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Histone  Variants  in  Plants 
EVIDENCE FOR PRIMARY  STRUCTURE  VARIANTS  DIFFERING IN MOLECULAR  WEIGHT* 
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Variants  of H2a and H2b histones from wheat em- 
bryos and  pea shoots have been isolated and character- 
ized  by two-dimensional gel electrophoresis, amino 
acid content, and peptide  mapping.  In striking contrast 
to the animal H2a or H2b variants which co-migrate on 
sodium  dodecyl sulfate polyacrylamide gels, their plant 
counterparts have differential electrophoretic mobili- 
ties. The estimated molecular weights of the wheat H2a 
variants range from 16,600 to 19,000.  The H2b variants 
range from 15,300 to 19,000. 

Correlating with their electrophoretic mobilities, the 
plant histone variants elute differentially from gel ex- 
clusion columns in a  manner consistent with the molec- 
ular weight differences inferred  from the sodium do- 
decyl sulfate gels. 

The differences in peptide maps of the wheat H2a 
variants are extensive and indicate amino acid substi- 
tutions throughout the molecules. The maps of the 
plant H2a histones are also distinct from those of the 
major  calf thymus H2a histones. The peptide maps of 
the plant H2b variants are very similar to  each other 
but  are  markedly different from those of calf thymus 
H2b histones. 

The existence of primary  structure  variants of the nucleo- 
somal histones  has long  been  known (Patthy et al., 1973; 
Patthy  and  Smith, 1974; Sommer  and Chalkley, 1974). How- 
ever, interest in the  variants  has increased markedly  with  the 
development of electrophoretic  systems which resolve them 
(Alfageme et al., 1974; Zweidler, 1978) and  with  the discovery 
by Cohen et al. (1975) that specific histone  variants  are 
synthesized at  specific stages in sea urchin development. 
There is a large body of evidence  indicating  widespread  exist- 
ence of histone  variants in the  somatic tissues of individual 
organisms  (see Urban et al., 1979 and Ajiro et al., 1981 for 
discussion). In  most cases, there  are  more  than two variants 
of any class of histone.  Because each nucleosome presumably 
contains only  two molecules of each of the  histone classes 
H2a, H2b, H3, and H4  (see Kornberg, 1977, for  review), it 
follows that  the nucleosomes must be heterogeneous  with 
respect to  their  histone  content.  Weintraub et al. (1978) and 
Newrock et al. (1978a) have suggested that  histone  variants 
may function in the  control of gene  expression by being 
involved in the  structuring of chromatin  into inactive and 
potentially transcribable forms.  However, the  question of 
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whether  histone  variants  are physiologically equivalent or if 
they play  special  roles in  the  development of an orgahism is 
unresolved.  Observations have been made which support  both 
views. For example, the  report of Cohen et al. (1975) of stage- 
specific synthesis of histone  variants in early  development of 
sea  urchins  has been  confiimed and  extended  by  sequence 
analysis (Brandt et al., 1979). Newrock et al. (1978b) have 
shown that  the  appearance of these  histone  variants  correlates 
with  the  appearance of their specific messenger  RNAs. Blank- 
stein  and Levy (1976) have  demonstrated a dramatic  shift in 
the relative quantities of two H2a  variants in Friend leukemic 
cells in response to  subculturing  and acquisition of the  capac- 
ity of the cells to be induced to  differentiate by treatment with 
dimethyl sulfoxide. 

These  data show that  changes in gene expression are cor- 
related with changes  in  the  population of histone  variants. By 
what  mechanisms could histone  variants affect  gene  expres- 
sion?  One possibility is that different histone  variants  may 
specifically interact with  high  mobility group  proteins  to form 
potentially transcribable  chromatin  structures.  Another pos- 
sibility is that  the  histone  variants  may differ in the  strength 
of the  histone-histone  interactions in which they  are involved. 
This could affect nucleosome stability  and unfolding. Newrock 
et al. (197813) have suggested that  the difference in potential 
for phosphorylation may play  a  role, This possibility is sup- 
ported by the work of Halleck and Gurley (1980) who have 
shown that two cultured cell lines of deer mice which differ in 
the  amount of heterochromatin  they possess  also differ in the 
amount of a highly hydrophobic  H2a  subfraction  that  can be 
phosphorylated  to a greater  extent  than  the  other  major  H2a 
subfraction. 

In  contrast  to  the  studies  mentioned above  which  concen- 
trate  on possible unique roles of the  histone  variants is the 
report of Rykowski et al. (1981) that  histone  H2b  subtypes 
are dispensible during  the  yeast cell cycle. Caution  should be 
exercised in extrapolating  these  results  to  other  eukaryotic 
organisms in light of the  results of Lohr  and  Hereford (1979) 
who demonstrated  that  DNA in yeast  chromatin is uniformly 
digested by DNase 1. That is, transcriptionally  active  se- 
quences  are  not preferentially  digested as in animal  chromatin. 

The  major  vertebrate  histone  variants  have  amino acid 
point  substitutions  and  can be electrophoretically resolved 
only  in systems which contain nonionic detergents  such  as 
Triton X-100 (Zweidler and  Franklin, 1977). I t  should  be 
noted, however, that  minor  histone  variants  have been  de- 
scribed which can be resolved in systems which do  not  contain 
Triton  (Bonner et al., 1980; West  and  Bonner, 1980; ZweidIer, 
1978; Newrock et al., 1978b). 

In  contrast  to  the  vertebrate  histone  variants,  major  sub- 
types of the nucleosomal histones from somatic tissues of 
plants  can be resolved electrophoretically on SDS’ gels and 

‘ The abbreviation used is: SUS, sodium  dodecyl sulfate. 
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thus  appear to differ  in  molecular  weight. In  addition  to  the 
differences in apparent molecular  weight, the  plant  histone 
variants also differ by amino acid point  substitutions.  This 
was fist demonstrated by Patthy et al. (1973) who showed 
that residue 96 of pea  H3 was 60% alanine  and 40% serine. 
Based on  the  amino acid content of peptides from pea  H2a 
and H2b, Hayashi et al. (1977) showed that  these  proteins 
have  point  substitution  variants.  Rodrigues et al. (1979) have 
presented  partial  sequences of three  H2a  variants  from  wheat. 
By the use of automated  Edman  degradation,  they  have 
determined  the  sequence of the  NHn-terminal 55 residues of 
wheat  H2al  and  the fist 37 residues of a mixture of wheat 
H2a2 and H2a3. The  H2al  sequence differs  from both H2a2 
and  H2a3  at six positions  in the  first 37 residues.  H2a2 and 
H2a3 differ from  each  other a t  four  positions. 

I  show in  the  present work that  the  three  major  wheat  H2a 
variants  studied by Rodrigues can be  resolved on SDS gels. 
SDS gels also resolve  two major  and  four  minor  variants of 
wheat H2b. As estimated by electrophoretic mobility  using 
calf thymus  histone  standards,  the molecular  weights of the 
H2a  variants  range  from 16,600 to 19,000. The  H2b  variants 
range from 15,300 to 19,000. 

The  idea  that  the  plant  histone  variants  are molecular 
weight variants is supported by the  observation  that  they 
elute differentially from gel exclusion columns in a manner 
consistent  with  their mobilities on SDS gels. 

Peptide  maps of the  wheat  H2a  variants  are  distinct  and 
indicate  amino acid substitutions  throughout  the molecules. 
In  contrast,  peptide  maps of the  H2b  variants  are  similar 
indicating  conservation  in size of most of the  major peptides. 

EXPERIMENTAL  PROCEDURES 

Histone Extraction and Preliminary Fractionation-Wheat germ 
was obtained from General Mills, Inc., Minneapolis, MN. Wheat 
histones were obtained by the method of Simon and Becker (1976) 
except that high mobility group proteins were removed from purified 
chromatin by extraction with 0.35 M NaCl (Goodwin et al., 1973) 
before sulfuric acid extraction of histones. Pea histones were obtained 
as previously described (Spiker et  al., 1976).  Calf thymus  histones 
were prepared by the method of Panyim et  al. (1971). In all proce- 
dures, 0.1 mM phenylmethylsulfonyl fluoride or 0.1 mM phenylmeth- 
ylsulfonyl fluoride and 25  mM sodium bisulfite were included to inhibit 
proteolysis. All procedures were carried out at 0-2 "C unless otherwise 
noted. 

Total histones were fractionated  into HI, H2, H3, and H4 by 
exclusion chromatography on a column (170 X 2.5 cm) of Bio-Gel P- 
60 (Bio-Rad)  eluted at room temperature with 0.01 N HCI saturated 
with chloroform. Typically, 100  mg of unfractionated  histones were 
loaded onto  the column. Wheat H2 histones were fractionated  into 
H2a and H2b by a modification of the method of Oliver et  al. (1972). 
To obtain H2a, the lyophilized H2 peak from the Bio-Gel column was 
dissolved in  1.58 N HCl at 30 mg/ml. To  this solution, 5.33 volumes of 
cold  95% ethanol were added on ice with stirring. Final concentrations 
were 80% ethanol, 0.25 N HC1. After overnight storage at 5 "C, 
essentially all the H2b and some of the H2a precipitated.  After 
centrifugation, the H2a was recovered from the  supernatant  either by 
precipitation with 0.4 N H2S04 plus 4 volumes of acetone  or by dialysis 
against 0.01 N HC1 followed by lyophilization. H2b was prepared in a 
similar manner except the starting  protein  concentration was 1 mg/ 
rnl. At this lower concentration, only H2b precipitated. The residues 
from the H2a and H2b purification steps can be pooled and recycled. 

Analytical Electrophoresis-One-dimensional SDS gels, according 
to Thomas  and  Kornberg (1975), were employed. The 0.5-mm-thick 
microslab gels were poured and run using the system of Matsudaira 
and Burgess (1978). The acetic acid-urea gels (Panyim and Chalkley, 
1969) were 1.5-mm-thick slabs run in a device similar to that of 
Studier (1973) or were 0.5-mm-thick slabs run with a stacking gel as 
previously described (Spiker, 1980a). 

Two-dimensional gels of two different  types were used. The first 
dimension gels of the acetic  acid-urea-SDS two-dimensional system 
were 7-cm acetic acid-urea gels (Panyim  and Chalkley, 1969) cast in 
1OO-pl pipettes. After electrophoresis, the first dimension gels were 

agitated gently in 0.125 M Tris-HC1, pH 6.8, 4% SDS, 10% 2-mercap- 
toethanol  for 30 min at room temperature. The gels were then placed 
on top of an 0.8-mm SDS slab gel (Thomas and Kornberg, 1975) 
without  a  stacking gel and run in the Matsudaira and Burgess (1978) 
apparatus. 

Acetic acid-urea-Triton two-dimensional gels were run  as previ- 
ously described (Spiker et  al., 1976). Gels were stained in Coomassie 
blue R-250. 

Preparative Electrophoresis-Preparative gels had the same com- 
position as the analytical gels but were either 1.5 or 3 mm thick. 
Bands or spots were visualized by phosphorescence (Isenberg et  al., 
1975), by precipitation of non-protein-bound SDS in sodium acetate 
(Higgins and Dahmus, 1979), or by staining edges and strips with 
Coomassie G-250  in  3.5% perchloric acid (Reisner et  al., 1975). Pro- 
teins were electrophoretically eluted by the method of Mardian and 
Isenberg ( 1978). 

Peptide Mapping-Histone variants were isolated for peptide map- 
ping by one- and two-dimensional electrophoresis. The peptide maps 
were obtained by digesting the proteins in gel slices with Staphylo- 
coccus aureus V8 protease (Miles Biochemicals) essentially by the 
method of Cleveland et  al. (1977) as modified by Luna et al. (1979) 
using an apparatus previously described (Spiker, 1980b). The peptide 
maps were stained with silver according to Switzer et al. (79). The 
high sensitivity of this  method allowed for visualization of peptides of 
the minor histone variants. Because of the high percentage acrylamide 
and bisacrylamide gels used for the peptide mapping, the times for all 
steps in the silver staining procedure were doubled. 

Amino Acid Analysis-Amino acid analysis was carried out as 
previously described (Spiker and Isenberg, 1977). 

RESULTS AND DISCUSSION 

Plant  histones  can  be cleanly separated  into H1, H2, H3, 
and H4 fractions by exclusion chromatography  on Bio-Gel P- 
60 (Fig. I). The  H2  fraction  can be separated  into H2a and 
H2b because of the  relative insolubility of H2b in ethanol- 
HCl. Plant  histones H3  and  H4  have  the  same mobilities on 
SDS gels as  their  animal  counterparts  (Nadeau et al., 1974; 
Spiker  and  Isenberg, 1977). However, histones  H2a  and  H2b 
exhibit  two striking dissimilarities from  their  animal  counter- 
parts.2  First,  they  migrate  much  more slowly on SDS gels 
(Nadeau et al., 1974; Spiker  and Isenberg, 1977). Second,  they 
migrate  as multiple bands (Fig. 1). On SDS gels, major ver- 
tebrate  histone  variants of H2a  and of H2b  migrate  as single 
bands  (Panyim  and Chalkley, 1971; Thomas  and  Kornberg, 
1975) and differences  in primary  structure  variants  can be 
demonstrated only by the use of Triton-containing gels (Zwei- 
dler  and  Franklin, 1977; Zweidler, 1978). 

Two-dimensional gels (Fig.  2) further  illustrate  the com- 
plexity of the  wheat H2 variants.  These gels resolve three 
major  forms of H2a  which we have  characterized  and which 
meet  general  amino acid  composition criteria as well as oper- 
ational  criteria  (Spiker et al., 1976) for being H2a histones. 
Two very minor  spots are also  resolved which co-isolate  with 
H2a  but  have  not been further characterized  because of their 
low abundance.  Two  major  and four  relatively minor  forms of 
H2b  are also resolved  in these gels. All have  been  character- 
ized and  meet  operational  criteria  and general amino acid 
composition criteria  for being H2b histones.  Because the 
variants  have  distinct mobilities  in the SDS dimension of the 
gels, the existence of several  spots is presumably  due  to 
molecular  weight  differences. The  apparent molecular  weights 
calculated for  the  wheat  histones using calf thymus  standards 
are H2a1, 16,600; H2a2, 19,000; H2a3, 18,000; H2b1, 19,000; 
H2b2, 18,100 and H2b3-6,  15,300. 

Single amino acid substitutions  have on occasion been 
shown to significantly alter  the mobility of proteins  on SDS 
gels (DeJong et al., 1978 Noel et al., 1979), and  recent 

Fazal and Cole (1977) have characterized wheat H2 histones by a 
number of other criteria and have pointed out several differences 
between them  and  their  animal  counterparts. 
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FIG. 1. Preliminary  fractionation of wheat histones. Elution 
of wheat  embryo histones from a Bio-Gel P-60 column. Approximately 
100 mg of histones were applied  to the column. Fraction volumes 
were 26 ml. SDS electrophoresis of unfractionated (U),  fractions H1, 
H3,  and H4 directly from the column, and H2a and H2b obtained by 
ethanol-HCI  precipitation. 

evidence has  indicated  that  methylation  (DeFranco  and  Kosh- 
land, 1980) and  phosphorylation  (Fischer  and Laemmli, 1980) 
can have similar effects. Thus, in addition  to  directly elimi- 
nating  these  factors  as being responsible for differential mo- 
bilities of the  variants  on  SDS gels (see below), I have used 
another  technique  to access possible molecular  weight differ- 
ences in the  plant  histone  variants.  Under  denaturing condi- 
tions, the H2a and  H2b  variants  elute from exclusion columns 
of Bio-Gel P-60 in order of decreasing  molecular  weight (Fig. 
3).  The  data  are completely consistent with the  data from the 
SDS gels. Thus, two  lines of evidence indicate  that  the  plant 
histone  variants differ in  molecular  weight. 

Phosphorylation  does  not  seem  to be the  source of differ- 
ential mobility on SDS gels. Treatment of H2a  and  H2b  with 
alkaline phosphatase by the  procedure of Sherod et al. (1970) 
has  no effect on  the mobilities of the  various fractions. 

The H2a and  H2b  fractions were subjected  to  conditions 
sufficient for alkaline hydrolysis of methyl  esters  (DeFranco 
and Koshland, 1980). Electrophoretic mobilities  were not af- 
fected by treatment with 0.1 M sodium  phosphate,  pH 12, at 
21 "C for up  to 4 hours. 

The  amino acid content of the H2a and  H2b  variants  is  not 
consistent with the possibility that  they  are ubiquitinized 
(Goldknopf et al., 1977). Ultraviolet spectra of the  proteins 

rule  out  poly(ADP-ribosylation). The histones  are  not positive 
for carbohydrate using the periodic acid-Schiff stain of Kapi- 
tany  and Zebrowski (1973). Treatment of plant  histones with 
phospholipase c does  not  alter  their mobilities on SDS gels. 

The amino acid  compositions of wheat  histone  variants  and 
mixtures of variants  are shown in Table I. Comparison  with 
calf thymus  counterparts  indicates considerable  differences 
even though  the  salient  features of the compositions charac- 
teristic of H2a and  H2b  histones  are  evident.  That is, the H2a 
variants  are relatively  high  in glycine and leucine and low in 
serine,  and  the  H2b  variants  are relatively high in serine  and 
low in glycine and leucine. 

Peptide  mapping by limited  proteolysis  with Staphylococ- 
cus aureus V8 protease was carried  out in SDS gel slices to 
further  compare  the  histone  variants  to  each  other  and  to 
their calf thymus  counterparts. Fig. 4A compares  the  peptides 
of wheat H2a1, -2, and  -3  to  wheat H2b3-6. The  maps of the 
H2a variants  are clearly distinct from each  other indicating 
that in addition  to  the  apparent differences  in size, there  must 
be  differences in sequence at  various  positions  within the 
molecules. In Fig. 4R, peptides of wheat H2a  histones are 
compared  to  those of unfractionated calf H2a. The  patterns 
of the  plant  H2a  variants  are  distinct from those of the  animal 
H2a  histones. This is in agreement with the  data of Nadeau 
et al. (1977) who compared  peptide  maps of unfractionated 
calf H2a to  those of unfractionated  rye H2a. 

The one-dimensional peptide  maps of wheat H2b1, H2b2, 
and H2b3-6 are  compared in Fig. 5A. The most  rapidly 
migrating, well resolved peptides  are  numbered in order of 
decreasing electrophoretic mobility. Above this region, the 
banding pattern varies somewhat from experiment  to experi- 
ment indicating that  the higher  molecular  weight peptides  are 
incomplete  digestion  products. Peptide 1 is barely visible in 
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FIG. 2. Two-dimensional electrophoresis of unfractionated 
wheat  histones  and H2a and H2b fractions. The first dimensions 
(right to left) are acetic acid-urea gels. The second dimensions (lop to 
bottom) are SDS gels. The spots marked 4 and 5 in the H2a histone 
co-isolate with the H2a fraction but have not been further character- 
ized. 




