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A Comparative Study of Histone Acetylation, Histone 
Deacetylation, and Ribonucleic Acid Synthesis in Avian 
Reticulocytes and Erythrocy test 

Lee A. Sanders,*,$ Norman M. Schechter,§ and Kenneth S. McCarty 

ABSTRACT : The processes of histone acetylation and deacetyla- 
tion and their possible relationships to R N A  synthesis have 
been studied in both avian reticulocytes and erythrocytes. In 
contrast to the erythrocytes, reticulocytes actively synthesize 
RNA. Investigation of the relative amounts of the six histones 
and the histone:DNA ratios of these cells showed no signifi- 
cant differences. During pulse-labeling experiments [ 14Cc]- 
acetate was incorporated as Ne-acetyllysine in four of the 
histones present in each cell type. The magnitudes of acetate 
incorporation into the histones were in the order F2al,F3> 

S everal chemical modifications of preexisting chromosomal 
proteins are known to occur within the nuclei of eukaryotic 
cells. Recent studies have examined the processes of acetyla- 
tion of lysine residues (Allfrey, 1970; Marzluff and McCarty, 
1970; Candido and Dixon, 1972a), methylation of arginine, 
lysine, and histidine residues (Paik and Kim, 1970; Benjamin, 
1971; Gershey et ai., 1969), and phosphorylation of serine 
residues (Ord and Stocken, 1966; Langan, 1969). Only one of 
these modifications, the phosphorylation of histone F1, has 
been associated with a specific cellular function, namely DNA 
replication (Balhorn et al., 1972; Oliver et al., 1972). In con- 
trast, very little information is available on the exact metabolic 
role of the acetylation of histones, although this process has 
been implicated in the control of transcription (DeLange and 
Smith, 1971). 

The developing nucleated avian erythroid cell line provides 
a useful system for the investigation of histones and their bio- 
chemical modifications in relation to  R N A  synthesis. In the 
experiments reported here, immature avian reticulocytes have 
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F2b>F2a2 in both cell types during the entire time course 
studied. These patterns of acetylation are similar to those ob- 
served in other species, except for the significant acetylation 
of histone F2b. The lysine-rich histones F1 and F2c did not 
incorporate [ I4C]acetate in either cell type. Pulse-chase ex- 
periments revealed that histone deacetylase activities for each 
of the four acetylated histones were significantly higher in the 
mature erythrocytes than in immature reticulocytes suggesting 
a possible role of histone deacetylation in the differentiation 
of the avian erythroid cell line. 

been compared to mature erythrocytes in terms of their his- 
tone contents as well as their capacities to acetylate and de- 
acetylate histones. 

Materials and Methods 

Chemicals. Phenylhydrazine hydrochloride (recrystallized) 
and Ne-acetyllysine were obtained from Sigma. Sodium 
[ l -  14C]acetate (58.8 Cijmol), [5,6-3H]uridine (42.4 Ciimmol), 
and Omnifluor were purchased from New England Nuclear 
Corp. Actinomycin D was a gift from Dr. Sidney Pestka. 
Trypsin (Tos-PheCHpC1 treated) was obtained from Worth- 
ington Biochemicals. Pronase (45,000 PUK/g) was purchased 
from Calbiochem. Cyanogen bromide was obtained from 
Aldrich. 

Preparation o j  Acian Reticulocytes and Erythrocytes. In 
order to obtain avian reticulocytes, anemia was induced in 
adult white Peking ducks (2.5-3 kg) by three daily injections 
of phenylhydrazine hydrochloride (1 8 mg/kg, intraperitone- 
ally, 2% solution in sterile saline). The course of the induced 
anemia was monitored by following the hematocrit and retic- 
ulocyte count. Cells were stained with new methylene blue by 
the method of Brecher (1949) except that the blood was di- 
luted with an  equal volume of saline prior t o  staining for 15- 
20 min. Reticulocytes were readily distinguished from mature 
erythrocytes by the presence of numerous blue granules in the 
cytoplasm as noted by Lucas and Jamroz (1961). The anemic 
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ducks were routinely exsanguinated within 48-52 hr after the 
last injection. Blood from both anemic ducks and normal 
controls was obtained as described previously (Sanders and 
McCarty, 1972), and clotting was prevented by the presence of 
citrate (10 ml of 10% trisodium citrate,l00 ml of blood). 
Cells were sedimented by centrifugation at 6001: for 10 min at 
room temperature. and both the plasma and bufy coat were 
removed by aspiration. 

Mcw.siii.etiieiii of '  L:ritline I t i c o r ~ ~ o ~ ~ i t ~ o ~ z ,  Packed cells were 
washed b y  suspension in 4 volumes of modified Eagle's 
medium, pH 7.4 (Levintow and Darnell, 1960; Attardi et ( I / . ,  

1970), followed by centrifugation at  600g for 10 min to sedi- 
ment the cells. In order to measure RNA synthesis, 2.0 nil of 
washed. pached reticulocytes or erythrocytes has  suspended 
in 23 mi of modified Eagle's medium (pH 7.4) containing 5 
(c c) autologous duck plasma. Cell concentrations in the in- 
cuhation mixtures were 5.0 x 10' and 5.3 x 10' cells per ml 
for reticulocytes and erythrocytes. respectively. as determined 
with a Model A Coulter counter. Aliquots (8 ml) of each incu- 
bation mixture were placed in separate flasks: brought to 39' 
in a shaking water bath. and incubated either with or without 
actinomycin D (56 pg.nil). After 15 niin. 300 gCi of ["I- 
uridine (0.3 ml, 32.3 Ci mniol) has  added to each mixture. At 
various times after addition of the [ 3HH]~~ridine, 1 . O m 1  aliquots 
were removed and added immediately to 4.0 nil of SSCI at 4' 
in conical glass centrifuge tube>. After gentle agitation, the 
cells were centrifuged, the supernatants here discarded, 1 .O 
tnl of SSC was added with stirring, and the suspensions were 
quick-frozen at -76' and stored at -20' for 2-5 hr. The 
samples were thawed (leading to hemolysis of the cells) and 
after rapid vortexing to ensure homogeneity. 0.1-ml aliquots 
of each sample were pipetted onto filter disks (Whatman No. 
3:  2.3 cni). The disks were dried and bashed by the method of 
Bolluni (1966). Radioactivity w a s  determined in Omnifluor- 
toluene solution (4.0 g ' l .  of toluene) using a Packard liquid 
scintillation spectrometer (Model 3003). 

/ t w t ~ , l t i t i o t i  (itid De~ir.eiylu/icin o/ Hisiones. Packed reticulo- 
cytes or erythrocytes were washed twice by suspension in 2.0 
volumes of modified Krebs Henseleit solution, pH 7.4 
(Marks rlt  ( I / . ,  1963). followed b y  centrifugation at  600g for 10 
min a t  20'. Aliquots (29.0 nil) of the washed, packed cells 
were suspended in 76.0 nil of an incubation medium of the 
following composition : a mixture of L-amino acids (Lingrel 
and Borsook, 1963) diluted 1 : 4 in modified Krebs--Henseleit 
solution, 116 niv NaCI, 4.56 mM KCI, 1.13 mhi KHrP04 ,  1.13 
mi MgSO.r, 24 nihi NaHCO,, 3.46 nisi glucose. 0.58 mhi 
inosine, 0.41 nihi Fe(NH,)?(SOJl, 2.0 nihi glutamine, and 4 %  
(v,'v) autologous duck plasma at pH 7.4. 

Cell suspensions were incubated for tip to YO min with 5 
pCi:nil(O.OSS mxi)  of sodium [l-llC]acetate at 39" in a shaking 
water bath. For p~ilse experiments, 15-nil aliquots of the cell 
suspensions were rapidly chilled to 0" after various times and 
the cells were centrifuged at 600g at 0'. The packed cells were 
washed by suspension in 5 volumes of radioisotope-free SSC 
followed by sedimentation as above. This washing procedure 
was repcated twice more using fresh SSC prior to preparation 
of the labeled histones as described below. For pulse-chase 
experiments, 30-ml aliqiiots of the cell suspensions were with- 
draun, the cells were centrifuged for 4 min at  600g at  20', and 
the supernatants were discarded. The cells were then resus- 
pended in 38 ml of fresh incubation medium containing 
6.25 >< 1 0  v sodium acetate and incubated for 20 and 60 

min at 39' with gentle shaking. At the end of the chase 
periods, 15-ml aliquots of the cell suspensions were sedi- 
mented and washed as described above. 

As a control. the amounts of acetate taken tip by reticulo- 
cytes and erythrocytes were compared by determining the 
radioactivity remaining in 0.01 -nil aliquots of cell incubation 
supernatants at various times after addition of the bodiunt 
[ I  - 'T]acetate. 

Preparcition of Histonr.,. Histones were selcci i w l y  ex- 
tracted from both isolated reticulocyte and erythrocyte 
chromatin and fractionated as described previously (Sanders 
and McCarty. 1972). Where present, the cysteine-containiiig 
F3 histone was usually oxidized to the dimer form (F'3-S-S-F3) 
in 6 hi  Gdn.HCI at  pH 8.3 to facilitate its separation from 
other histones during gel electrophoresis (Sanders and V c -  
Carty. 1972; Marzluff et d., 1972a). 

F2b were separated by gel filtration on Sephadex G-100 as de- 
scribed previously (Sanders and McCarty, 1972). Gel filtra- 
tions of histone F2b cyanogen bromide digests were performed 
on a Sephadex G-50 column (2.2 x 170 cni) equilibrated with 
0.1 N acetic acid (Marzluff et t i / , .  197217) at a flow rate of 13.5  
ml/hr. 

Electr.opiior.rsis. Disc gel electrophoresis was performed hq 
a modification of the methods of Panyini and Chalkley 
(1969a,b) as described previously (Sanders and McCarty, 
1072). The gels (10 x 0.4 cm) contained 1 5 %  acrylamide and 
either 2.5 M urea at  pH 2.8 or 6.25 M urea at pH 3.2. Ethylene 
diacrylate was utilized as the cross-linking agent allow the 
gels to be solubilized (Choules and Zimm, 1965). Electro- 
phoresis of cyanogen bromide digested histones was pcr- 
formed for 5 hr at 0.89 mAjgel; all undigested histone samples 
were electrophoresed for 6.5 hr at the same amperage. Gels 
were stained for 5 hr in 1 Amido Black in 7 %  acetic acid 
and destained in 7% acetic acid. The gels were scanned with a 
Model 2410 Gilford linear transport scanner. After staining 
and destaining, the gels had swollen reproducibly to 13.5 cn i ;  
migration distances refer to the final position of various tiands 
in the swollen gels. Staining was quantitated by integration of 
the gel scans as described by Marzluff and McCarty (1970). 

In  order to determine specific activities of various labeled 
histones, the gels were frozen on Dry Ice and sliced into I -mtn 
disks with a manual device (Marzlutl et ( I / . ,  1969). Gel slices 
were hydrolyzed in 0.2 N NaOH for 40 hr at 37". neutralized 
with acetic acid. and counted in Triton--toluene at  ii IY' 
efficiency of 79 % (Patterson and Green, 1965). Alternatively. 
specific activities were determined by direct scintillation 
counting of samples of known protein concentration. 

Cj.~inogen Broinide Digestion. Reticulocyte "C-labeled 
acetylated histone F2b (12 mg) and unlabeled histone F2b ( 2 3  
mg; added as carrier) were dissolved in 5.0 nil of 7 0 x  formic 
acid. Crystalline cyanogen bromide (-40 mg) was added. a n d  
the solution was incubated for 16 hr at  room temperature. 
Six volumes of water were added and protein was recovered 
by lyophilization. 

Deterniinatiorz (?f '  Histotie ~ i n d  DNA in I s o I ~ ~ L Y I  N i i d c i .  
Reticulocyte and erythrocyte nuclei were isolated by a modifi- 
cation of the method of Sanders and McCarty (1972); all 
washes contained 3 mbi MgCI,. 60 mM KCI, and 50 mkr Tris 
buffer at pH 7.9. Histone was determined by cji ianti tati~ gel 

Gel Filfrcition. Oxidized reticulocyte histones Fl -T- F L :  -A 

. ~ . . ~  ~ 

2 The histone iiornenclature uscd is that of Johns .ind Butler (1962). 
The corresponding designations of Rasmusseri cr ul. (1962) arc gi\ c11 111 

parentheses as  follows: Fl (I) ,  F2,iI ( IV) ,  F"i2 ( I lb l ) ,  FZb ( I I Z h ) .  
F2c ( V ) ,  and  F3 (111). 
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FIGURE I : Phase-contrast and electron microscopy of avian eryth- 
rocyte and reticulocyte preparations. Top. left and right: phare- 
contrast micrographs of erythrocytes and reticulccytes, respectively 
(total magnification 925X far each preparation). Bottom, left and 
right: electron micrographs of erythrocyte (total magnification 
3620X) and reticulocyte (total magnification 4170X). respectively. 

electrophoresis and/or by the method of Lowry et a/. (1951) 
using bovine serum albumin as standard (assuming A:&% = 
0.66 for a 1-mg/ml solution; Cohn et a/., 1947). Both methods 
gave identical results. DNA was extracted from the nuclei by 
the method of Ogur and Rosen (1950) and assayed by reac- 
tion with indole (Ceriotti, 1955; Short et a/., 1968). 

Analysis of'Lubeled Amino Acids. Labeled amino acids were 
analyzed after digestion of the histones with trypsin and pro- 
nase using a single long column Technicon amino acid an- 
alyzer equipped with a Model 320E Packard Tri-Carb flow 
monitor (Marzluff and McCarty, 1970). 

Electron Microscopy. Erythrocyte and reticulocyte samples 
were prepared for electron microscopic examination by sus- 
pending the SSC-washed cells for 1 hr at  room temperature in 
4 %  glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4). The 
fixed cells were centrifuged, postfixed in 1 x Os04 in caco- 
dylate buffer for 1 hr, and stained with lead citrate and uranyl 
acetate. The samples were dehydrated in ethanol, embedded in 
epon, and examined in an  RCA EMU-3 electron microscope. 

Results 

In response to phenylhydrazine, large numbers of immature 
erythroid cells were released from the marrow into the pe- 
ripheral circulation of the treated ducks. Within 48-52 hr 
after the final injection of phenylhydrazine, the red blood cell 
population of the treated ducks reproducibly consisted of 
90 =t 5x immature cells, predominantly reticulocytes, with 
only a small number of mature erythrocytes (10 =t 5x). In 
contrast, normal duck blood was found to consist of 90 f 
2 %  mature erythrocytes and only 10 f 2 %  reticulocytes. 

Each population of cells was examined by both phase- 
contrast microscopy and electron microscopy. As shown in 
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FIGURE 2: Measurement of RNA synthesis in reticulacyte and 
erythrocyte populations. Each value represents the mean of two 
independent determinations; DACT. = actinomycin D. 

Figure 1, numerous polyribosomes were present in the cyto- 
plasm of reticulocytes, but not erythrocytes. This indication 
that active protein synthesis was occurring only in the im- 
mature cell type is in agreement with the findings of earlier 
autoradiographic studies (Cameron and Prescott, 1963). 

The synthesis of RNA in populations of intact reticulocytes 
or erythrocytes is shown in Figure 2. The reticulocyte popula- 
tion rapidly incorporated uridine into acid-insoluble mate- 
rial, in contrast to the mature erythrocyte population in which 
negligible synthesis of RNA occurred. The incorporation was 
almost completely inhibited by actinomycin D. These findings 
are in agreement with autoradiographic studies of Sherrer 
et a/. (1966), but are in contrast t o  the findings of Attardi 
et ai. (1966,1970), which suggested that significant RNA syn- 
thesis was occurring in normal duck erythrocytes. These dis- 
crepancies might reflect different treatments of the cells prior 
to precipitation of incorporated [8H]uridine with CClaCOOH. 
In our experiments we found it necessary to  freeze and thaw 
the cells prior t o  acid precipitation in order to minimize 
trapping of unincorporated radioactivity, since 5 CCL- 
COOH did not satisfactorily lyse the cells. 

Because the histones may play a role in the control of gene 
expression in higher organisms (Allfrey et a/., 1963; Bonner 
et a/., 1963; Pogo et ai., 1966-1968), both the histone: 
DNA ratios and the relative amounts of the individual his- 
tones in each cell population were compared to see whether an  
increase in the amount of one or more histones could play a 
role in the terminal stages of differentiation of the erythroid 
cell line. There were no significant differences in the absolute 
amounts of total histones as evidenced by histone:DNA ratios 
of 1.3 and 1.2 for erythrocytes and reticulocytes, respectively. 
Furthermore, when analyzed by gel electrophoresis at pH 2.8, 
the total histones from each cell population gave almost iden- 
tical patterns as shown in Figure 3. 

Table I presents the relative proportions of each histone 
fraction in duck erythrocytes, duck reticulocytes, and calf 
thymus. Although only minor differences were detected be- 
tween the histones of circulating avian erythrocytes and 
reticulocytes, the histones of both of these cell types differ 
markedly from those of calf thymus (Table I). Unlike calf 
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FIGURE 3: Gel electrophoresis of erythrocyte and reticulocyte total 
histones, Electrophoresis was performed at pH 2.8 as described 
under Materials and Methods. Scale at right denotes migration 
distances in millimeters. 

thymus, the avian red blood cells contain the "erythrocyte- 
specific" histone F2c (Purkayastha and Neelin, 1966; 
Greenaway and Murray, 1971). and a smaller percentage of 
histoneF1. 

In view of the possible importance of bichemical modifica- 
tions of histones in the control of processes such as DNA 
replication and/or transcription, the processes of histone 
acetylation and deacetylation in the avian erythroid cells were 
studied. A sample of the erythrocyte population of normal 
blood was incubated in the presence of sodium [I-L4Clacetate 
for 90 min. The total histones were isolated, and digested with 
trypsin and pronase; the digest was chromatographed as de- 
scribed under Materials and Methods. Radioactive material 
eluted from the column as a single major peak corresponding 
to N'-acetyllysine with no evidence of N-acetylserine, sug- 
gesting that there was negligible synthesis of new histones 
during the 90-min pulse period (Marzluff and McCarty, 
1970). 

TABLE I : Percentage of Individual Histone Fractions.' 

Histone Fraction 

Cell Type F1 F2c F2b F2a2 F2al F3 

Duckerythrocyte 3 . 5  17.1 21.4 18.2 15 .2  24.6 
Duckreticulocyte 3 . 9  16 .5  22.4 19.1 14.9 23.1 
Calf thymus 13.1 0 32.4' 20.5 15 .5  18.5 

~~~~~ 

Total histones were extracted from each cell type indi- 
cated, and the relative amounts of each histone were deter- 
mined by quantitative gel electrophoresis (pH 2.8). ' It is pos- 
sible that this value might be higher than the actual value 
for histone F2b due to  the presence of some oxidized calf 
thymus F 3  histone 

S 
/ I  

which would coelectrophorese with histone F2b (Marzluff 
et al., 1972). 
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FIGURE 4: Distribution of [I-I4C1acetate i n  erythrocyte histone frac- 
tions. Erythrocytes were incubated for 90 min in the presence of 
[I-"Clacetate, and the labeled histones were fractionated as de- 
scribed under Materials and Methods. After electrophoresis. the 
gels were scanned, frozen, and sliced into I-mm disks from which 
radioactivity was determined. Shaded areas represent radioactivity. 
(A) F3 + F2a2 histones, electrophoresed at pH 3.2; ( 8 )  FZa2 + 
F2al histones, electrophoresed at pH 3.2; (C) FI + F2c + F2b 
histones. electrophoresed at pH 2.8. The distribution of [l4C1acetate 
in reticulocyte histones (not shown) was very similar to that for 
erythrocytes (see Figures 5 and 6). 

To  investigate the processes of histone acetylation and de- 
acetylation in greater detail, intact erythrocytes or reticulo- 
cytes were pulse labeled with [I-"Clacetate for up to  90 min or 
pulse labeled for 20 min and then subjected to  either 20- or 
60-min "chase" periods in the presence of unlabeled acetate. 
Histones were selectively extracted from the isolated chro- 
matin as described earlier (Sanders and McCarty, 1972). The 
distribution of [ "Clacetate in the various histone fractions 
was examined by gel electrophoresis as shown in Figure 4. 
Significant amounts of [ICIacetate were associated with all of 
the histone fractions except the lysine-rich histones, F1 and 
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FIGURE 5 :  Incorporation of ['Clacetate into histones of the avian 
erythrocyte population. Erythrocytes were either pulse labeled for 
various times (solid lines) or pulse labeled and then submitted to 
chase periods in the presence of unlabeled acetate (dashed lines). 
The labeled histones were fractionated as described under Materials 
and Methods, and their specific activities were determined by 
scintillation counting of aliquots of known protein concentration. 
(A) f 3  + F2a2 histones; (B) F2al histone; (C) F1 + F2c + F2b 
histones. 

F2c. The acetylated histone molecules of each fraction had 
slightly lower electrophoretic mobilities than the unacetylated 
parent molecules in agreement with the findings of Wangh 
et uf. (1972) [as expected since the acetylation of lysine e- 
amino groups reduces the net positive charge]. It was also 
apparent from the distinctive electrophoretic migration of the 
labeled histones that only a relatively small proportion of the 
molecules of each histone fraction were acetylated. In histones 
containing multiple sites of acetylation, e .g . ,  histone F2al 
(DeLange et ul., 1968, 1969), those molecules containing two 
or three acetate groups appeared to lose label more rapidly 
during chase periods than did monoacetylated molecules. 

-~ 

Our unpublished observations. 
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FIGURE 6 :  Incorporation of [14C]acetate into histones of the avian 
reticulocyte population. Reticulocytes were incubated and their 
histones isolated exactly as described in the legend to Figure 5 .  
Pulse labeling studies (solid lines); pulse-chase studies (dashed 
lines). (A) F3 + F2a2 histones; (B) F2al histone; (C) F1 + F2c + 
F2b histones. 

Figures 5 and 6 present the time course of histone acetyla- 
tion and deacetylation for the various histone fractions of 
erythrocytes and reticulocytes. It is apparent that the ery- 
throcyte histones exhibit a greater magnitude of acetate in- 
corporation than reticulocyte histones. Further examination 
using either disc gel electrophoresis followed by gel slicing 
and scintillation counting as described under Materials and 
Methods (or slab gel electrophoresis and subsequent auto- 
radiography3) revealed that in both cell types the magnitudes 
of acetate incorporation into the histones were in the order 
F2a1, F3  > F2b > F2a2. The lysine-rich histones F1 and 
F2c of either erythrocytes or reticulocytes did not incorporate 
[14C]acetate at  any point during the entire time course studied. 

The losses of [Xlace ta te  activity during chase periods 
provide an  indication of the histone deacetylase activities for 
the four acetylated histones in both erythrocytes and reticulo- 
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F I G L R E  7 :  Removal of [*4C]acetate from medium by erythrocytes 
( E )  and reticulocytes (R).  Acetate removal was monitored by de- 
termining the radioactivity remaining in  0.01-ml aliquots of cell 
suspension supernatants after various times of incubation. 

cytes. As shown in Figures 5 and 6, the erythrocytes ex- 
hibited significantly higher deacetylase activities for all the 
acetylated histones than did the reticulocytes. 

As a control, the uptake of ['Elacetate into both cell types 
was determined (Figure 7). By the end of the 60-min pulse 
period, reticulocytes had taken up 5 6 z  of the added label 
while erythrocytes had taken up 64% of the label. In  each 
incubation mixture, the cells accounted for only 28% of the 
total volume indicating that there was active transport andlor 
utilization of acetate in each cell type. The relatively small 
amount of I F  label returned to the medium between 20 and 
60 min was probably due to the lysis of some cells and/or 
the conversion of some of the [lF]acetate to diffusable prod- 
ucts, e.g., I4CO2 (Schjeide et al., 1964). 

Since histone F2b had previously been reported not to be 
acetylated either in calf thymus (Vidali et al . ,  1968) or in 
mouse mammary gland (Marzluff and McCarty, 1970), and 
only slightly acetylated in human lymphocytes (Desai and 
Foley, 1970), it was important to demonstrate that the ap- 
parent significant acetylation of this histone in both avian 
erythrocytes and reticulocytes (Figures 4, 5 ,  and 6) was not 
an artifact due to possible contamination with small amounts 
of the relatively highly labeled arginine-rich histone F3. 
Therefore, a sample of histones F1, F2c, and F2b (obtained 
from a reticulocyte population after a 90-min incubation in the 
presence of [l -I4CC]acetate) was oxidized and then chroma- 
tographed on Sephadex G-100 as described under Materials 
and Methods. As shown in Figure 8, histones F1, F2c, and 
F2b could be readily resolved by this method. It is important 
to note that all of the F3  dimer (F3-S-S-F3) contaminant in 
the preparation cochromatographed with histone F2c. 
Furthermore, analytical gel electrophoresis gave no evidence 
of any F3 monomer (F3-SH) contaminant in the F2b-con- 
taining pool I11 (Figure 8). 

In order to provide additional proof of the absence of any 
contaminating histone F3 and to localize the site(s) of acetyla- 
tion within histone F2b, the l4C-labe1ed F2b was digested with 
cyanogen bromide and the digest was chromatographed on 
Sephadex G-50. As demonstrated in Figures 9 and 10, the 
avian histone F2b can be cleaved into N-  and C-terminal 
half-molecules similar to those of calf thymus and pea bud 
histone F2b (Iwai et al., 1970; Li and Bonner, 1971; Johns 
Pt id., 1972). It is apparent from Figures 9 and 10 that no F3 
histone contaminant was present in the F2b preparation, 

FI + F2c + F2b 
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F i G c R E  8 :  Gel filtration and electrophoresis of histones FI. FZc. 
and F2b. Avian reticulocytes were incubated for 90 min in the 
presence of [l-14C]acetate, and the histones FI + F2c + F2h 
were extracted, oxidized, and chromatographed on Sephadex G- 
100 as described under Materials and Methods. Top: gel filtration; 
radioactivity was determined by counting 4:< aliquots of alternate 
fractions. Note the constant specific activity (cpm/ODU) within 
peak I I I .  Bottom: gel electrophoresis of peaks I .  11. and I 1 1  per- 
formed at pH 2.8. Note the absence of histone F3 i n  peak 111. 

since none of the major F3 cyanogen bromide peptide (CNBr- 
1) could be detected by gel electrophoresis. Furthermore, the 
distribution of radioactivity shown in Figure 9 in conjunction 
with thermolysin digestion of the isolated F2b-N fragment 
followed by paper chromatography indicates that the avian 
F2b histone contains at  least two major sites of acetylation 
located within the basic N-terminal region of the molecule. 

Discussion 

When a developing avian erythroid cell reaches the re- 
ticulocyte stage, RNA synthesis has become considerably 
reduced relative to that of the earlier erythroblast stage 
(Cameron and Prescott, 1963; Sherrer et al. ,  1966). A signi- 
ficant amount of RNA synthesis is detectable, however, in the 
immature populations of erythroid cells studied here, which 
consist predominantly of reticulocytes. This synthesis is ap- 
parently directed toward the manufacture of several types of 
RNA, including the 10s globin mRNA (Pemberton and 
Baglioni, 1972). In contrast to the reticulocyte populations, 
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FIGURE 9: Gel filtration of histone F2b cyanogen bromide digest. 
Histone F2b (peak 111, Figure 8) was digested with cyanogen brom- 
ide, and the digest was chromatographed on Sephadex G-50 as 
described under Materials and Methods. Radioactivity was de- 
termined by counting 4% aliquots of alternate fractions. 

the populations of mature avian erythrocytes studied here 
proved to be inactive in RNA synthesis. 

In view of these findings, one might expect to find differ- 
ences in the chromatin composition and/or structure as the 
cell matures to the inactive erythrocyte stage. Nevertheless, 
examination of the chromatin of these cells failed to reveal 
any detectable differences between reticulocyte and erythro- 
cyte populations in either the relative amounts of the various 
histones or in the histone :DNA ratios. Certain changes in the 
chromatin were observed, however, in histone acetylation 
(Figures 5 and 6). Although the magnitudes of acetate in- 
corporation into the histones of both cell populations were in 
the same order, F2a1, F3 > F2b > F2a2, the overall magni- 
tudes of acetate incorporation were significantly higher in 
erythrocytes than reticulocytes. 

We have also examined the specificity of internal acetyla- 
tion in several of the histone fractions. Distinct differences 
exist between reticulocytes and erythrocytes in the loci of 
acetylation in both histones F2al and F3  (manuscript in 
preparation). In addition, cyanogen bromide and thermolysin 
digestions of histone F2b from the avian red blood cells have 
revealed a t  least two major sites of acetylation within the 
basic N-terminal half of the molecule, which contains the 
presumed DNA binding site. 

The observed acetylation of histone F2b in reticulocytes 
and erythrocytes is in contrast to findings in other cell sys- 
tems. Histone F2b has recently been found to be only slightly 
acetylated in calf thymus (Marzluff et al., 1972b) and human 
lymphocytes (Desai and Foley, 1970), and is not acetylated 
in mouse mammary gland (Marzluff and McCarty, 1970). 
These differences imply the existence of some degree of tissue 
and/or species specificity of histone acetylation. 4 

4 I t  is important to note  that  during the preparation of this manu- 
script, Candido and  Dixon (1972a) reported significant levels of acetyla- 
tion in trout testis histone F2b, which appears to contain two to  four 
major sites of acetylation. As in the avian red blood cell F2b, these 
acetylation sites are  located within the basic N-terminal half of the 
molecule (Candido and Dixon, 1972b). 
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FIGURE 10: Gel electrophoresis of histone F2b cyanogen bromide 
peptides. Roman numerals refer to the various protein pools ob- 
tained by gel filtration (Figure 9). Electrophoresis was performed at 
pH 3.2 for only 5 hr. Arrow denotes the position of the major F3 
cyanogen bromide peptide (CNBr-1) when electrophoresed under 
identical conditions. 

For each of the four histones examined in the present 
study, the acetylation process appears to be readily reversible 
as indicated by the results of the pulse-chase experiments 
(Figures 5 and 6). In particular, the rates of deacetylation were 
significantly higher for each of the four acetylated histones in 
the mature erythrocytes than in immature reticulocytes. 
These findings suggest the possibility that increases in histone 
deacetylation which accompany maturation of the erythroid 
cell may serve to increase the net positive charge of particular 
histone molecules, thereby increasing the condensation 
(Kernel1 et al., 1971) and/or template repression of the 
chromatin. 

Some correlations have also been observed in other cell 
systems between levels of histone deacetylation and the 
template activity of chromatin. For example, Libby (1970) 
detected higher deacetylase activity in rat liver than in 
hepatoma, and Pogo et a / .  (1968) observed apparently higher 
deacetylase activities in normal rat liver than in the regenerat- 
ing liver following partial hepatectomy. Recently, Boffa 
et al. (1 971) demonstrated correlations of histone deacetylase 
activities with the active synthesis of proteins in 11 - and 16- 
day chick embroyos. 

The reticulocyte and erythrocyte histones F1 and F2c 
are unique, in that neither demonstrated significant internal 
acetylation during pulse-labeling studies. Several other 
chemical similarities of these two histones are the following: 
(1) both are lysine rich, containing 25.9 and 24.0 mol lysine, 
respectively (Sanders and McCarty, 1972); (2) they have 
similar molecular weights of 22,000 and 18,400, respectively 
(Bustin and Cole, 1970; Greenaway, 1971); (3) both are selec- 
tively extractable from chromatin in 5 %  HC101;3 (4) both 
have acetylated amino termini of N-acetylserine (Rall and 
Cole, 1971) and N-a~etylthreonine,~ respectively; and finally 

~ ~~ 

5 W. Cieplinski and R. C. Huang, personal communication. 
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(5) both can be phosphorylated on internal serine residues 
(Seligy and Neelin, 1971; Balhorn et al., 1972) or methylated 
on internal histidine residues to yield 3-methylhistidine 
(Gershey et ul., 1969). These similarities between the lysine- 
rich histones F1 and F2c, along with the observation that 
neither undergoes reversible acetylation, lend support to the 
hypothesis that these histones may serve different functions 
from the other four histones. 

It is also possible that histone F2c plays a specific role in 
avian erythroid cell development and differentiation, apart 
from the role of histone F1. Studies with chick embryos have 
demonstrated that F2c synthesis is initiated at days 5-6 fol- 
lowed by a progressive increase during early embryonic de- 
velopment. Little or no changes occur, however, in the rela- 
tive proportions of the other five histones (Moss et al., 1972). 
Recent studies of the bone marrow of anemic adult chickens 
have revealed similar increases of histone FZc during both 
the early and middle stages of erythroid cell development 
(Billett and Hindley, 1972). 

Regarding the possible biochemical functions of histone 
acetylation, Allfrey was among the first to hypothesize that 
the acetylation of particular histones, e.g., the arginine-rich 
histones F2al and F3, may be an early event in the activation 
for RNA synthesis from previously repressed gene loci 
(Allfrey, 1970; Allfrey et NI., 1964). According to this hypo- 
thesis, the reduction in net positive charge following the 
acetylation of lysine €-amino groups would lead to weakened 
interactions between the histones and DNA, thereby inducing 
changes in the fine structure of the chromatin and allowing 
transcription to occur. More recently, Dixon and coworkers 
have suggested that histone acetylation and deacetylation may 
function first in facilitating the binding of certain newly 
synthesized histones to DNA and then in “locking” the 
histones into place in the major groove of the DNA helix 
(Louie and Dixon, 1972; Candido and Dixon, 1972a). 

In contrast to the predictions of the hypotheses mentioned 
above, readily detectable levels of histone acetylation were 
found in mature avian erythrocytes. Furthermore, the signi- 
ficant acetylation of histone F2b has been reported here-a 
finding which is also surprising since this histone has been 
reported not to be acetylated in several other tissues. Even if 
it is assumed that the process of histone acetylation facilitates 
either gene expression or the correct binding of histones to 
newly synthesized DNA, it remains to be explained why a 
nondividing erythrocyte that is apparently completely in- 
active in both RNA and protein synthesis still demonstrates 
extensive histone acetylation and deacetylation activity. Thus 
it is apparent that no plausible theory is yet available to ex- 
plain fully the role of histone acetylation and deacetylation 
in the process of cellular differentiation and the control of 
gene expression. 
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Structural Studies on the Glycolipids from the Envelope of 
the Heterocyst of Anabaena cylindricat 

Fernand Lambein: and C. Peter Wolk* 

ABSTRACT: Four glycolipids were isolated and purified from 
heterocysts of Anabaena cylindrica. The structures of these 
lipids have been studied by mass spectrometry, infrared spec- 
troscopy, and nuclear magnetic resonance spectrometry. The 
position of the bond between the sugar and the aglycone was 

determined by permethylation of the intact lipid, followed by 
hydrolysis, trimethylsilylation, and mass spectrometry. A C-26 
and a C-28 polyhydroxy alcohol are glycosylated a t  their 
terminal hydroxyl. A C-26 and probably a C-28 hydroxy fatty 
acid are glycosylated at their carboxylic group. 

C ertain blue-green algae contain unusual lipids (Nichols 
and Wood, 1968) which are localized largely or wholly 
in a laminated layer of the envelope that surrounds the wall 
of differentiated cells called heterocysts (Walsby and Nichols, 
1969; Wolk and Simon, 1969; Winkenbach et a/., 1972). The 
more polar of these lipids are nonsaponifiable glycolipids 
(Nichols and Wood, 1968; Walsby and Nichols, 1969), the 
aglycone moieties of which, from Anabaena cylindrica, were 
identified by Bryce et ai. (1972) as 1,3,25-trihydroxyhexa- 
cosane and probably 1,3,25,27-tetrahydroxyoctacosane. 

We have fractionated the “heterocyst lipids” from the same 
alga into four distinct glycolipids. Lipids I11 and IV consist 
of a hexose bound by a glycosidic linkage to the terminal 
hydroxyls of the long-chain polyhydroxy alcohols described 
by Bryce et al. (1972). Lipid I consists of hexose bound to 
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the carboxyl group of 25-hydroxyhexacosanoic acid. Lipid 
I1 appears to be similar structurally to lipid I. 

Material and Methods 

Centrifugal pellets of heterocysts isolated from A. cylindrica 
Lemm. (Wolk, 1968) were extracted three times with five 
volumes of chloroform-methanol (2 :1 ,  v/v) at room tempera- 
ture. The pooled extracts, concentrated under vacuum, were 
shaken with chloroform and water in a separatory funnel. 
The lipids of the heterocyst envelope stayed largely at the 
interface. The aqueous and interface layers were extracted 
five times with 50 ml of chloroform. The lipid material at the 
interface was separated from the water layer by filtration 
through sintered glass and was then dissolved with chloro- 
form-methanol (2 : 1) or with hot methanol. 

The interface lipids were separated by repeated chromatog- 
raphy on a 21 x 0.5 in. column of a mixture of silicic acid 
and Celite (1 :2, w/w). The lipids were applied to the column 
in a minimum volume of chloroform-methanol, washed with 
200 ml of chloroform, and eluted with 100-ml volumes of 
chloroform-methanol mixtures containing increasing con- 
centrations (2, 4, 5,  6, 8, and 10%) of methanol. The eluate 
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