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Histone synthesis in alfalfa tissue culture cells  was 
studied by labeling with tritiated lysine, purification 
of histone proteins by reversed-phase high pressure 
liquid chromatography, and fluorography of acidlureat 
Triton X-100 polyacrylamide gels. Minor histone var- 
iant H3.2 was synthesized twice  as fast as major var- 
iant H3.1. The predicted difference in histone H3 var- 
iant turnover was examined during continued growth. 
More  than 50% of newly synthesized histone H3.2 and 
20% of new  H3.1  were lost from chromatin over a 
period of 100 h. This produced a ratio between the 
stable remaining portions of each new histone H3 var- 
iant protein identical to that of the steady-state histone 
H3 variants. The labile portion of new histone H3.2 
(half-life of 20 h)  was rapidly lost specifically from 
transcriptionally active chromatin as judged  by the 
acetylation level of nearly 1.5 acetylated lysines/his- 
tone molecule, a level 50% higher than the acetylation 
in histone H3.2 overall and three times that of histone 
H3.1. These results and the constitutive level of H3.2 
gene expression identify histone H3.2 of alfalfa as a 
functional replacement histone variant. The extent of 
its preferential assembly into active chromatin nucleo- 
somes and the rapid rate of its subsequent loss indicate 
significant dissolution of plant nucleosomes during 
gene transcription. 

Histone genes represent  the  archetypical example of genes 
expressed during a limited  phase of the cell cycle with  histone 
protein  synthesis coordinately dependent  on  DNA replication 
(1). In  contrast, some histone genes are expressed in a con- 
stitutive or tissue-specific manner, even in  nonproliferating 
cells (2, 3). A  major function of these  latter  histone genes 
appears to  be  repair of chromatin  structure  through  the  as- 
sembly into nucleosomes on DNA sequences that  have  re- 
duced  nucleosomal densities  as a result of losses incurred 
during gene transcription (3-6). Over time  and  in  the absence 
of DNA  replication  they replace prior  existing nucleosomes 
within  the  chromatin  structure.  This  has given this  type of 
constitutively expressed histone  variant  the  functional  name 
of replacement histone.  Histone  variant H3.3 in  mammals 
and  birds  represents  the  most well studied  example of such a 
replacement  histone (2-4). Its  primary  protein sequence is 
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highly conserved,  only  slightly different from that of replica- 
tion-dependent  H3  histones,  and  it  is produced continuously 
from poly(A)+  mRNA (2-4, 7). 

Recently  a minor  histone  H3 gene in alfalfa has been 
recognized as  the  first  histone  H3 gene in  plants with an 
apparent  constitutive  pattern of expression (8, 9). I t  exists in 
approximately four gene copies/genome,’ which  produce one 
third of the  steady-state  histone  H3  protein  in a variant form 
named H3.2 (10). The  other  two-thirds  is produced by some 
40 genes (11) in a replication-dependent  pattern of expression 
(9).  This major histone  variant, H3.1, differs  from the H3.2 
form in only  4  residues (8, 12). Both gene classes appear  to 
be  transcribed  into  poly(A)+  mRNA  transcripts in all  plants 
(8,9,13-15). Considering the relative time required to  traverse 
the S phase  and  the  other  phases of the alfalfa cell cycle, the 
discrepancy  between the  number of histone H3  variant genes 
and  amounts of steady-state  protein suggests the presence of 
additional levels of regulation that may  include  differences in 
gene transcription  rates,  stability of mRNAs, efficiency of 
translation,  and  turnover of protein. 

A protein  identical  to  histone H3.2 of alfalfa has also  been 
found  in  all mono- and dicotyledonous plants analyzed (15- 
17). The  nonmeristematic expression of the  histone H3.2 of 
Arubidopsis thulium (15) supports  the idea that  this  protein 
will be found to  be  constitutively expressed in  all  plants. To 
stress  the  similarities  in  pattern of expression and  primary 
protein sequence  with the  constitutively expressed  class of 
animal  histone H3.3 replacement  variants,  it  has been  called 
histone H3.3-like (15) or histone H3.111 (16).  This  paper 
presents  experiments  that show that  histone H3.2 of alfalfa 
is also  functionally equivalent  to  the class of replacement 
H3.3 histones in animal cells. 

Replacement  histone H3.3 in chicken has been found to be 
enriched  and more highly acetylated in transcriptionally  ac- 
tive chromatin of nonproliferating cells (18) apparently  as a 
result of preferential assembly of replacement nucleosomes 
into  transcribed  chromatin (19). The high level of histone 
acetylation  is caused by its  presence in a dynamically highly 
acetylated  chromatin  environment, a condition  that  appears 
to be required  for gene transcription (20-22). This  preferential 
localization  implies that  the newly assembled replacement 
nucleosomes  also become subject to  the increased rate of 
nucleosome dissolution  typical for transcribed  chromatin  (5, 
6, 23, 24). It  predicts  (i)  that  the  rate of replacement histone 
turnover  is higher than  that of the  replication-dependent 
histone  variant,  and  (ii)  that  the  fraction of replacement 
histone subject to this increased rate of turnover will be more 
highly acetylated, a reflection of the  chromatin  environment 
from  which it is lost. 

The  current  study of alfalfa histone  H3  variant  synthesis 
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was initiated  to  test  both  predictions.  The  observation  that 
more than 50% of newly synthesized  histone H3.2, character- 
ized by a very high level of acetylation, was  rapidly lost from 
chromatin,  supports  the  identification of histone H3.2 of 
alfalfa  as a functional  replacement  histone.  The observed 
magnitude of turnover of alfalfa H3.2 with a  very short  half- 
life of less than 1 day suggests that nucleosome  dissolution 
during  transcription  in  this  plant  chromatin occurs much 
more  readily than  in  transcribed  chromatin of animal cells. 

MATERIALS  AND  METHODS 

Alfalfa (Medicago uaria). cv Rambler suspension cultures named 
A2 (25) were labeled with 2.25  mCi  of ~-[4,5-~H]lysine (86 Ci/mmol, 
Du Pont-New England Nuclear)/l40-ml culture at a density of 30% 
for 2 h during log phase growth at 25 "C. Cells were collected by 
centrifugation for 4 min at 800 X g, washed once  with  160 ml  of fresh 
medium, and diluted into 300  ml  of fresh MS medium (Sigma). One 
aliquot of  25  ml  was taken immediately, and cells (1.6-ml cell pellet) 
were collected by centrifugation at 800 X g and stored at -20 "C. 
Subsequent samples were taken between 3 and 334 h. These were 
equivalent to  the initial sample and contained  a fraction of 25/300 of 
the pulse-labeled cells. The actual  amount of cells in these samples 
increased from the initial value (1.6-ml cell pellet) over the course of 
the experiment because of continued cell proliferation to a 58-ml cell 
pellet (see Fig. 3). Fresh medium  was added to maintain  a cell density 
of less than 20% to assure continued growth. Histones were extracted 
from  whole cells, and histone H3 variants were purified and separated 
by reversed-phase HPLC2 on a Zorbax Protein-Plus column devel- 
oped at 1 ml/min with a gradient from 20 or 30 to 60% acetonitrile 
in water with 0.1% trifluoroacetic acid as described before (12, 25). 
Elution of histones was monitored and  quantitated by absorbance at 
214 nm and by liquid scintillation counting. Histone identity was 
confirmed by acid/urea/Triton X-100 (AUT) gel electrophoresis and 
fluorography as described before (26). Fractions with histone variants 
H3.1 and H3.2  were pooled, as were fractions with histone H2B and 
fractions containing  both histone H4 and H2A. These pools  were 
adjusted to 2 mM 2-mercaptoethanol and lyophilized until dry, prior 
to AUT-gel electrophoresis, Coomassie staining,  quantitative fluorog- 
raphy and densitometry, as described (12). 

RESULTS 

Histone  synthesis  can be measured by incorporation of 
radioactive  lysine into newly synthesized  protein  and  deter- 
mination of the specific  radioactivity of each purified histone 
species, taking  into  account differences  in  lysine content. 
Alfalfa histones were prepared from a suspension  culture of 
A2 cells incubated for 2 h  with tritiated lysine and  fractionated 
by reversed-phase  HPLC as described before (26) (Fig. 1A). 
Label incorporation was  measured  by  liquid scintillation 
counting of the  HPLC  eluent (Fig. 1B)  and by fluorography 
of pooled histone  fractions  fractionated by AUT-gel electro- 
phoresis  (results  not  shown). The highest specific radioactiv- 
ities were observed in  the  three highly lysine-rich  histone H1 
forms of alfalfa  (10)  which nearly coelute during reversed- 
phase  HPLC (26) and  in lysine-rich histone H2B. Histone 
H4, an  arginine-rich core histone with  a  relatively low content 
of lysine (25 ) ,  was labeled to  the lowest specific radioactivity 
of all  histones.  Remarkably,  the two histone H3  variants of 
alfalfa  which are  identical in  lysine content  and nearly iden- 
tical  in primary  protein sequence  (12)  differed from each 
other in specific labeling by a factor of 1.8 (Fig. 1B). This 
shows that  the lower abundance  variant H3.2 is  synthesized 
a t  a rate  almost twice that of the high abundance H3.1 form 
and implies that  the  rate of turnover of at  least a fraction of 
newly synthesized  histone H3.2 must be higher than  the 
turnover of new variant  H3.1  protein. 

Turnover of histones is very slow with half-lives in whole 

2The abbreviations used are: HPLC, high pressure liquid chro- 
matography; AUT, acid/urea/Triton X-100. 
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FIG. 1. Fractionation of ['Hllysine pulse-labeled  alfalfa  his- 
tones. Panel A ,  absorbance elution profile during reversed-phase 
HPLC chromatography of histones extracted from a 0.75-ml  cell 
pellet of alfalfa A2 cells, labeled in 15 ml  of medium for 2  h with 0.08 
mCi  of tritiated lysine. Panel B,  pattern of incorporated radioactivity 
determined by liquid scintillation counting of 0.1 ml  of the 1-ml 
fractions. The rest of each fraction was  used for AUT-gel electropho- 
resis and fluorography to confirm the identity of the marked labeled 
histone forms as described before  (10,  12). 

animals  ranging from  100 to more than 300 days  and  has been 
difficult to  quantitate because of significant rates of cell death 
and DNA turnover (for  discussion, see Ref. 2). The  approach 
to label histones  in  proliferating cells in  culture  and  to follow 
the decay of histone-specific  radioactivity after  induction of 
terminal cell differentiation  and cessation of cell proliferation 
and  histone  synthesis  has been flawed by the  continued  syn- 
thesis of replication-independent  histone  variants  (2,27, 28). 
Under  these  experimental  conditions core histone half-lives 
range from 14 to 140 days with slower turnover for the  central 
core histones H3  and  H4, which are less likely to be exchanged 
(29),  and  significant differences  in turnover  rates of replica- 
tion-dependent  and  -independent  histone  variants (27). In 
this  study we chose to follow the decrease  in  histone-specific 
radioactivity under  conditions of continued growth. This  ap- 
proach avoids the flaws of these  earlier  experiments. However, 
the  time period during which specific radioactivities can be 
measured experimentally is limited and  determined strongly 
by the  initial specific radioactivities attainable. 

Alfalfa A2 suspension  cultures were incubated for 2 h  with 
a very high amount of tritiated lysine, and equivalent  aliquots 
of cells were taken immediately after pulse  labeling and  after 
periods ranging from  3  h up  to 334 h (15 days). Histones were 
prepared,  fractionated by reversed-phase HPLC,  and  the  spe- 
cific radioactivity of histone H3.1 and H3.2 variants was 
determined  as  the  ratio of radioactivity (Fig. 2B)  and  absorb- 
ance at  214 nm (Fig. 2 A ) .  As seen before, minor  histone 
variant H3.2 was labeled almost twice as much as H3.1  (Fig. 
2B).  Samples  obtained  during  continued growth  clearly 
showed a drop  in histone-specific  radioactivity. Example  ra- 
dioactivity elution profiles  for  equal amounts of histone  pro- 
tein (Fig. 2 A )  are shown for samples  taken  after  13 h (Fig. 
ZC), 71 h  (Fig. 2 0 ) ,  and 238 h (Fig. 2E) of continued growth 
in  the absence of radioactive  lysine.  A  decrease in  the specific 
radioactivity of both  histone  variants  is obvious with a clearly 
sharper  drop for histone H3.2 than for H3.1  protein.  When 
these  measurements were corrected for the  amount of cells 
obtained from equivalent  aliquots of pulse-labeled cells (Fig. 
3), assuming  that  increases  in cell mass  equal increases  in 
histone  protein, a  measure  for the specific activity of labeling 
is  obtained  that  is corrected  for continued  histone  protein 
synthesis (Fig. 44). 

The specific radioactivity of histone H3.2 decreased over a 
period of 100  h  from approximately 200 to  80  (arbitrary  units) 
to a level of  42.6 k 3.8% ( n  = 5 ) ,  whereas the label in histone 
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FIG. 2. Fractionation of histone H3  variant proteins of al- 
falfa. Absorbance elution  profile  during  reversed-phase  HPLC  chro- 
matography of histones  extracted  from a 1.4-ml  cell  pellet of A2 cells 
(panel A )  and of similar  amounts of histone  labeled in  vivo with 
tritiated lysine  (see  "Materials  and  Methods") after 0 (panel B ) ,  13 
(panel C), 71 (panel D ) ,  or  238 h (panel E )  of continued growth. 
Histone variant H3.1 elutes  prior  to  histone H3.2 at approximately 
51-53% acetonitrile  in the solvent. The radioactivity in cpm/0.5-ml 
fraction is  given. 
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FIG. 3. Growth curve of alfalfa A2 suspension culture. In- 
crease  in  cell mass collected by centrifugation from  equivalent initial 
aliquots of lysine-labeled A2 suspension  cell  cultures  during  15  days 
of continued  near-logarithmic growth from 25 to 900 ml of culture 
medium  is  shown. 

H3.1 dropped approximately 20% to 78.5 f 3.8% (n = 5). The 
rate of loss of label appeared equivalent. The residual label in 
both  histones  did  not  change significantly over the  next 10 
days of continued logarithmic  growth in  suspension  culture 
(Fig. 4A) or over a  period of 1 month of slower growth as 
callus cultures  on  agar  (results  not  shown).  This showed that 
the residual fraction of both  histone  variants  is  stable  with 
turnover  rates  that  cannot be estimated  within  the  time  frame 
of the  experimental protocol. 

The combination of a  high rate of histone  synthesis of 
variant H3.2 and a more extensive  turnover  than H3.1 appar- 
ently produces the observed steady-state  distribution of his- 
tone H3 variant  protein  with 57.7 f 2.2% (n = 8) of histone 
H3 protein  in major variant H3.1 protein.  Measurement of 
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FIG. 4. Turnover of newly synthesized histone H3 protein. 
Panel A ,  the specific  radioactivity (Label  Sp.  Act. ) of histone  variants 
H3.1 and H3.2  synthesized  in the presence of tritiated lysine was 
determined  from  radioactivity (cpm) and  amount of protein (214 nm 
absorbance) measured during  reversed-phase  chromatography  (Fig. 
2) and  adjusted  for the increase in cell mass (Fig.  3). Standard 
deviation errors of this calculation for samples  between 100 and 350 
h for histone  H3.1 (circles  on continuous line) and H3.2 (triangles  on 
broken line) are shown. The relative  loss of lysine  label  from each 
variant  is shown on the right. Panel B, the relative  distribution of 
label  between  H3.1 and H3.2  is presented as the percentage of label 
(diamonds with standard deviation bars) present  in  histone H3.1.  For 
comparison a l ine (with  error  limits as broken lines) is  shown for the 
percentage of variant H3.1 that is part of total histone  H3 protein. 

the  fraction of label incorporated  into newly synthesized H3.1 
protein revealed that over the period of 100 h of growth with 
measurable  histone H3 turnover  the  fraction of labeled H3.1 
increases from 35% to become identical  to  the  fraction of 
steady-state H3.1 protein (Fig. 4B). 

Quantitative  densitometry of Coomassie-stained AUT gels 
with pooled histone H3 variant  preparations (Fig. 5A) con- 
firmed the high level of steady-state  histone  acetylation of 
variant H3.2 (10,  12,  17, 26) measured  in  this  study  as 1.02 k 
0.04 (n = 4). The  acetylation level for variant H3.1,  0.56 f 
0.04 (n = 4), is much lower (Fig. 6B). When new histone H3 
was analyzed  in  the  same way by fluorography, the  acetylation 
patterns for new and  preexisting  histone H3.1 were similar 
(Fig. 5). However, the level of acetylation of new H3.2 was 
dramatically higher  with prominent  amounts of mono-,  di-, 
and  triacetylated  forms (Fig. 5B) and 1.18 f 0.03 acetylated 
lysine  residues/newly synthesized H3.2 (Fig. 6B). During 
continued growth this level rapidly dropped  to below that of 
steady-state H3.2 (Fig. 5E) to 0.85 f 0.03 (n = 5) acetylated 
lysines/remaining new but  stable H3.2 (Fig. 6B). The  shift  in 
the relative amounts of acetylated  forms of new histone H3.2 
during  this period is presented  in Fig. 6A, with the  steady- 
state  distributions for both  histone  variants  presented  on  the 
right. Over the  same period that  histone  acetylation  in new 
H3.2 changed, new H3.1 remained  on average at  the  same 
level of acetylation  as preexisting H3.2 protein (Fig. 6B).  

Data  scatter  in histone-specific  radioactivity measurements 
for new histones H3.1 and H3.2 (Fig. 4A) appears  to be caused 
by inherent inaccuracy in  determinations of the  amounts of 
individual histone H3 variants (Fig. 2 A )  and  the radioactivity 
associated with them (Fig. 2, B-E). The  error level decreased 
significantly  when calculations depended on radioactivity 
measurements  alone  with  the accuracy of liquid scintillation 
counting  as  primary source of error (Fig. 4B). When  the 
amount of labeled histone H3.2 was standardized  on  the label 
in  histone H3.1 (Fig. 7A) without correction  for the  small  but 
detectable loss of new histone H3.1 (Fig. 4A), a new measure 
for  histone H3.2 turnover was obtained.  The  fact  that  the 
fraction of stable new histone H3.2,  43 f 4% (n = 5) (Fig. 
7A on  the right), was identical to  that  obtained  directly (Fig. 
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FIG. 5. Acetylation of histone H3 variants. Histone H3 var- 
iant  proteins, pulse-labeled in  vivo and purified by HPLC, were 
lyophilized and  electrophoresed  on  AUT gels (top and bottom are 
indicated). The  pattern of Coomassie-stained  histone H3 (Stain) 
(panel A )  and  associated  radioactivity (Label) in properly  exposed 
fluorographs (panels B-E) were measured by densitometry  and  quan- 
titated by determining overlapping patterns of Gaussian curves  for 
each  band.  Examples  are shown  for the  radioactivity  patterns of 
histone H3  after 0 (panel B ) ,  7 (panel C ) ,  45 (panel D), and 238 h 
(panel E )  of continued growth. The level of non-  through  triacetyla- 
tion for both  histone  variants  is  indicated. The overlap  between 
highly acetylated forms of histone H3.2 and low acetylated  forms of 
histone  H3.1  prevents  calculation of the  absolute levels of acetylation 
for each  variant  (12). 

4A) appears  to  validate  this  method which allowed determi- 
nation of an  apparent half-life of approximately 20 h  for the 
labile fraction of new H3.2 (Fig. 7A, inset). 

This  approach was also applied to  estimate  the  turnover of 
newly synthesized  histones  H2B, H2A, and  H4 for which the 
amount of protein could not be determined from  reversed- 
phase  HPLC  elution profiles  (Fig. 1A ) preventing calculation 
of histone-specific  radioactivities.  Approximately 75% of new 
histone  H2B was lost over a  period of 15  days with a  half-life 
of 2 days (Fig. 7B),  but  the  remaining new histone  H2B was 
not necessarily stable.  Significant  changes  in  the level of 
acetylation of newly synthesized major histone  variant H2B.1 
were not observed  when analyzed by AUT-gel  fluorography 
(results  not  shown).  Determination of the  contribution of new 
histone  H4  and new H2A to  the  pattern of loss of label  from 
the  HPLC  fractions  containing  both  histones (Fig. 7C) also 
required  AUT-gel analysis  and fluorography. The broken line 
in Fig. 7C shows the  contribution of lysine-rich histone H2A 
with  a  half-life estimated  at 30 h  (Fig. 7C, inset). Over the 
course of the  experiment, loss of new H2A histone,  primarily 
major  H2A.3 and  minor H2A.1 (lo),  was  like that of new 
histone H2B. The  amount of label in new histone  H4, relative 
to  histone H3.1, may  have increased slightly during  the  first 
few days of continued growth  (Fig. 7C).  This suggests that 
newly synthesized  histone  H4  is a t  least  as  stable as histone 
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FIG. 6. Quantitative analysis of histone H3  variant acety- 
lation. Panel A ,  quantitative  densitometry of AUT-gel  fluorographs 
gave the  cumulative relative distribution for nonacetylated (Ac = 0; 
circles), monoacetylated (Ac = I ;  triangles), diacetylated (Ac = 2; 
squares), and  triacetylated (Ac = 3 )  newly synthesized histone H3.2 
after lysine  labeling and  during  continued growth. Standard deviation 
errors of the  measurement  are shown  for  all  symbols or fall within 
the size of the symbol. For comparison  the cumulative  relative distri- 
bution for steady-state  acetylation of histone  variant H3.2 obtained 
by densitometry of Coomassie-stained AUT gels is shown by open 
symbols on  the right figure axis  and for variant  H3.1  to  the right of 
the figure. Panel B, the value of acetylated lysine residues/histone 
H3 molecule (Ac/H3)  was calculated  from these  densitometry  anal- 
yses  for new histone H3.1 (circles) and H3.2 (triangles) and for steady- 
state  histone  H3.1 (line with  standard deviation limits shown  by two 
broken  lines) and H3.2 (broken line with  standard deviation limits 
shown  by  two dotted  lines). The  data  represented by open  symbols 
were excluded  from further  data analysis. 

H3.1 protein  and may indeed be completely stable. AUT-gel 
fluorography did  not reveal changes in  the  steady-state level 
of acetylation of new histone  H4  (results  not  shown). 

DISCUSSION 

High rates of transcription of chromatin by RNA  polym- 
erases  can cause  extensive  loss of nucleosomes  from  DNA as 
clearly demonstrated by transcription of ribosomal genes. 
Even  moderate  rates of transcription have been  shown to 
reduce the nucleosomal density  on active gene sequences (24, 
30, 31). Considering the  requirements of the  transcription 
process and  the size of RNA polymerase complexes, it  remains 
amazing  and poorly understood how DNA  can be transcribed 
while maintaining a  nucleosomal  configuration  (23, 32, 33). 
Experimental evidence  suggests  with  varying degrees of con- 
fidence that nucleosomes dissolve or  jump  around  RNA  po- 
lymerase  complexes, that nucleosomes split  and  transiently 
unfold, and  that  transient dissociation of H2A-H2B  dimers 
may allow DNA transcription  without dissociation of any  H3- 
H4  tetramer  structures  (5, 23, 32-35). 

Loss of nucleosomes  requires  repair of the  chromatin  struc- 
ture,  either  during  DNA replication  when  most histone  syn- 
thesis occurs or outside of S phase.  The  latter  option is the 
only one available in  nonproliferating cells. Histone H3.3 of 
animals  has been recognized as a constitutively produced 
histone  variant  that  participates in the assembly of nucleo- 
somes  outside of S phase  and  has  thus been named a  replace- 
ment  histone  (4). No other core histone  is known to have 
sequence variants with equivalent  function.  Histones H2A 
and  H2B  appear  to exchange rather readily between  nucleo- 
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FIG. 7. Quantitative analysis of turnover of newly  synthe- 
sized core histones. Specific  radioactive  labeling of histones H3.2 
(panel A ,  triangles), H2B.1 (panel B, circles), H2A.3 with H2A.1 and 
H4 (panel C, squares) was calculated  from  the  radioactivity observed 
in  reversed-phase HPLC peaks that coincided with identified peaks 
of absorbing  protein (Fig. 1) relatiue to  the  radioactivity  associated 
with  histone H3.1. This reduced the  error for H3.2 determinations  to 
the  error  bars shown or  to  an  error range within  the size of the 
symbols. The broken lines  show the level of standard  deviation  error 
for the combined calculated values obtained between 95 and 350 h of 
continued growth. For  the  other  histones a similar degree of accuracy 
has been assumed,  although  not enough data were collected to  sub- 
stantiate  this idea or  to  determine  the  stability of the  fraction of 
residually  labeled histone. For each  histone species  AUT-gel  fluorog- 
raphy showed that   a t  least 90% of the  radioactivity was associated 
with  the  histone  bands  (results  not  shown). Open symbols were 
excluded  from the  calculations of the  apparent decay in  radioactivity 
(lines in all panels), half-life calculations  (insets),  and for calculation 
of the residual amount of new histone  remaining at  the  end of the 
experiment  (shown  on  the  right of eachpanel). AUT-gel  fluorography 
was used to  determine  the  amount of labeled new H2A variants 
(panel C, broken line) relative to  labeled histone H4. Half-life deter- 
mlnations for histone H3.2 (inset  in  panel A ) ,  histone H2B.1 (inset 
inpanel B ) ,  and  histone H2A.3 with H2A.1 (inset  inpanel C) assumed 
that residual amounts of new histone were completely stable  and 
apply  only to  the labile fraction of each new histone form. 

somes during  transcription  and replication (5, 29, 33) and 
may participate  as  dimers  in  the  formation of replacement 
nucleosomes. The relative rates of turnover of these  histones 
(2,27,28) support  this idea. In this  study,  equivalent  turnover 
of H2A and H2B histones was also  seen (Fig. 7). Remarkably, 
histone H4 has been  shown to be more stable  than even 
replication-dependent H3 histones,  here  also confirmed for 
alfalfa  (Fig. 7). These  observations suggest that  replacement 
histone H3.3 provides an  essential  starting  point  to assemble 
a nucleosome in  the absence of DNA replication. H3.3 may 
form the nucleosomal kernel of the H3-H4 tetramer by bind- 
ing  histone H4 from  previously  displaced  nucleosomes and 
complete the  octamer by binding two mobile H2A-H2B di- 
mers. This specific function of histone H3.3 may explain why 
this  histone  variant  in  both  animals  and  plants is even  more 
highly conserved  in primary  protein sequence than replica- 
tion-dependent  forms of histone H3 (7, 15-17, 36). 

The  connection between chromatin  transcription  and  the 
need to  repair  chromatin by assembly of replacement nucleo- 

somes was experimentally confirmed by the observation that 
replacement  histone H3.3 of chicken in  nonproliferating cells 
preferentially  accumulated  in  transcriptionally  active  chro- 
matin  domains (18, 19). As a  consequence the level of acety- 
lation of these  histone H3.3 variant molecules was found to 
be higher than seen for histone in  bulk chromatin.  The 
preferential localization of replacement  histone  into  tran- 
scriptionally  active  and labile chromatin  domains  predicts a 
higher rate of loss and  thus  turnover for these  histone mole- 
cules than for replication-dependent  histone  variants or for 
replacement  variant  histone molecules assembled into nucleo- 
somes during S phase. The  rate of turnover of highly acety- 
lated chicken histone H3.3 relative to lower acetylated  histone 
H3 forms  has never  been experimentally  determined,  but  the 
2.5-fold faster  turnover of acetylated relative to  nonacetylated 
histone H4 in  Friend cells  provides support for this  prediction 
(28). 

All characteristics  that identify  chicken histone H3.3 as a 
replacement  histone have been shown to exist  in  alfalfa his- 
tone H3.2, and by extension in all  histone H3.111 variants of 
plants:  constitutive gene transcription (9, 15), high steady- 
state levels of acetylation (16, 17), and  the existence of a 
fraction of new histone H3.2 that  exhibits increased turnover. 
Reduction of the average acetylation level of new histone 
H3.2 from 1.18 to 0.85 acetylated lysines/molecule  (Fig. 6) 
when almost 60% of the new protein is lost  (Fig. 4) suggests 
that  the  histone H3.2 molecules lost had  an average level of 
acetylation of 1.45 (2 0.08). 

This level of acetylation is much higher than  the  steady- 
state  acetylation of 0.5 for the major histone H3.1 variant of 
alfalfa.  Comparison of the alfalfa results with the differences 
in histone H3.3 acetylation of transcriptionally active versus 
bulk chromatin  preparations of chicken (18, 19) revealed that 
the differences  in  alfalfa were much  more prominent.  The 
differences  in histone  turnover  rates  are also very large  when 
the half-life of the highly labile, highly acetylated  fraction of 
new histone H3.2 (< 1 day) is contrasted with the  stability 
over 15 days for the  remaining new H3.2 and for the majority 
of the new H3.1 molecules (Figs. 4 and 7A). The 60% labile 
fraction of histone H3.2 is much  larger than  the  presumed 
fraction of transcriptionally  active  and  competent  chromatin 
in alfalfa. The  same is true for the  abundance of the highly 
acetylated  histone H3.2 in alfalfa and for the  equivalent 
histone H3.111 histones  in  all  other  plants (16, 17). This is 
much  higher than  the levels of replacement  histone H3.3 in 
animal cells, even after a long term absence of cell prolifera- 
tion (2,37, 38). These combined observations suggest that  the 
rate of nucleosome dissolution and  thus  the need for assembly 
of replacement nucleosomes in  plant  chromatin  is much  larger 
than observed to  date in animal systems. 

The sequences of plant  histones differ  only  slightly  from 
their equally  conserved animal  counterparts. Very few single 
residue changes have  been  found  in histones H3 and H4. 
Although the  terminal  domains of H2A, H2B, and H1 histones 
in  plants  are typically  longer than in animals (12, 25, 36, 39, 
40), histone  octamers  and nucleosomes formed  with  plant 
histones  appear  as  stable  as  their  animal  equivalents (41-43). 
In addition, alfalfa histone H4, most of new histone H3.1, and 
40% of new H3.2 appear completely stable (Figs. 4 and 7). 
These  data  support  the  notion  that  the  stability of animal 
and  plant  chromatin  is  essentially  the same. Therefore  the 
higher rate of plant nucleosome  dissolution during  transcrip- 
tion may well depend  on differences  in animal  and  plant  RNA 
polymerases, transcription-associated  proteins, or their  inter- 
action with the  plant histones. The validity  of this idea must 
be  evaluated  experimentally by transcription i n  vivo and i n  
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vitro of defined reconstituted  chromatins. 
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