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ABSTRACT
Euplotes eurystomus la a hypotrichous dilate containing a transcrlp-

tionally active nacronucleus (MAC) and a transcrlptlonally Inactive nicro-
nucleus. Soluble MAC chromatin contains a normal complement of Inner
his tones, an Hl-like protein which Is very sensitive to proteolysls, and a
considerable proportion of non-histone proteins. A combination of N-Tosyl
lyslne chloromethyl Ice tone (TLCK) and FMSF was found to be most effective In
preventing proteolysis. Mlcroccocal nuclease digestion yielded an average
nucleosome repeat length of 187 ± 25 bp for soluble chroaatin; and 190 ± 9 bp
for Isolated nacronuclei. Thermal denaturatlon profiles of MAC chromatin in
0.25 mM EDTA display two main transitions at about 76 and 83°C, resembling
the melting of soluble chicken erythrocyte chromatin. Circular dichroic
spectra of MAC chromatin were compared to soluble chicken erythrocyte
chromatin under the same ionic strength conditions and were found to be very
similar. 2D chromatln/DNA agarose gel electrophoresis resulted in a diagonal
line of DNA staining, which establishes a strict correlation between DNA and
chromatin electrophoretic mobility.

INTRODUCTION

The vegetative cells of hypotrichous ciliated protozoa possess two types

of nuclei: a transcriptlonally active macronucleus containing gene-sized DNA

molecules and a transcriptlonally inactive micronucleus composed of chromo-

some-size DNA. The macronucleus is derived from micronuclear fusion products

following conjugation, in a process involving a complex series of events

which include the polytenization of micronuclear chromosomes, transectioning

of polytene chromosomes at lnterbands and the subsequent elimination of most

(93Z) of the nucleotlde complexity. The result of this DNA processing is a

drastic decrease in the size and in the sequence complexity In the macro-

nucleus. Macronuclear DNA is thus a modified subset of DNA sequences con-

taining 3-7Z of the micronuclear sequences. Each macronuclear DNA fragment

Is a small yet functional genetic unit that mist contain sequence information

required for its own transcription, for regulation of its own expression and

for its own replication (1). Macronuclear DNA can be separated on agarose
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gels yielding a typical and reproducible banding pattern with specific genes

present in only one or a few bands (1). The chromatin fragments are composed

of nucleosomes (2) and, in the case of ftsytrlcha nova, migrate electrophore-

tically in proportion to their DNA length (3). Thus, the hypotrichs offer an

ideal systen to study the structure and composition of a eukaryotlc gene as

chromatin fragments, removed from the complexity present in eukaryotic

genomes.

Thermal denaturatlon and circular dlchrolsm (CD) have been used exten-

sively to characterize chronatln and nucleosomes from other organisms, and

recently to study the chronatin from both macronuclei and micronuclei of the

hypotrich Oxytricha (4,5). These two methods are very sensitive to changes

in DNA-proteln and protein-protein interactions within chromatin. Recently,

these techniques were used to study the effect of binding enzymatically

phosphorylated HI his tone on the structure of reconstituted chromatin (6) and

also the effect of binding a high mobility group protein (HMG 17) on the

stability and conformation of acetylated and control HeLo high molecular

weight core chromatin (7). These studies have often been perforated at very

low ionic strength conditions (0.25 mM EDTA) due to the solubility properties

of chromatin.

Whole chicken erythrocyte chromatin melted in 0.25 mM EDTA, pH 7.0,

exhibits three transitions (Iw, IIw and IIIw) (5). The 52 base pairs per

repeating unit which melted in transition Iw (62°C) at low ionic strength

were Incorporated into the structural domains represented by transitions IIw

and IIIw at higher ionic strength. The 30Z of the total which melted in

transition IIw at 4.0 mM Na phosphate, 0.25 mM EDTA, pH 7.0 was considered to

represent the linker region between core particles, and the remaining 70Z

which melted in transition IIw was considered to represent the 140 base pairs

of DNA in the core particle (5). An additional small component (transition

Ilia) Identified in native chicken chromatin at 1 mM Na phosphate, 0.2 mM

EDTA, pH 7.4, has been attributed to the linker and/or core DNA stabilized by

HI (6). This small component disappeared when the chromatin was stripped of

HI (6). The optical activity ([e]283 • ^ O
0 ± 3°° ̂ 8 a»2/dmol nucleotlde)

of the DNA In whole chromatin was unaltered by changes in ionic strength from

0-5.0 mM NaPO4 at 23°C (5).

High molecular weight chromatin devoid of non-hlstone proteins and the

lysine-rich his tones (core chromatin) has three melting transitions

(Ic.IIc.IIIc), In 0.25 mM EDTA, pH 7.0 (5), with 50Z of the total hyper-

chromiclty displayed In transition Ic (Tin 51°C). The remaining 50Z of the
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DNA melts In transitions H e and IIIc. Transition Ic, which Is thought to

represent the melting of linker DNA and some DNA which resides In the core

particle (8), varied greatly with ionic strength in the range of 0-5.0 nM

NaPO^, pH 7.0, and behaved similarly to free DNA (5). The circular dichroism

of core chromatln displayed decreasing elllptlcities at 283 nm with increas-

ing ionic strengths. These results demonstrated a conformational transition

over this range in ionic strength, suggesting that at least part of the DNA

had characteristics similar to that of free DNA.

Oxytrlcha MAC chromatin displays four melting transitions in 0.25 mM

EDTA, pH 7.0 and three transitions at higher Ionic strength (4). The lowest

•elting transition exhibits a large ionic dependence. The optical activity

of the DNA in this chromatin also displays a substantial ionic strength

dependence. These results are consistent with an apparent lack of an HI

protein in this organism's macronucleus.

In the present work, we studied the chromatin of the related protozoan

Euplotes eurystomus to compare the MAC chromatin biophysical properties and

the protein and DNA composition with Oxytrlcha and chicken erythrocyte

chromatin. There are three main advantages to using Euplotes vs Oxytricha:

1) the Euplotes strain we employed does not seriesce; 2) it Is commercially

available, 3) it can be synchronized by starvation. The use of protease

inhibitors other than phenyl nethyl sulfonyl fluoride (PMSF), and NaHS03 waa

employed, which enabled us to prevent degradation of an Hl-like protein. The

properties of Euplotes MAC chromatin are closer to those of whole chicken

erythrocyte chromatin than to core erythrocyte chromatin or Oxytrlcha MAC

chromatin.

MATERIALS AND METHODS

The Euplotes eurystomus cell line was obtained from Carolina Biological.

Cell stocks were maintained in 100 mm dishes in Carolina Springwater contain-

ing 6-7 previously boiled wheat seeds. Large-scale cultures of Euplotes were

grown in large photographic trays containing 5 L of Pringshelm salt solution

(0.02 g/1 Na2HP04, 0.02 g/1 MgSO4-7H2O, 0.2 g/1 Ca(NO3)2. 4H2O and 0.026 g/1

KC1, pH 7.2) and were fed live algae, Chlorogonlum elongatum. The algae

stocks were obtained from Dr. David Prescott, (University of Colorado,

Boulder) and were maintained axenlcally In a yeast extract-sodium acetate

medium (2.67 g/1 yeast extract and 1.33 g/1 sodium acetate, anhydrous).

Algae to be used for feeding the Euplotes were pelleted and resuspended in

Pringsheim medium.
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The Euplotes cells were harvested by filtering through 6 |jm nylon mesh

and lysed In a nuclear Isolation buffer containing 10 mM Pipes, pH 6.75, 1 mM

spermldine phosphate, 5 n*l MgCl2, 1 EM PMSF, 1 mM TLCK and 0.5Z NP-40. The

nuclei were centrlfuged and resuspended in the nuclear Isolation buffer and

further purified by buoyant density centrifugation in a linear 10-60Z metrlz-

amlde gradient in nuclear Isolation buffer for 1 hr at 4°C and 25,000 rpa In

a SW41 rotor. The fractions containing nuclei were diluted sevenfold with

nuclear isolation buffer and washed three times with the same buffer. Then

the nuclei were pelleted and lysed by the addition of 10 mM EDTA, 5 mM

TEA.HC1 pH 7.0, 1 mM PMSF and 1 mM TLCK for 1 hr in ice. Lysis was completed

by pipetting, and insoluble material was removed from the soluble chromatin

by centrifugation at 3000 X g in a Sorvall centrifuge for 30 mln at 4°C. The

soluble chromatin was extensively dialyted against 0.25 mM EDTA, 5 mM TEA.HC1

pH 7.0, 0.1 nM PMSF, 0.1 mM TLCK.

Mlcrococcal nuclease digestions of nuclei were performed In 10 mM Tris,

1 tH CaClj and 30 units/ml of mlcrococcal nuclease (Boehringer) at 37°C.

When soluble chromatin was digested it was dlalyzed overnight against 10 mM

Tris, 0.1 1*1 EDTA, 0.1 mM PMSF, 0.1 mM TLCK prior to the digestion.

Subsequently 1 mM CaCl2 and 30 units/ml of micrococcal nuclease were added at

37°C. At the desired time points, the reaction was terminated by adding EDTA

to a final concentration of 2 mM, and by adding 200 |ig/ml proteinase K and

incubating at 37°C, 1 hr.

Chicken erythrocyte soluble chromatin was prepared according to 011ns

et al. (9) and loaded In linear 10-60Z sucrose gradients in 20 mM NaCl, 10 mM

Trls-HCl, pH 7.0, 0.2 mM EDTA pH 7.0, 0.1 mM PMSF and centrifuged for 3 hrs,

5"C, 25,000 rpm in a SW41 rotor. Fractions that were similar in DNA size to

Euplotes macromolecular DNA were pooled and used in the physical studies.

Perchloric Acid Extraction of Proteins

Soluble chromatin was made 51 in perchloric acid (PCA) by addition of an

equal volume of 10Z PCA. Sample was kept for 20-30 mln at 4°C while shaking.

Insoluble material was removed by centrifugation in a microfuge for 5 mln.

The supernatant was made 20Z in trlchloroacetlc add (TCA) and shaken at 4°C

overnight. Proteins soluble in 5Z PCA were collected by centrifugation at

4°C In a microfuge for 3 nin. The pellet was washed once with 4Z HC1 in

acetone (v/v) and twice with Ice-cold acetone. The sample was then vacuum-

dried.

Protease Inhibitors

The chromatin Isolation was performed as described above but in addition
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Co using PMSF and TLCK together, a comparison was made of the protein e l ec -

trophoresis pattern when TPCK, leupeptin or soybean trypsin inhibitor were

used together with PMSF, and when PMSF was used alone. TPCK and PMSF were

used at the same molar concentrations of Inhibitors throughout the chromatin

Isolation procedure described above. Leupeptin was tested at a concentration

of 0.1 nM and soybean trypsin Inhibitor at 5 ug/mL throughout the chroraatin

isolation procedure.

DNA and Protein Gel ElectrophoreaiB

Electrophoresis of proteins was performed according to Laemmli (10) in

15Z SDS-polyacrylamlde gels using "mlnlslab" gels (11) (75 x 100 x 0.5 am),

and the modified electrode buffer of Thomas and Kornberg (12). Electro-

phoreeis of DNA fragments In 1.25Z agarose in 40 mM Tris (pH 7.9) , 5 mM

sodium acetate, and 1 nM EDTA was done for 26 hr at 70 vol ts , using water

cooling and buffer exchange.

Two-Dlnenaional Gel Electrophoresls

The two-diaensional chromatln/DNA gels were adapted from those described

by Levlnger et a l . (13). In the chromatin f i r s t dimension, samples were

prepared by the addition of one-fifth volume of 135 mM Tris-borate, 3.75 mM

EDTA, pH 8.3, 50Z glycerol and 0.1Z bromophenol blue. The electrophoresis

gel consisted of 1.0Z agarose containing 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 for 2 hrs In 1.0Z earkoeyl and 0.025Z

bromophenol blue. The second dimension gel consisted of 1.2Z agarose

containing 40 nM Trls-HCl (pH 7.9) , 5 mM Na acetate, 1 m EDTA and 1.0Z

sarkosyl. The chromatin strip was Inserted in a s lot in the DNA gel and

overlayed with 0.3Z agarose in DNA electrophoresis buffer. Both dimensions

were run 16 hr at 70 volts using water cooling and buffer exchange.

Electron Microscopy Studies

Electron micrographs of Euplotes chromatin were obtained by fixing

soluble chromatin in 0.1Z glutaraldehyde, 0.2 mM EDTA, 0.5 mM TEA.HC1 pH 7.0

for 15 hr at 4°C, then zephlran chloride was added to a final concentration

of 0.0002Z (14). The sample was then spread onto unglowed carbon film coated

grids for 30-60 seconds, rinsed in d i s t i l l ed water, dried using dilute photo-

f l o , and stained with 0.1Z aqueous uranyl acetate (15). Micrographs were

taken using a Siemens Elmlskop 102 operated In the darkfield mode (16). The

magnification was calibrated using a carbon grating replica with 2160 l i n e s /

mm (E. F. Fullam Co.). Chromatin molecules were measured from negatives

projected onto a Tektronix 4954 graphics tablet, enlarged 11.5-fold.
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Physical Studies

Chromatin samples were prepared for thermal denaturation and circular

dlchrolsm by exhaustive dialysis against 0.25 mM Na2 EDTA, pH 7.0, containing

0.1 nM PMSF and sodium phosphate (as indicated) to achieve the desired ionic

strength. Experiments were conducted on samples with an absorbance of 260 run

of 0.9-1.2. Thermal denaturation experiments were performed with a Gilford

2000 spectrophotometer equipped with a digital absorbance meter and inter-

faced to a PDG 11/20 computer linked to the data acquisition system. The

differential melting curves were fit to a sum of gausslans, of the form:

Z A,, e Bn(Tm,n T>

where 1 is the number of transitions, An, X^ n the height and melting tem-

perature of the nth transition, and BQ IS inversely proportional to the width

of the transition, the values of these constants were determined using

LMDER1, the aon-llnear equation solver of the MINPACK library. This FORTRAN

routine uses the Levenberg-Marquardt algorithm (17,18) and requires the

calculation of derivatives. The values of A, B, and Tm were constrained In

each transition so that A was positive, B < 0.1 and 2 < Tm < 90, peaks

violating these constraints were eliminated and the fitting proceeded with

1-1 transitions. The area of each peak was determined using QDANC8 (19), an

adaptive quadratlve algorithm. CD spectra were collected with a Jasco J-40

spectropolarimeter and analysed by computer (4). Absorbance data were

collected either on a Cary IS or a Zelss PHQ II spectrophotoaeter.

RESULTS

Soluble MAC Chromatin Proteins

Fig. la shows an SDS-PAGE gel of Euplotea soluble MAC chromatln proteins

when different protease inhibitors were employed in the chromatin Isolation

procedure. If PMSF was the only inhibitor used (lane 3), a prominent band of

about 17 kD was diminished and some low molecular weight bands appeared below

the fastest histone, which may be H4. When TLCK was used, in addition to

PMSF (lane 2), this protein was not degraded and no low molecular weight

bands appear below the presumed H4. When TPCK was used (lane 1), there

appeared to be a small amount of protein degradation taking place. Macro-

nuclear DMA was not degraded when any of these three protease inhibitors was

present. Leupeptin was effective in preventing proteolysis but the DNA was

degraded during the chromatln Isolation procedure. When soybean trypsin
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Fig. 1(a). Kffeot of Protease
Inhibitors. SDS-Polyacrylamlde
Gel Eleotrophoresis of Euplotea
soluble maoronuclear chromatin
Isolated In tbe presence of,
from left to right: Lane 1,
TPCK and PMSF; Lane 2, TLCI and
PHSF; Lane 3, PMSF. (b) SDS-
PAQE of various chromatin sam-
pies. From left to right:
L a n e 1> ohiclceri erythrooyte
soluble ohrooatin; Lane 2,
Euplotaw maoronuolear proteins;
Lane 3, 5% PCA eztraot of
Euplotea maoronuolear soluble
ohromatln.

inhibitor vas employed, there was substantial protein degradation but the DNA

was not affected (data not shown).

Fig. lb compares nuclear proteins from chicken erythrocytes (lane 1),

and Euplotea euryetomua (lane 2). Lane 3 shows the 5Z PCA extracted proteins

of Euplotes MAC soluble chromatin. The 17 leD band that is sensitive to

proteolysis is preferentially extracted In 5Z PCA, suggesting that it is an

HI or an HMG protein. The use of TLCK did not alter the pattern of chicken

erythrocyte nuclear proteins in SDS-gels.

It has been shown by Krueger (20) that TLCK prevents the solubilization

of chromatin from insoluble chromatin fibers by inhibition of a nucleolytlc

activity. TLCK inhibited proteolysis of the presumptive HI in this system

but PMSF did not. Krueger (19) proposes that TLCK may Inhibit an endogenous

nuclease or a proteolytic enzyme which, in turn, is responsible for activa-

tion of the endogenous nuclease. Both our study and Krueger's published

study suggest that TLCK Is a good reagent to use as a protease inhibitor, in

combination with PMSF, when degradation of lysine-rich his tones is a problem

that PMSF alone does not solve. Among the MAC non-histone proteins, there is

a ~53 kD band (Fig. la) that resembles the 50 kD band that Lipps (21)

described in Oxytrlcha. We expect micronuclear proteins to have a negligible

effect on the MAC protein pattern due to the fact that the DNA and protein

contents of the macronucleus is ~200-fold greater than that of the micro-

nucleus (22) and micronuclei are a very nlnor (<0.1Z) contaminant in our

macronuclel preparations.

Previous work on macronuclear chromatin of a related hypotrich,

Oxytrlcha nova failed to demonstrate the presence of an Hl-like protein (4),
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11 12 13 14 15 16 17 18 \1 20 71 21 23 24 25

Fig. 2. Electrophoresis of WJA Fragments from Mlcrococcal Nuclease Dlges-
tiona of Euplotes Macronuclei, Macronuclear Chromatin and Chicken Erythrocyte
Nuclei. From left to right: Lane 1, 123 bp ladder DNA molecular weight
marker; Lane 2, DNA Hind III restriction fragments; Lanes 3-9, DNA from
macronuclei digested 0, 0.5, 1, 2, 4, 8, 24 minutes; Lane 10, 123 bp ladder
DNA molecular weight marker; Lane 11, DNA Hind III restriction fragments;
Lanes 12-19, DNA from macronuclear chromatin digested for 0, 0.5, 1, 2, 4, 8,
16, 32 nlnutes; Lanes 20-21, 123 bp ladder DNA molecular weight marker;
Lanes 23-24, chicken erythrocyte DNA digested 30 mln., 1 hr. and 2 hrs.;
Lane 25, chicken soluble chromatin digested 1 hr., DNA from pooled sucrose
density gradients.

despite the use of several reagents to inhibit proteolysis, such as 1 mM

PMSF, 50 mM NaHS03, 0.12Z spermldlne and 5-10 mM MgCl2. Variations of the

nuclear Isolation procedure were also tried with no success in detecting an

Hl-llke protein In 2-D protein gels (4). Onfortunately, since the original

Oxytricha strain has died out, it has not been possible to examine whether

TLCK would be effective In preserving an Hl-like protein in the macronuclear

chrooatin of that species.

Nucleuse Digestions

Euplotea eurystomus macronuclei were digested with mlcrococcal nuclease

as described in the Materials and Methods. Time courses of typical dlges-
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Tibia I . Ansljtia of klcrococc*! onclaaaa dlgattloiu of Eoplotea Bacronuclal
and •acrotradur aoluble chrooatla
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tions are shown In Fig. 2. Fragment sizes were determined by calibration

with $X 174 and X DNA restriction fragments in addition to the 123 base pair

(bp) ladder DNA marker (available from Bethesda Research Laboratories)

electrophoresed on the same slabs as the Euplotes samples. Macronuclear DNA

contains many discrete fragments at very early digestion time points (lanes 3

and 12); these vary from approximately 500 bp to <23 kilobase pairs (kb).

These are the gene-sized fragments originally described by Prescott (1).

Digestion with aicrococcal nuclease generates a repeating pattern of frag-

ments that reflects the nucleosomal organization macronuclear chromatin.

Oligonucleosomes as large as hexamers can be seen (Fig. 2, lanes 6, 7 and

15). The nucleosomal repeat was determined by measuring the DNA size in bp

for mononucleosoaea to tetranucleosomes, after extrapolating to zero tine of

digestion, and dividing each DNA fragment bp value by the number of nucleo—

somes In that fragment. These values were then averaged to obtain the bulk

nucleosomal repeat length. For macronuclear digests, this value was found to

be 190.3 ± 9.3 bp (standard deviation of 3 experiments); for digestion of MAC

soluble chromatin the nucleosome repeat length was 187.0 1 25.3 bp, (standard

deviation for 2 experiments).

Calculation of repeat lengths using the difference (A bp) between

adjacent oligomers yielded similar results (see Table 1). Within experi-

mental error, the nucleosome repeat lengths of macronuclel and soluble MAC

chromatin are the same.

Mlcrococcal nuclease digestions of chicken erythrocyte nuclei were

performed as described in Materials and Methods. Lane 25 of Fig. 2 shows a

typical chicken erythrocyte nucleosomal ladder. Lane 24 shows the DNA size

of the fragments of chicken erythrocyte chromatin employed In the biophysical
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Fig. 3(a). Agarose Gel Electrophoresis of Euplotes Macronuclear Soluble
Chromatln. (b). 2-D Agarose Gel Electrophoreela of Soluble Chromatln and
DNA. Left lane: Euplotes nacronuclear chromatln DNA. Center: Second
dimension DNA separation of Euplotes nacronuclear chromatln. Right Lane:
123 bp ladder DNA molecular weight marker.

studies (CD and thermal denaturation) after pooling fractions from linear

sucrose density gradients.

Two-Dlmensional Gel Electrophoresla

The electrophoretic mobility of Euplotes MAC soluble chromatin is shown

in Fig. 3a. We excised a narrow strip from the central region of a chromatln

lane, deproteinized the chromatin and ran the material in a second dimension

DNA gel (Fig. 3b). The results were quite similar to what has already been

observed with Oxytricha MAC soluble chromatln (3). A diagonal line of

ethidium bromide stained DNA indicates a good correlation between electro-

phoretic mobility of the chromatin and Its corresponding DNA length. Spots

corresponding to two of the more prominent bands, such as the rRNA gene band

at 7.5 Kb (23) can be seen along the diagonal line. The top part of the

diagonal line shovs a slight curvature due to the higher concentration of

agaroee in the second dimension (DNA) separation as compared to the concen-

tration of agarose in the first dimension gel.

Electron Microscopy Studlea

The analysis of spreads of Euplotea MAC chromatln revealed that the

length of the molecules depends linearly on the nunber of nudeosomes. Since
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Fig. 4. Left: Darlcfield electron micrograph of gene-size Euplnfren Baoro-
nuclear ohrooatin, fixed for 15 hrs in 0.1J glutaraldehyde, 0.2 oH EDTA,
0.5 niM TEA.HC1, pH 7.0. Tight: Plot of chronatin moleoule length (ym) and
number of nucleosomea per moleoule. The least square linear regression l ine
has a slope of 0.0261 ± 0.0036 vm per nuoleosotne. Bar = 0.1 \im.

the nominal nucleoeome repeat length is 186 bp, the length of DNA in one

nucleosome would be 6.324 \m. From the slope of the molecule length (in urn)

versus number of nucleosomes plot (Fig. 4 ) , we obtain a value of 27.0 nm per

nucleosone. Therefore, we estimate a DNA compaction ratio of 2.34/1 in

spread chromatin.

« a a TO m a too
TEWOUTUS

Fig. 5. Thermal Denaturation Profiles, dh/dt versus T, as a function of
4 concentration, a. Chicken erythrocyte soluble chromatin. b. Euplotea

macronuclear soluble chromatin. . 0 mM NaPO^; , 2 mM NaPO^;
, 4 mM NaPO^. Dots represent data points. Curves were calculated as

described In the Materials and Methods.
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Table II. Tntultloa aldpolota a«J relative areas of tbaraal traoalttoae ID vbole cblekeD and
Inplotaa aacroooclear caroautla

Chicken Soluble QiraaMtln Iqplotea Macroouclear Caroaaala

kffar Ta I Ta II Ta. I l l Ta la Ta la Ta II Ta III

0 . 2 5 aH HJTA 6 1 . 0 1 0 . 2 7 9 . 1 1 0 . 4 1 1 . 4 1 0 . 1 3 2 . 7 1 0 . 7 H . O t 1 . 1 7 6 . 7 1 0 . 3 8 1 . 1 1 1 . !

HI 7 . 0

I a r a a 2 3 . 7 1 0 . « 2 3 . 7 1 2 . < 4 B . S 1 2 . 6 2 . 6 1 0 . 2 7 . 2 1 2 . 0 I t . I 1 l . » 7 2 . 1 1 I . I

0.23 aH EDTA 63.6 1 0.3 73.6 1 0.1 83 1 0.2 40.1 1 1.4 5*.i 1 3.6 72.3 1 0.3 01.6 1 0.2

2 an Ka Phosphate

•B 7.0

t araa 10.8 1 4.0 2).« 1 1.3 61 1 4.0 3.2 1 2.0 12.8 1 0.1 34.6 1 1.9 27.4 1 0.1

0.23 aH DII 63.2 1 1.2 72.3 1 0.2 13.9 1 0.2 33.7 1 3.0 6».3 1 0.5 81.7 1 0.2

4 aH Ha Fboapbate

7.0

t araa 0.» 1 0.7 23.4 1 1.2 73.8 1 1.2 16.3 1 3.2 42.7 1 2.8 41.0 1 3.2

Thermal Denaturatlon of Whole Chicken Erythrocyte Soluble Chromatin

First derivative thermal denaturatlon profiles of chicken erythrocyte

soluble chromatln are shown In Fig. 5a. For each melting curve, 1, the

nunber of transitions was varied from 2-4, An and Tm,n were estimated

visually and Bn was always Initially set to 0.03. The actual number of

transitions i, could not be determined unequlvocably since all the melting

curves could be explained very well with two transitions as Judged by x2»

though Increasing the number of transitions to three always produced substan-

tial reductions in this value. Subsequent Increases of 1 had little effect

on the x2 value or the visual quality of the fit. The fitted values of An,

Bn and Tn,n for 1-2 or 4 ware very dependent upon the initial values of these

parameters, while when 1-3 they were much less so. This lead us to conclude

that there were three major transitions present In the three ionic strengths

employed.

In 0.25 mM EDTA there appear to be three transitions (5): transition Iw

with Tm-62.98°C; transition IIw, To-73.75°C; and transition IIIw, Tm-82.63°C.

The melting temperatures and relative areas for each thermal transition also

correlate well with the data of FuInter and Fasaan (5) for whole chicken

erythrocyte soluble chromatin at different low ionic strengths (see

Table II). For example, the relative areas measured by us of the transitions

in 0.25 nM EDTA, are 25.7 ± 0.9Z, 25.7 ± 2.81 and 48.6 ± 2.6Z for transitions

Iw, IIw and IIw, respectively. Fulmer and Fasman (5) obtain 26Z, 23Z and 51Z

for the three transitions at the same ionic strength. The relative area of

transition Iw decreased with increasing ionic strength, as mentioned In the
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Introduction. Transitions IIw and IIIw represent 23.4 and 76Z, respectively,

of the total hyperchromlcity at 4.0 mM Na phosphate. The DNA melting in

transition IIw is thought to represent the 60 bp of linker DNA per nucleo-

somal repeating unit, vhlle the DNA melting in transition IIIw Is considered

to represent the 140 bp of DNA in the core particle (5,24).

Thernal Denaturation of Euplotes Soluble Macronuclear Chronatln

First derivative melting profiles of Euplotes macronuclear chromatin are

shown in Fig. 5b. The profiles are also multiphasic, and the transitions

were resolved using the same method that was used for the chicken soluble

chromatin samples. In 0.25 nM EDTA there appear to be at least four transi-

tions which we will designate as Tra la, Tm Ib, Tm II and Tm III. Under these

sane conditions, purified macronuclear DNA melts at 45°C, with a very small

fraction (7Z) of the DNA melting at 35°C. The four chromatin transitions

occur at 32.7, 66.0, 76.7 and 83.8°C. Tm III, which has been attributed in

chromatin of higher eukaryotes to DNA within the core particle is 72.1Z of

the total hyperchromlcity. Tm II however represents 18.1Z of the total

hyperchromicity. Transition la, although it represents only a small portion

of the hyperchromicity (~3Z), was highly reproducible. Since purified MAC

DNA has a small fraction which melts at 35°C, this suggests that Tm la

involves DNA which is not stabilized by proteins. As the ionic strength is

increased, Tm la shifts to a higher temperature; in 4 mM Na phosphate To la

and Ib are no longer resolved. Tm II, however, shifts to slightly lower

temperatures as the ionic strength is increased from 2-4 mM Na phosphate.

Tm III remains unchanged over this range of ionic strengths. These changes

in the thermal transition profiles that occur over this small range of ionic

strengths are in many ways reminiscent of the behavior of whole chicken

erythrocyte chromatin, but there are some differences which may be due to the

large amount of non-hlstone proteins present in Euplotes macronuclear

chromatin (see Fig. 1). Overall, the thermal denaturation of Euplotes

macronuclear chromatin resembles more that of chicken erythrocyte chromatin

containing lysine-rich his tones, than It does Hl-depleted chromatin (4,5).

Circular Pienrolsm of Whole Chicken Erythrocyte Chromatin

Another valuable tool for studying the structure of chromatin is circu-

lar dlchroism, which is an excellent probe to follow or detect conformational

changes (25). Fig. 6a shows the CD spectrum of chicken soluble chromatin in

0.25 mM EDTA. There is strong suppression at 280 nm, which is a general

feature of chromatin CD spectra, and has been explained as a contribution
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Fig . 6 ( a ) . CD spectrum of chicken erythrocyte so lub le chromatin dia lyzed
aga ins t 0.25 mM EDTA. ( b ) . CD spectra of Euplotes macronuclear so lub le
chromatin ( ) and DNA ( ) a f t e r d i a l y s i s i n t o 0.25 nM EDTA. The
spectra are normalized according to the concentration of DN phosphate.
^L - £& in I/cm.mole and wavelength In nanometers (nm).

from DNA <Jr-type CD (26) producing a large negat ive component at 27 nm. In

0.25 mM EDTA, the c i r c u l a r d lchro i sn (Ae) at 282.5 nm i s 1.02 ± 0 .13 1/

en.mole . The reported value for Ae at th i s i o n i c s trength i s 1 .21 . As the

i o n i c s trength Is Increased from 2-4 mM Na phosphate, the AE at 282.5 nn

remains r e l a t i v e l y constant ( s ee Table I I I ) . This phenomenon has been

observed prev ious ly in whole chicken erythrocyte chromatin and i s thought to

be due to s t a b i l i z a t i o n of a port ion of DNA by l y s i n e - r i c h h i s tones ( 5 ) .

Table III . C3> at 262.5 oa, At2S2.5i ** a Inaction of Xa pbosphac*
concentration for abole chlckan arythrocytcs and Koplofg
macronoclear ehroaatlo

lot far

0.2 *< EDTA

pH 7.0

0.2 *1 EDTA

2 «H HaPO*

pB 7.0

0.2 m EDTA

4 >H HaPO4

pB 7.0

Chicken Soluble Cfaroaatln

i t <L/c aole)

1.02 t 0.13

0.92 1 0.02

0.93 t 0.10

Eqplotee Soluble CbroaatlE

U (L/ca aole)

1.04 1 0.08

1.07 1 0.05

1.06 t 0.11
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Circular Dlchrolam of Euplotes Macronuclear Soluble Chromatln

Fig. 6b shows the CD spectrum of Euplotes macronuclear chromatln and

purified DNA in 0.25 mM EDTA. The CD spectrum of Euplotes MAC chromatln

exhibits some similarities to that of whole chicken chromatln. In 0.25 mM

EDTA the circular dlchrolsm, Ae at 282.5 Is 1.04 ± 0.08 I/cm.mole. For

Oxtyricha macronuclear chromatln In that same buffer, Ae » 1.56 ± 0.03 1/

cm.mole (4). Thus, the Intensity of the CD signal in 0.25 mM EDTA Is consis-

tent with the presence of lysine-rich histones in Euplotes MAC chromatin.

The observed magnitude of the 282.5 nm CD peak Is insensitive to small

changes In ionic strength (see Table III). Again, this is reminiscent of the

CD behavior of whole chicken erythrocyte chromatln.

DISCUSSION

In the hypotrichous dilated protozoa, the existence of macronuclei

containing transcriptionally-active genes of reduced DNA complexity, which

are fragmented into gene-size pieces, affords an excellent and unique oppor-

tunity to study the structural properties of defined chromatln molecules (1).

The present work conpares the properties of bulk macronuclear chromatin with

the transcrlptionally inactive chromatln of the chicken erythrocyte. We have

developed a chromatln Isolation procedure that yields soluble MAC chromatln

with no detectable nucleolysls or proteolysis, and remains stable for at

least one week at 4°C.

Euplotes MAC chromatln appears to have an Hl-like protein, which is

preferentially extracted in 51 PCA, has a molecular weight of 17 kD (smaller

than HI proteins from higher eukaryotes), and is very sensitive to proteo-

lysis. The use of the protease inhibitor, TLCK, in all the chromatln

preparation solutions enabled us to detect and preserve this protein. The

migration pattern of Euplotes macronuclear proteins in SDS gels, particularly

the histones, is similar to the chromosomal proteins of Entomophthora

(a fungus) (27). This fungus also has an Hl-like protein which is preferen-

tially extracted in 51 PCA, and has a molecular weight of approx. 18.9 kD

(also smaller than most HI proteins). The nucleosome repeat length of this

fungus is 197 bp, while that of Euplotes Is 186 bp. Euplotes macronuclei

exhibit condensed chromatln, a feature also in common with Entomophthora

nuclei. Ralph-Edwards and Silver (27) have proposed that fungal chromatins

which exhibit a short (154-170 bp) nucleosomal DNA repeat length and no

condensed chromatin appear to either lack his tone HI, or contain an HI

protein less basic than that of higher eukaryotes. They stated that nucleo-
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some repeat length, at least in fungi, does not appear to be directly

determined by the basicity of histone HI, but that a correlation does appear

to exist between long nucleosomal DNA repeat length and chromatin condensa-

tion. In that respect, Euplotes macronuclear chromatin appears to be similar

to the chromatin of this fungus, since i t s nucleosome repeat length fa l l s in

the range of "long" repeat lengths for lower eukaryotes.

Both whole chromatin and lysine-rich his tone-depleted chromatin undergo

multiphasic thermal denaturatlon (5,23) . A characteristic difference between

chromatln with and without lysine-rich histone is the significant dependence

with ionic strength of the lowest melting transition when HI is absent; whole

chromatin displays only a decrease in the relative area of this transition

with increasing ionic strength. This low melting transition apparently

represents linker DNA which, when lysine-rich histones are absent, behaves

similarly to free MIA (5) . The higher melting transitions are probably due

to core particle DKA, Tm III i s ascribed to the 90-100 bp central region of

core DNA. The thermal denaturation profiles of Euplotes nacronuclear

chromatin show three main transitions and a minor transition in 0.25 mM Na2

EDTA and show three transitions at higher ionic strength. The three main

transitions occur at around the same temperatures as do the transitions of

whole chicken erythrocyte chronatln I, II and IIIw (5) , although they are not

as clearly resolved. When the ionic strength is increased to 2 and 4 mM

NaPC>4, t h e t w o W-ghest transitions are better resolved. Tm II shifts to

s l ight ly lower temperatures at 4 mM NaPO .̂ This decrease in melting tempera-

ture nay be due to dissociation of destabllization of non-histone proteins.

Overall, the thermal denaturation profile of Euplotes MAC chromatin at 4 mM

NaPC>4 looks much like that of whole chicken chromatin in that same buffer.

Tn la could not be observed at that ionic strength, presumably the DNA that

melted at 33"C in 0.25 mM EDTA is now more stable , due to reduced electro-

s tat ic repulsions. Since RHase treatment was not employed in our chromatin

isolation procedure, the possibi l i ty that Tm la represents the melting of RNA

can not be ruled out, and will be subjected to future examination. The small

amount of this presumed DNA melting at transition la might not be associated

or stabil ized by typical chromatin proteins since the same transition i s

observed in purified Euplotea macronuclear DNA. One possibi l i ty is that the

DNA that melts in transition la corresponds to the termini of the linear DNA

molecules, a l l of which have protruding 3' single stranded regions and

Inverted terminal repeats (28). The double strand to single strand DNA
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junction in Oxytrlcha macronuclear chromatin possesses a preferred micro-

coccal nuclease cleavage site, and a "telomerlc-complex" has been proposed to

exist in the terminal 100 bp (29). Following this line of reasoning, Tm la

could be explained if one assumed that the protein or proteins in the complex

do not stabilize the terminal DNA in the way that the his tone octamer does.

The percentage of DNA in the telomeric complex is approx. 9Z, (averaged over

the entire sire range of macronuclear DNA), while the amount of DNA melting

in transition la is 3Z. Interestingly, the 50 kD DNA binding protein

identified by Lipps (21), which has been suggested as a potential candidate

for the protein component of the terminal complex, seems to be present in

Euplotes macronuclear chromatin. From the analysis of thermal denaturation

data we can conclude that the bulk of Euplotes MAC chromatin appears to be

stabilized in a manner consistent with the presence of lysine—rich histories.

The circular dichrolsm of chromatin has been interpreted as representing

a linear combination of two structural domains (25). Optical activity at

wavelengths above 250 nm corresponds entirely to DNA, while the region below

250 nm represents a superposition of contributions from both histone peptides

and DNA nucleotides. The CD of Euplotea MAC chromatin does not display an

ionic strength dependence, nor do we see any significant difference between

the CD of whole chicken chronatln and that of Euplotes. The lack of an ionic

strength dependent conformational change in Euplotea MAC chromatin is also

consistent with the presence of lysine-rich histories in this chromatin.

The results that we have obtained from a variety of techniques lead us

to the following conclusions: TLCK prevents proteolysia of a macronuclear HI

like protein. The nucleosome repeat lengths of Euplotea macronuclel and

soluble MAC chromatin are essentially identical and are in the long range of

repeat lengths for lower eukaryotes, which might be expected if an HI protein

is present. Two dimensional agarose gel electrophoresis (first dimension

separation of chromatin, second dimension separation of DNA), established a

strict correlation between chromatin and DNA electrophoretic nobility.

Electron microscopic analysis of spreads of Euplotes MAC chromatin revealed

that the length of the molecules depends linearly on the number of nucleo-

somes; in other words, the spread chromatin molecules are very uniform in

average linker length. Circular dichrolsm and thermal denaturation studies

of chromatin structure revealed that Euplotea MAC chromatin behaves like

Hl-containing chromatin. The differences In the thermal denaturation

profiles of Euplotes MAC chromatin and chicken erythrocyte chromatin are very
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l ikely due to the extensive amount of non-hlstone proteins present In

Euplotes MAC chromatin, compared to their paucity In chicken chromatin.

Future studies from this laboratory wil l describe subfractionation of soluble

MAC chromatin, with concomitant enrichment of specific DNA containing

fragments.
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