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Summary 

The macronuclear chromatin of Oxytrichia nova consists ofchromat in  fragments which are fully soluble in 
0.2 mM EDTA and whose DNA length varies from 500 25 000 bp, The DNA migrates electrophoretically as 
a series of discrete bands, with specific genes present in only one or a few bands. The chromatin fragments are 
composed of nucleosomes and migrate electrophoretically in proport ion to their DNA length. These results 
suggest schemes for the fractionation of undigested chromatin in order to enrich for specific genes, facilitating 
analysis of changes in chromatin structure associated with changes in gene expression. 

Introduction Experimental procedures 

The chromatin of most eukaryotic nuclei, includ- 
ing the micronuclei of the hypotrichous ciliates, 
consist of chromosome-size DNA molecules organ- 
ized into long nucleosomal chains (1). Unless di- 
gested with nucleases or mechanically sheared, such 
chromatin is insoluble in most buffers. In contrast, 
the macronuclear chromatin of the hypotrichous 
ciliates, such as Oxytricha, exhibits a nucleosomal 
substructure but consists of DNA fragments 
500 25 000 bp in length and is highly soluble in low 
ionic strength buffers (2, 3). In this report we de- 
scribe our utilization of these unique features to 
develop procedures for the fractionation of soluble 
macronuclear  chromatin without the use of nu- 
cleases or mechanical shearing. 

* Present address: Southern Research Institute, Post Office Box 
55305, Birmingham, AL 35255, U.S.A. 

Cell culture 

The Oxytrichia nova cell line used here was a gift 
f rom David Prescott (University of Colorado, 
Boulder, Colorado). The methods used to maintain 
the cell stocks and to grow large-scale Cultures in 
50-liter fermentation vats have been recently de- 
scribed (4). 

Chromatin isolation 

The chromatin isolation procedures used here 
have been described in detail elsewhere (5). The 
basic procedure consists of the following steps: 1) 
filter cultures through cheesecloth to remove ag- 
gregated algae; 2) utilize a continuous flow centrif- 
uge to sediment cells onto a cushion of 10% sucrose, 
10raM Tris (pH 7.0), 5 0 m M  bisulfate, 0.12% 
spermidine, 0.5% Triton X-100, and 1 mM P M S F  
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(buffer A); 3) resuspend nuclei in buffer A without 
the sucrose (buffer B); 4) separate macronuclei and 
micronuclei by differential centrifugation in 10% 
sucrose gradients in buffer B; 5) band macronuclei 
according to buoyant density in a 40-50% metri- 
zamide gradient in buffer B; 6) dilute samples sev- 
en-fold with buffer B and pellet the nuclei; 7) resus- 
pend the pellet in buffer B; 8) dialyze overnight 
against 10 mM Tris-HC1 (pH 7.0), 60 mM NaC1, 
0.2 mM EDTA, 0.1 mM PMSF (buffer C) to re- 
move the spermidine; 9) dialyze against 0.2 mM 
EDTA (pH 7.0) to lyse nuclei; 10) complete lysis by 
vigorous pipetting; 1 I) remove insoluble material 
by centrifugation. The soluble chromatin (super- 
natant) in 0.2 mM EDTA (pH 7.0) was stored at 
4 °C .  

Solubility studies 

The solubility of the macronuclear chromatin 
was determined by adjusting the buffer conditions 
to the described composition and measuring the 
A260 of the supernatant following brief centrifuga- 
tion. The 0.2 mM EDTA chromatin solution was 
adjusted by adding MgC12, spermidine, KC1, or 
NaC1 from a concentrated stock solution. The mix- 
ture was vortexed vigorously and left at room 
temperature for 20 min. The insoluble material was 
pelleted by centrifugation in an Eppendorf micro- 
fuge for 15 min. The absorbance of the supernatant 
at 260 nm was measured with a Zeiss UV spectro- 
photometer. All samples were run in triplicate. 

Samples were prepared for DNA gel electro- 
phoresis by precipitating the soluble chromatin 
with 3 volumes of absolute ethanol, centrifugation 
for 15 min in an Eppendorf microfuge, lypholyzing 
the pellet, and resuspending the pellet in 20% Ficoll 
400, 0.5% sarkosyl, and 0.02% bromophenol blue 
(DNA sample buffer). The proteins were digested 
overnight at 37 o C with 200 #g/ml proteinase K. 
Electrophoresis of the DNA was performed in agar- 
ose gels prepared as described by Levinger et al. (6), 
using buffer E (40 mM Tris-HC1, 5 mM Na acetate, 
and 1 mM EDTA, pH 7.9). 

Sucrose gradients 

Macronuclear chromatin in 0.2 mM EDTA was 
dialyzed overnight against 60 mM NaC1, 2 mM 
EDTA, 5 mM Tris-HC1 (pH 7.0) (buffer D). One ml 
of a 700 ~g/ml chromatin suspension was layered 

over a linear 5 20% sucrose gradient in buffer D. 
Centrifugation was in a SW41 rotor at 25 000 rpm 
for 3 hr at 4 ° C. The gradient was fractionated us- 
ing an Isco gradient fractionator and the absorb- 
ance at 254 nm was monitored. For DNA gels, 
aliquots were incubated at 37 °C for 1 hr with 
200 ~zg/ml proteinase K in DNA gel sample buffer. 
The DNA electrophoresis in agarose gels was per- 
formed as described by Levinger et al. (6). 

Two-dimensional gel electrophoresis 

The two-dimensional chromat in /DNA gels were 
adapted from those described by Levinger et al. (6). 
In the chromatin first dimension, samples were 
prepared by the addition of one tenth volume of 
90 mM Tris, 2.5 mM EDTA, 90 mM boric acid (pH 
8.3) and eleetrophoresed in 1.0% agarose contain- 
ing 3.0 mM EDTA and 2 mM Na acetate (pH 5.5). 
A 3.0 mm wide strip was excised from the central 
region of the chromatin containing lane and soaked 
two hours in 0.5% sarkosyl and 0.025% bromo- 
phenol blue. The second dimension gel consisted of 
1% agarose containing 40 mM Tris-HCl (pH 7.9), 
5 mM Na acetate, 1 mM EDTA and 0.5% sarkosyl. 
Both dimensions were run 16 hr at 70 volts using 
water cooling (r.t.) and buffer exchange. 
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Fig. 1. Solubility of macronuclear chromatin. The indicated 
levels of spermidine, M g, K, or Na ions were added to macronu- 
clear chromatin in 0.2 mM EDTA. The samples were incubated 
at room temperature for 20 rnin and the insoluble material re- 
moved by centrifugation. The absorbance at 260 nm was deter- 
mined for the soluble fraction. A similar study was performed 
using CaC12: the solubility curve resembled that of MgCI2, but 
was almost twice as effective a precipitating agent on a molar 
basis. 
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Results 

The overall chromatin recovery rate of our isola- 
tion procedure is typically 60 80%. The major loss 
of material occurs in the macronuclear purification 
by buoyant density sedimentation in metrizamide 
gradients. The recovery from the gradients is about 
70-85%. The second major  loss occurs during the 
differential sedimentation steps which segregate the 
macronuclei and micronuclei. The segregation is 
very effective, leaving less than one micronuclei per 

100 macronuclei (0.025% micronuclear chromatin 
contamination), and yields an 80-95% recovery. 
The efficiency of recovery of soluble macronuclear 
chromatin following nuclear lysis in 0.2 mM EDTA 
and sedimentation of the insoluble material is 
90 100%. 

Our earlier work and that of others demonstrate 
that the macronuclear chromatin has normal nu- 
cleosomal substructure, with a nucleosome repeat 
length of 220 bp (3, 5, 7). We observe four inner 
histones analogous to histones H2A, H2B, H3 and 

Fig. 2. DNA gel (1.5% agarose) of macronuclear DNA precipitated from the soluble fractions in solubility studies described earlier. 
From right to left: lanes 1 5: 0, 0.5, 1.0, 2.0, 4.0 mM CaCI2; lanes 6-11: 0, 0.5, 1.0, 2.0, 4.0 and 8.0 mM M gCl2; lanes 13 19: 0, 10, 20, 40, 
80, 160 and 320 mM NaCI; and lanes 20 25: 0, 10, 20, 40, 80, and 160 mM KC1. 
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H4 of other eukaryotic cells, but no classical H 1. 
The solubility of the macronuclear chromatin 

with varying spermidine, MgC12, KC1 and NaC1 
concentrations is shown in Fig. 1. One hundred 
percent solubility corresponds to an A260 in the 
range of 0.14-0.18 O.D. units. This chromatin pre- 
cipitates almost completely at low spermidine con- 
centrations (0.05 mM or 0.003%). In the MgC12 
solubility decreases much more gradually, with 
50% solubility at about 5 raM. In the presence of 
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Fig. 3. Profile of the macronuciear chromatin distribution as 
measured by its DNA absorption at 260 nm from a 5-20% 
sucrose gradient centrifuged at 38 000 rpm for 3 hr in an SW41 
rotor. 

Fig. 4. DN A gel (1.5% agarose) demonstrating the DNA distribution of the fractions 5 21 of the sedimentation shown earlier. From right 
to left, Hind lll digested DNA marker, total macronuclear DNA, followed by fractions 5-22. 



KC1 or  NaCl ,  the so lubi l i ty  decreases by abou t  30% 
at 200 300 raM, then increases to near  100% solu- 
bil i ty at 1.0 M. 

D N A  gel e lec t rophores is  was pe r fo rmed  on the 
D N A  of  the soluble  ch roma t in  in the MgC12, KC1 
and NaC1 solubi l i ty  exper iments  to test for the pre- 
ferent ia l  p rec ip i t a t ion  of  specific genes. As shown 
in Fig. 2, there  was no appa ren t  difference in the 
D N A  length d i s t r ibu t ion  at var ious  concent ra t ions  
of any of the ions. 

The results  of  the f r ac t iona t ion  of  mac ronuc l ea r  
ch roma t in  based on sed imenta t ion  in sucrose veloc- 
ity gradients  are shown in Figs. 3 and 4. It is clear 
f rom the D N A  gels of  the centra l  18 f rac t ions  (Nos.  
5-22)  of  the g rad ien t  tha t  there  is a f r ac t iona t ion  of  
ch roma t in  f ragments  by size, but  that  specific D N A  
bands  are present  across  several  sucrose fract ions.  
In Fig.  5, we p lo t  the relat ive d i s t r ibu t ion  of  a 
segment  of  the prof i le  in the regions of  7 500 bp 
(Fig.  5a), 2 200 bp (Fig.  5c) and  ! 000 bp (Fig.  5e) as 
a func t ion  of  g rad ien t  f ract ion.  The  width  of  the 
segment  ana lyzed  co r r e sponds  to a b o u t  1 mm on 
the 200 m m  gel. The  enr ichment  for these bands  are 
shown in the subsequent  plots  (Figs.  5b, 5d, 5f). 
These da t a  indicate  that  this sed imen ta t ion  proce-  
dure  does p rov ide  a c rude  f r ac t iona t ion  of  ch roma-  
tin based on size, but  the enr ichment  for genes in 
specific regions is less than  3.5-fold. We have also 
sed imented  ch roma t in  into sucrose with vary ing  
concen t ra t ions  of  E D T A  (2 12 raM) and NaC1 
(0 60 m M )  and observe changes in the grad ien t  
profi le,  but  li t t le or  no decrease in the spread of  
specific genes across  the gradient .  

The  e lec t rophore t i c  mobi l i ty  of  unf rac t iona ted  
macronuc lea r  ch roma t in  is shown in Fig. 6a. The 
smal les t  f ragment  e lec t rophoreses  as expected for  
d imer  nucleosomes.  Based on the 500 25 000 bp 
size d i s t r ibu t ion  on the D N A  gels (Figs.  2 and 4) 
and  the 220 bp nuc leosome  repea t  length, we esti- 
mate  a size range f rom d imer  to 114-met, Using 
s imi lar  ch roma t in  i so la t ion  procedures ,  undigested 
mic ronuc lea r  ch roma t in  and avian ery throcyte  
c h r o m a t i n  does not  even enter  the gel. We  excised a 
na r row str ip f rom the centra l  region of  the ch roma -  
tin lane, depro te in ized  the chromat in ,  and  ran the 
mate r ia l  in a second D N A  dimension.  The results, 
shown in Fig. 6b, were quite dramat ic .  The d iago-  
nal line indicates  a good  cor re la t ion  between elec- 
t r o p h o r e t i c  mob i l i t y  of  the c h r o m a t i n  and its 
c o r r e s p o n d i n g  D N A  length. In  cases in which 
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Fig. 5. Analysis of the DNA distribution in fractions 5 22 of the 
sucrose gradient described in the previous figure. Densitometer 
tracings were made from a negative of the profiles of each 
fraction. The percent represented by a I mm wide band corre- 
sponding to 7 500, 2 200, and ! 000 bp fragment are plotted in 
Figs. 5a, c, and e, respectively. The enrichment ratios for each 
size fragment are shown in Figs. 5b, d, and f. Ratios were 
calculated as the relative increased content of a particular size 
fragment, compared to its content in unfractionated chromatin; 
a ratio of 1.0 represents no enrichment. 

c h r o m a t i n  aggrega t ion  was observed,  the d iagona l  
line was replaced by a smear.  A spot  was somet imes  
not iced a long the d iagona l  line for some of  the more  
prevalent  bands,  such as the 7 500 bp r R N A  gene. 

Discussion 

Our  da t a  clear ly indicate  the ut i l i ty of mac ronu-  
clear  c h r o m a t i n  of the hypot r ichs  for  the f rac t iona-  
t ion of specific genes in their  soluble ch romat in  



162 

Fig. 6. a. Chromatin gel of macronuclear (left) and chicken 146 bp core nucleosome particles (right); b. Two-dimensional chromatin/ 
DNA gel as described by Levinger et al. (6). From left to right, lane 1 macronuclear DNA; lane 2 macronuclear chromatin; central 
region - DNA from a first dimension macronuclear chromatin gel; lane 3 - Hae II1 digested ~X molecular weight marker. 

form. To obtain gene-size fragments from most 
other eukaryotic nuclei, the chromatin must be di- 
gested with nucleases. This digestion may perturb 
the chromatin organization (Cartwright et al., 
1983). The presence of macronuclear genes as rela- 
tive short DNA fragments in vivo circumvents the 
need for nuclease digestion. Also, the nuclease 
cleaves each gene into a wide range of sizes and with 
little register, whereas the fragments containing 
each type of macronuclear gene are homogenous in 
length and sequence (3, 8, 9, 10, 11, 12, 13). 

The solubility properties of the macronuclear 
chromatin (Fig. 1) indicate that under certain ionic 
conditions we can precipitate a fraction of the 
chromatin, for example: 30% at 3 mM MgC1, 
0.2 mM EDTA (pH 7.0); 200 mM KC1, 0.2 mM 
EDTA (pH 7.0); or 200 300 mM NaC1, 0.2 mM 
EDTA (pH 7.0). This precipitation proved not to be 
the result of spec!fic genes being preferentially pre- 
cipitated (Fig. 2). Evidently, salt-dependent solubil- 
ity is not a function of DNA (and chromatin) 
length. Thus, this scheme does not appear applica- 
ble for the fractionation of specific genes, but may 
yet prove useful for enrichment of transcriptionally 
active chromatin fragments, or chromatin species 
with varying protein content. 

The analysis of macronuclear chromatin frac- 
tionated by size using sucrose velocity gradients 
(Figs. 3 5) indicates a very limited enrichment for 
the relatively large or small genes (a 2.5-fold en- 
richment for 3 fractions containing 19% of the total 
7 500 bp material and a 2-fold enrichment for 5 
fractions containing 54% of the total 1 000 bp mate- 
rial) and no enrichment for medium size (2 200 bp) 
genes. Thus, this method offers only limited poten- 
tial as a fractionation scheme. 

The narrow diagonal line seen in the 2D chroma- 
t in /DNA gel (Fig. 5) indicates a very good correla- 
tion between the electrophoretic mobility of the 
chromatin fragments and their respective DNA 
length. These results suggest that preparative elec- 
trophoretic methods could be employed to enrich 
for specific populations of genes in their soluble 
chromatin form. Of particular interest would be the 
7 500 bp band, since its primary constituent is the 
rDNA gene (11). This band represents about 0.2% 
of the genome. Since the region within 1 mm on 
each side of the fraction represents about 0.4% of 
the total macronuclear DNA, this population would 
contain about 50% DNA from the 7 500 bp band. 
Average sized gene, such as actin (2 200 bp), repres- 
ent one of 17 000 different gene types (or 0.006% of 



the total). By fractionation of 1 mm segments con- 
taining about 0.24% of the total macronuclear 
DNA, we could get a (400)fold enrichment for this 
gene. Thus, we could isolate a fraction containing 
2.4% actin genes. Repeated cycles of preparative gel 
electrophoresis should further improve the enrich- 
ment. 

The tight correlation between the electrophoretic 
mobility of the chromatin fragments and their re- 
spective DNA also has potential as an assay for 
changes in chromatin structure. Possible applica- 
tions include assaying for structural changes in 
chromatin associated with changes in gene expres- 
sion and monitoring the addition or removal of 
nucleoproteins. In these cases, Southern blots (14) 
of the two-dimensional ch romat in /DNA gels will 
be hybridized to genes of interest to detect devia- 
tions from the diagonal line. The only biochemical 
assays currently capable of detecting changes in 
chromatin organization with changes in transcrip- 
tional activity are the DNase I assays. Weintraub 
and Groundine (15) have demonstrated that active 
chromatin is hypersensitive to DNase I. Wu et al. 
(16) have shown a DNase I hypersensitive site on 
the 5' end of transcribing genes. Since it has been 
suggested (1) that DNase I may alter the chromatin 
conformation it is assaying, an independent and 
non-destructive assay could be of great value. We 
are currently seeking inducible genes in Oxytricha 
to test the ability of these two-dimensional gels to 
detect changes in transcriptional activity. 
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