin (Waterborg
1993a), is faster than in replication variant H3.1 (Table 1).
In every experimental design, the half-life for acetylation
turnover in H3.2 was, on average, 72 ± 4% of that measured
for histone H3.1 (Table 1). The time to maximal
hyperacetylation for histone H3.2 was less than that for H3.1
(Fig. 11). However, in no experiment was the difference sta-
tistically significant. Taking into account the relative abun-
dance of the two variant forms, the average acetylation
turnover rate for histone H3 was in every experiment very
close to the estimates obtained for histones H4 and H2B.
Thus, in general, histone acetylation turnover rates vary lit-
tle, if at all, among core histone variants in alfalfa and have
a half-life of about 0.5 h.

Histone hyperacetylation occurs when deacetylation rates
are reduced by HDAC inhibition by inhibitors like TSA,
while acetylation by HAT enzymes continues, until a new
equilibrium has been reached. Effective inhibition of
HDACs in alfalfa was established by 100 ng TSA/mL
(Fig. 7). The rate of hyperacetylation is a combination of
rate of acetylation and residual rate of deacetylation. Similar
to the best estimates for acetylation turnover (Table 1), the
hyperacetylation half-life was also about 0.5 h (Figs. 9 and
10). Thus, inducing artificially high levels of histone
acetylation does not appear to change the kinetics of
acetylation turnover. The rate at which changes in gene ex-
pression occur in plants is consistent with the dynamics of
histone acetylation reported. Genes may be activated through
external stimuli over a period of minutes to hours, and,
based on experiments in yeast (Kuo et al. 1998), this re-
quires in many cases increased histone acetylation at gene
promoters and across activated gene sequences
(Wittschieben et al. 1999; Brown et al. 2000). Also, it is now
well established that gene silencing can be induced through
DNA methylation, association with HDACs, and loss of
chromatin acetylation (Wade et al. 1998), again a process
that takes many minutes or hours. Thus the rates of
acetylation turnover measured in alfalfa are consistent with
the rates at which genes in plants are activated or silenced
through modulation of chromatin acetylation.

Histone acetylation in H4 and H2B fundamentally
differs from acetylation in H3

Study of the dynamics of histone acetylation in
Chlamydomonas (Waterborg 1998) and yeast (Waterborg
2001) has shown that acetylation of histone H3 is different
from acetylation of histones H4 and H2B. Experiments de-
scribed here support these differences and suggest that they
represent fundamentally different patterns.

The rate of histone acetylation turnover of histone H3 is
the same for each level of acetylation. This was observed for
both H3 variants in alfalfa (Figs. 1 and 3) and for histone H3
in Chlamydomonas (Waterborg 1998) and yeast (Waterborg
2001). Similarly, the rate of hyperacetylation of H3 was not
dependent on the level of acetylation in alfalfa (Fig. 11) and
Chlamydomonas (Waterborg 1998). The specific radioactiv-

ity values reached by each level of acetylation in histone H3
at steady state (Fig. 6) suggests that virtually every histone
H3 molecule is a substrate for both enzymes. The same con-
clusion was reached for yeast (Waterborg 2001) and
Chlamydomonas for every histone H3 molecule that could
be hyperacetylated by TSA (Waterborg 1998). Apparently,
HDAC and HAT enzymes act on lysines within the amino
terminus of histone H3 irrespective of the state of
acetylation of any of the other lysines. This is consistent
with prior observations in alfalfa (Waterborg 1990) and
Chlamydomonas (Waterborg et al. 1995) that histone
acetylation of histone H3 lacks site specificity. However,
this does not exclude the possibility that other modifications
within the amino terminus of histone H3 affect acetylation.
The interdependence of acetylation of lysine 14 and
phosphorylation of serine 10 has been demonstrated in ani-
mal cells (Barratt et al. 1994; Cheung et al. 2000; Clayton et
al. 2000; Lo et al. 2000). Irreversible methylation of lysines
4, 9, and 27 in histone H3 of alfalfa (Waterborg 1990,
1993b) and Chlamydomonas (Waterborg et al. 1995) clearly
limits acetylation, and lysine methylation of histone H3 in
Chlamydomonas limited TSA-induced hyperacetylation to
pentaacetylation (Waterborg 1998). In the past, we have de-
scribed that acetylation of both histone H3 variants was lim-
ited by lysine methylation (Waterborg 1990). This study
clearly illustrates this limit again in the pattern of
hyperacetylation of both histone H3 variants. Triacetylated
forms accumulate as the most abundant form (Figs. 8 and
9E) and as the form most intensely labeled by acetate
(Fig. 9F).

The differences between histone H4 or H2B with histone
H3 are most clearly demonstrated by the pattern of TSA-
induced hyperacetylation (Fig. 8). Hyperacetylation of both
histones is limited to a subset of molecules that are very rap-
idly labeled to penta- or hexaacetylated levels by acetate
(Figs. 9G and 9I). Based on the acetylation patterns, the
fraction of molecules hyperacetylated in TSA is the same as
the molecules that are rapidly pulse labeled by acetate in the
absence of TSA (Fig. 1). Analysis of maximal levels of spe-
cific radioactivity attained upon steady-state labeling con-
firms that fast acetylation turnover is limited to a subset of
histone H4 (Fig. 6C) and H2B molecules (Fig. 6D). A simi-
lar conclusion was reached for Chlamydomonas (Waterborg
1998) and yeast (Waterborg 2001).

The preferential loss of acetylation labeling of
multiacetylated forms of histones H4 and H2B during a
chase period (Fig. 1), quantifiable as a decrease in radioac-
tive acetylation level (Figs. 3C and 3D), and during the latter
stages of labeling experiments (Fig. 4C, lanes I–P) suggests
a higher rate of turnover for acetyl groups in multiacetylated
molecules. This has been demonstrated in Chlamydomonas
(Waterborg 1998) and yeast (Waterborg 2001). We failed to
detect rate differences for acetylation turnover in alfalfa.
However, indirect evidence was obtained in experiments
with TSA that higher rates of acetylation exist in
multiacetylated H4 and H2B, and the rate to maximal
hyperacetylation clearly reveals differences in acetylation
levels that do not exist in histone H3 (Fig. 11).

The differences deduced between acetylation of H3 his-
tones with acetylation of histones H4 and H2B may reflect a
fundamentally distinct role, based on the differences of lo-
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calization of the histones within the nucleosomes (Luger et
al. 1997). The amino termini of histone H3 appear to be
functionally involved in the compaction of the chromatin fi-
ber, assisting or cooperating with linker histones (Leuba et
al. 1998a, 1998b). In contrast, the other amino termini are
more likely involved in internucleosome binding based on
chromatin fiber changes upon proteolysis or
hyperacetylation (Allan et al. 1982; Garcia-Ramirez et al.
1995; Carruthers and Hansen 2000), which may be reflected
in the binding of H4 termini across nucleosomes within
crystals (Luger et al. 1997).

Effects of TSA in vivo
TSA is apparently an effective inhibitor of cellular

HDACs in alfalfa as judged by the concentration-dependent
decrease in acetate labeling during the terminal 10 min of a
2-h treatment (Fig. 7). The initial impression that inhibition
of HDACs acting on histone H2B might be less than com-
plete (Fig. 7D) was proven false when terminal acetate label-
ing was corrected for existing acetylation levels and was
measured at constant acetylation levels (Fig. 10D). Thus, the
apparent limit of 60% inhibition of H2B acetylation
(Fig. 7D) was only seen when hyperacetylation levels con-
tinued to increase and acetate labeling marked net
acetylation rather than HDAC-dependent acetylation turn-
over. Overall, inhibition of HDAC activities in alfalfa by
TSA was at least 85% for all histones (Figs. 7 and 10), and
no indication was found that in alfalfa, HDAC activities
might exist that are insensitive to inhibition by TSA, as ob-
served for yeast and maize (Sanchez-del-Pino et al. 1994;
Carmen et al. 1996, 1999; Lechner et al. 1996; Caretti et al.
1999).

TSA addition experiments demonstrated that the effective
level of HDAC inhibitor decreased over time (Fig. 10), but
whether this is due to metabolic destruction or through re-
moval by another process is unknown. In the past, we have
demonstrated that n-butyrate, another commonly used inhib-
itor of HDACs, cannot be used in alfalfa to induce
hyperacetylation because it is readily metabolized through
acetyl-CoA (Waterborg et al. 1990). Transient
hyperacetylation has been described before in human tissue
culture (Siavoshian et al. 2000). Inhibition of cell prolifera-
tion by TSA in pea root meristems, measured by changes in
the mitotic index, disappears within 12 h (Murphy et al.
2000). We have observed that TSA addition to alfalfa cells
in culture causes a lag in the increase of cell mass that lasts
for a number of hours and that cell proliferation ultimately
resumes.

Histone hypoacetylation has been described for mamma-
lian cells in culture when n-butyrate was removed from the
culture medium (Covault et al. 1982). This result was attrib-
uted to down-regulation of cellular HAT activity based on
the observation that deacetylation rates under hypo-
acetylation conditions were the same as in untreated culture,
while acetylation rates had decreased. In maize, down-
regulation of HAT activity has been observed (Lechner et al.
2000). However, the HAT was identified as cytoplasmic
HAT B, responsible for diacetylation of newly synthesized
histone H4. Its down-regulation following treatment of
maize with HC toxin, a natural fungal HDAC inhibitor,
could be related to the interruption of cell proliferation and

cessation of histone synthesis. Our observations in alfalfa
suggest that TSA induces overexpression of HDAC without
a detectable effect on HAT levels. Addition of a second
aliquot of TSA by the time that hyperacetylation has de-
creased to near normal levels leads to renewed
hyperacetylation at the net rate of acetylation that was ob-
served after the initial addition of TSA (Fig. 10). However,
the maximal level of hyperacetylation induced upon
readdition is lower, indicative of an increase in HDAC activ-
ity relative to HAT levels over the 14 h between the first and
second maxima of hyperacetylation (Fig. 10). The increased
level of cellular HDAC activity is responsible for the drop in
steady-state acetylation levels into hypoacetylation, ob-
served consistently but with varying magnitudes after addi-
tion of a single or double dose of TSA (Figs. 9 and 10).
Apparently the cells try to maintain histone acetylation lev-
els within boundaries that are exceeded during TSA treat-
ment. It can respond by increasing HDAC levels, as seen in
human cells in the induction of HDAC-1 overexpression
(DiRenzo et al. 2000). Thus the use of TSA in long-term ex-
periments with the aim to change gene expression directly
through histone acetylation or indirectly through changes in
DNA methylation (Selker 1998) may lead to unexpected and
unintended consequences.
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