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ABSTRACT

Previous work by Jacobson et al. (1) has shown that the
number and distribution of (dA.dT)25 tracts in the nuclear DNA
of the slime mold Dictyostelium discoideum reflects the number
and the distribution of transcriptional units. To investigate
whether this is a general phenomenon we compared the nuclear
DNAs of other primitive eukaryotes with respect to their content
of large (dA.dT)n tracts via the thermal stability of their
hybrids with poly(rA). The results of our analysis indicate that
all nuclear DNAs tested have (dA.dT)20-25 tracts, but the fre-
quency of such tracts varies from one per 5.4 x 106 daltons in
Dictyostelium nuclear DNA to one per 2.8 x 108 daltons in
Crithidia luciliae nuclear DNA. We conclude that the presence of
(dA.dT)20_25 tracts is not an obligatory characteristic of the
transcriptional unit in primitive eukaryotes.

Chromatography of native DNAs on poly(rU) Sephadex columns
shows that the large (dA.dT) tracts occurring in the genomes of
both primitive and higher euiaryotes are widely distributed
throughout these genomes.

INTRODUCTION

The genome of several eukaryotes contains a high frequency

of (dA.dT)-rich sequences (2,3). Detailed information about the

length of these tracts, their position in the DNA and their pos-

sible function is only available for the nuclear DNA of the

slime mold Dictyostelium discoideum. In this case the tracts,

which make up 0.3% of the DNA, are homogeneous in size and wide-

ly distributed throughout the DNA (1,4,5). The tracts are trans-

cribed and the resulting (rA)25 is found near the 3'-end of

mRNAs (1,5).

The (dA.dT)-rich sequences of animal nuclear DNA have been

characterized by Shenkin and Burdon (2) using hybridization with

poly(rU) and by Birnboim (6,7) using pyrimidine tract analysis.

Abbreviation: SSC, 0.15 M NaCl, 0.015 M sodium citrate (pH 7.0).
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Pyrimidine tract analysis obviously does not measure pure (dT)n

tracts alone and our recent results (8) have shown that the

stability of poly(rU).DNA complexes does not give accurate

values of the size of (dA.dT)n tracts in DNA either. We have

obtained evidence, however, suggesting that the thermal stabil-

ity of poly(rA).DNA hybrids can be used for this purpose (8).

Using this technique, we have found that 0.006% of the nuclear

DNA of calf and 0.015% of that of rabbit consists of (dT)20

tracts and that 0.014% of Physarum polycephalum nuclear DNA con-

sists of (dT)25 tracts.

The presence of the (dA.dT)25 tract in essentially all

transcriptional units of Dictyostelium poses the question whether

this is a general feature of transcription in eukaryotes. In this

paper we show that several lower eukaryotes have only a low fre-

quency of these tracts, which is inconsistent with such a general

mechanism.

METHODS AND MATERIALS

Labelled poly(rA)

3P-labelled and 3H-labelled poly(rA) were synthesized with

Escherichia coli RNA polymerase in a poly(dT)-directed, oligo-

(rA)5-primed polymerization of 32P-labelled or 3H-labelled ATP

(purchased from The Radiochemical Centre, Amersham, U.K., spe-

cific activity 5 and 20 Ci/mmol, respectively) as described in

ref. 9.

Preparation of DNAs

Nuclear DNAs from duck, Xenopus, monkey (BSC1 cells), Dic-

tyostelium (8), yeast (10) and P. polycephalum (11) were extract-

ed from whole-cell lysates or purified nuclei and further puri-

fied by standard methods involving phenol extraction (see e.g.

(12)), in some cases followed by two cycles of sodium iodide

equilibrium centrifugation, ribonuclease treatment and hydroxy-

apatite chromatography. The preparation of E. coli (13), bacte-

riophage T4 (14) and bacteriophage T7 (14) DNAs has been des-

cribed. Trypanosomal nuclear and kinetoplast DNAs were extract-

ed as described in (15) and further purified as described above.

Total calf-thymus DNA (type la) was a product of Sigma and poly-
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(dT) was purchased from Miles.

Determination of molecular weights of native DNAs

This was carried out by electrophoresis in 0.5% agarose slab

gels using phage T7 DNA, phage D29 DNA and the five cleavage pro-

ducts of phage D29 DNA given by the endonuclease EcoRl as markers

(e.g. (16)).

Quantitation of large (dA.dT) tracts in eukaryotic DNAs

A method was followed involving hybridization of labelled

poly(rA) to filter-bound denatured DNA, digestion of non base-

paired poly(rA) with ribonuclease T2, thermal melting of the

hybrid in 0.1 M CsCl and comparison of the Tm with those of the

model system poly(rA).oligo(dT)n as described in an earlier

paper (8).

Chromatographic behaviour of DNA containing long (dA.dT) clusters

on poly(rU) Sephadex

Unbound DNA was eluted with 3 ml 2 M LiCl-0.5% sodium dodecyl-

sulphate, 10 mM Tris (pH 7.5) and the bound fraction was eluted

step-wise with the same concentrations of sodium dodecylsulphate

and Tris, containing 1 M, 0.5 M and 0.1 M LiCl, respectively,
32

(3 ml per step) as described in the text. P-labelled samples

were then counted by measuring the Cerenkov radiation. Sodium

dodecylsulphate was precipitated by addition of 1 M KC1 and the

precipitate was removed by centrifugation (10 min at 1000 g). The

supernatant was filtered through a Sartorius nitrocellulose fil-

ter (pore size, 0.1 pm) and the filtrate dialysed against two

changes of 10 mM Tris (pH 7.5). DNA was denatured and fixed to

nitrocellulose filters (pore size, 0.1 pm) as described (17).

Just before the ficoll step, the filters were placed in a 0.1 x

SSC-0.01% sodium dodecylsulphate solution containing 20 jg ribo-

nuclease A per ml and incubated for 1 h at 300C, to degrade the

poly(rU) contaminating the DNA preparation (this step is essen-

tial to avoid high blancs). Finally, the filters were extensively

washed with 0.1 M CsCl, 0.05% sodium dodecylsulphate, 5 mM Tris

(pH 7.5) and the filter-bound DNA was assayed for the presence

of (dT)20-25 tracts as described in (8).
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RESULTS

The occurrance of large (dA.dT) tracts in eukaryotic DNAs
n

To determine the percentage of the DNA in (dA.dT)n tracts,

denatured eukaryotic DNAs were hybridized to excess labelled

poly(rA) under optimal conditions and non-hybridized poly(rA)

was removed by ribonuclease T2 digestion. To assess the size of

the oligo(dT)n sequence in hybrid, its melting point was com-

pared with that of poly(rA).oligo(dT) . We have recently shown

that this model system yields the correct value for the length

of the (dT)25 tracts in the nuclear DNA of the slime mold Dic-

tyostelium discoideum and from theoretical considerations we

have concluded that it should be suitable for determining the

length of (dT)n tracts in DNA in general (8).

Table I compiles the calculated size and frequency of (dT)n

tracts in the nuclear DNAs of some primitive eukaryotes. The

nuclear DNAs of the slime molds D. discoideum and P. polycepha-

lum both contain about the same number of (dT)n tracts of approx-

imately 25 residues. Their frequencies differ by a factor 20,

however, because of the higher DNA content of Physarum per nu-

cleus. Both the nuclear and kinetoplast DNA of trypanosome spe-

cies of Trypanosoma brucei contain (dT)20 tracts in high fre-

quency. The nuclear DNAs of the yeast Saccharomyces cerevisiae

and the trypanosome Crithidia luciliae show a low but signifi-

cant hybridization to poly(rA), indicating (dT)20 25 tracts at

a 10-fold lower frequency than in the slime molds.

As a control we have tested three prokaryotic DNAs for the

presence of (dT)20-25 tracts. Table I shows that none of them

contains such large tracts. A similar conclusion was reached by

Shenkin and Burdon (2), based on the absence of poly(rU) hybri-

dization to these DNAs.

The distribution of large (dA.dT) tracts in eukaryotic DNAs

We have recently shown that duplex DNA containing (dA.dT)

clusters can be bound topoly(rU) Sephadex as a (dA.dT.rU) triple

helix (18). This property can be utilized to measure the distri-

bution of the (dA.dT) clusters in the eukaryotic genome by ap-

plying high-molecular-weight DNA to the column since all DNA

linked to the clusters will also be bound. A pre-requlsite of
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TABLE I - LARGE (dA.dT) n TRACTS IN NATURAL DNAs

1-10 Igg denatured filter-bound DNA was hybridized to excess 32P-labelled or 3H-labelled poly(rA) (specific
activity, 200-1300 cpm/pmole). The reaction was complete within 3 h (the ribopolymer concentration was satu-
rating, since an increase in its concentration did not alter the hybridization plateau). The hybrids were

incubated with ribonuclease T2 (specific activity, 0.1 U/)jg protein; I unit enzyme solubilizes 1 pmole poly-
(rA) in 2 h at 250C), melted in 0.1 M CsCl and their Tm's were used to calculate the size of the poly(rA)
binding site as described (8). The Tm of the hybrid of denatured Dictyostelium DNA and poly(rA) has been

measured five times and was always 38 + 1°C, leading to a calculated binding site of 24 + 1 (dT) residues.
Similar experiments using 32P-labelled DNAs from yeast, C. luciliae and bacteriophage T7 have shown that
>98% of the input DNA binds to the nitrocellulose filter and remains bound to it during the hybridization
procedure.

DNA hybridized Calculated Analytical Number of
to poly(rA) tract size complexity tracts per

of DNA0 genome

(mole %) (x 10 ) (Y)

Dictyostelium (nuclear) 0.30 24 3 (28) 11 300

Dictyostelium (nuclear) 0.33 - 12 500

Physarum polycephalum (nuclear) 0.014 26 40 (11) 6 500

Saccharomyces cerevisiae (nuclear) 0.039 20 1.3 (29) 800

Crithidia luciliae (nuclear) 0.005 - 7 (30,31) 500

Trypanosoma brucei (nuclear) 0.18 20 5 (t) 13 600

Trypanosoma brucei (kinetoplast) 0.66 20 0.5 (t) 5 000

Escherichia coli <0.001 - 0.27 (3) 0

Bacteriophage T7 <0.001 - 0.0025 (32) O
7~~~~~~~~~~~~~~~~~~~~~~~

Bacteriophage T4 <0.001 - 0.011 (32) 0

Poly(dT) 95 >100

ONass of DNA in daltons per haploid genome or per cell where ploidy is unknown.
Data taken from ref. 1.

= 20.

vCalculated from refs 33 and 34.
To nearest 100 tracts.

this approach is that the elution position of the (dA.dT) clus-

ter is independent of the molecular weight of the DNA applied

and of the number of clusters per molecule. In order to test

this we analysed the chromatography of Dictyostelium DNA of 25

x 106 daltons and the same preparation sheared to 1.3 x 106 dal-

tons on poly(rU) Sephadex (Fig. 1). .90% of the high-molecular-

weight DNA was retained by the column and eluted in the 0.1-M

LiCl fraction, consistent with the gradient elutions already

presented (18). Of the sheared DNA only 22% eluted in the 0.1-M

LiCl fraction. A similar chromatography was performed with DNA

sonicated to a fragment size of 2 x 106 daltons and the DNA pre-

sent in the different column fractions was hybridized to poly-

(rA) to determine the elution position of the (dA.dT)25 tracts

(Table II). 80% of the total hybridization was found with the

0.1-M fraction and the remaining 20% with the intermediate frac-

tion. Melting analysis shows that poly(rA) hybridizes exclusiv-

ely to the (dT)25 tracts present in both fractions. From this
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Fig. 1 - Fractionation of Dictyostelium nuclear DNA on a poly(rU) Sephadex
column. High-molecular-weight (circa 3 x 107, *-*) or sheared (circa 1.3 x
106, O-o) Dictyostelium DNA was applied to a poly(rU) Sephadex column and
eluted with 2 M, 1 M, 0.5 M and 0.1 M LiCl buffer as described in Methods.

TABLE II - ELUTION OF (dA.dT)25 TRACTS UPON CHROMATOGRAPHY OF SONICATED

Dictyostelium DNA ON POLY(rU) SEPHADEX

0.8 jg P-labelled Dictyostelium DNA (specific activity, 1000 cpm/lJg) was
sonicated to a mean fragment size of about 2 x 106 daltons (calculated from
sedimentation through a neutral sucrose gradient). The DNA was hybridized to
a poly(rU) Sephadex column (see (18)) in 2 M LiCl and the bound fraction was
eluted step-wise with 0.5 M and 0.1 M LiCl (3 ml per step). Part of the DNA
samples was fixed to nitrocellulose filters as described in Methods and hy-
bridized to 3H-labelled poly(rA) (specific activity, 1300 cpm/pmole) as des-
cribed in (8). (All data have been corrected for aspecific binding of poly-
(rA) to a filter containing an equivalent amount of bacteriophage T7 DNA -
1 pg phage T7 DNA binds about 60 cpm of labelled ribopolymer.) Between 40%
and 60% of the input DNA was recovered on the filters after the hybridiza-
tion. The hybrids were then melted in 0.1 M CsCl and the Tm was used to cal-
culate the size of the (dT)n tract involved in the binding of poly(rA) as
described in (8).

Fraction Unfractionated
high-molecular-

2 M LiCl 0.5 M LiCl 0.1 M LiCl weight DNA

32P-labelled DNA in 49 19 32
different fractions
(% of input)

Hybridization of <0.01 0.2 0.7 0.3
filter-bound DNA

to poly(rA) (%)

Mean distribution of 1 per 6 1 per 1 per

(dA.dT)25 tracts 8. x 10 2.3 x 10 5.4 x 10
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TABLE III - BINDING OF EUKARYOTIC DNAs TO POLY(rU) SEPHADEX

For details, see Methods.

% Binding
Molecular

DNA weight 1 M LiCl 0.1 M LiCl 0.1 M LiCl

fraction fraction fraction

(x 10 ) (found) (found) (calculated)

Duck nuclear 30 25 59

Xenopus nuclear 22 40 27

Calf total 7 19 14 7§
Yeast nuclear 30 17 60 100

C. luciliae nuclear 30 27 18 20

T. brucei nuclear 30 43 40 100

Bacteriophage T4 30 0 <3 0

fIn this calculation it is assumed that the majority of the large (dA.dT)n

tracts elutes in the 0.1-M LiCl fraction and that these tracts are randomly
§distributed over the entire genome.

Calf DNA contains about one (dT)20 tract per 108 daltons molecular weight (cf.

ref. 8).

experiment we may conclude that the majority of the (dA.dT)25

tracts are eluted in the same fraction regardless of the mole-

cular weight of the DNA and that the number of (dA.dT)25 tracts

per molecule only slightly influences their elution molarity,

possibly because of cooperative poly(rU) binding when more than

one (dA.dT)25 tract is present per molecule. Finally, we con-

clude that the efficiency of retention of (dA.dT)25 tracts by

the column under these conditions is more than 99%. It should be

stressed that the frequency of (dA.dT)25 tracts in the inter-

mediate fraction is far too low to account for the observed

binding pattern (cf. Table II). This indicates that shorter

tracts must be involved in the binding of some of these mole-

cules to the poly(rU) column. Whether these shorter tracts are

pure remains to be established.

We then measured the binding of a series of eukaryotic DNAs

of known molecular weight to the poly(rU) column. Because many

of these DNAs have slightly shorter tracts than Dictyostelium

DNA (Table I and (8)) we eluted the column with steps of 2 M,

1 M LiCl and recovered the DNA containing large tracts with 0.1

M LiCl. The results are shown in Table III. Significant amounts

of high-molecular-weight DNAs from both lower and higher euka-

ryotes are tightly bound to the poly(rU) Sephadex column,

showing that the (dA.dT) clusters must be widely dispersed in

their genomes rather than clustered in a small segment.
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DISCUSSION

The results presented in Table I clearly show that the pre-

sence of a high frequency of (dA.dT)20-25 tracts, available for

hybridization with poly(rA), is not a constant feature of the

nuclear DNAs of primitive eukaryotes. Whereas 0.3% of Dictyoste-

lium DNA hybridizes to poly(rA), only 0.005% of Crithidia nuclear

DNA does. Two trivial explanations for the low hybridization of

poly(rA) to Crithidia DNA should be considered. First, (dA.dT)-

rich DNA containing the (dT) tracts of interest might have been

specifically lost in the nitrocellulose step, because poly(dA)

does not bind to nitrocellulose in 3 x SSC (2). Second, large

(dT)n tracts might be present, but unavailable for base pairing

with poly(rA) because they are adjacent to (dA)n tracts, leading

to the formation of (dA.dT)n hairpins after denaturation. The

first possibility is rendered unlikely by the fact that long DNA

was used in these experiments and that >98% of denatured Crithi-

dia DNA bound to nitrocellulose filters and remained bound during

the hybridization. Moreover, identical results were obtained if

the DNA was applied to a filter in 2 M NaCl, a condition that

allows poly(dA) to bind to nitrocellulose (19). The second pos-

sibility is rendered unlikely because only a small fraction (18%)

of high-molecular-weight Crithidia DNA elutes from a poly(rU)

Sephadex column between 1 M and 0.1 M LiCl (Table III), indica-

tive of a low frequency of large (dA.dT) tracts (cf. Table II).

(The presence of such clustered (dA.dT)n tracts does not influ-

ence this technique.) We, therefore, conclude that the presence

of a high frequency of (dA.dT)20 25 tracts is not an obligatory

characteristic of the nuclear DNAs of primitive eukaryotes. The

suggested involvement of these tracts in the termination of trans-

cription, the post-transcriptional attachment of oligo(rA)100 to

the 3'-terminus of mRNAs (1) or in the transport of mRNAs to the

cytoplasm (20), in Dictyostelium, therefore, does not extend to

the majority of the transcribing units in other primitive euka-

ryotes.

The kinetoplast DNA of T. brucei gives the highest hybridiza-

tion with poly(rA) of all natural DNAs studied until now (see

also (2) and (21)). This unusual DNA predominantly consists of

a large network of catenated mini-circles with a contour length
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of 0.33 pm (see (22)), equivalent to a molecular weight of 0.66
6

Restriction enzyme analysis has shown that these mini-
x 10. etito nyeaayi a hw htteemn

circles are heterogeneous in base sequence (23), as previously

shown for the mini-circles of C. luciliae (24). In addition, the

kinetoplast DNA network contains a more complex "maxi-circle"

component (cf. (24)) with an estimated complexity of 13 x 106

daltons (23). Further experiments are required to establish

whether the (dA.dT)20 tracts are present on the maxi-circles or

mini-circles and whether they can be used to fractionate the

kinetoplast DNA components on poly(rU) Sephadex columns.

We have shown that the majority of the (dA.dT)25 tracts pre-

sent in Dictyostelium DNA elute from a poly(rU) Sephadex column

between 0.5 M and 0.1 M LiCl. Although Dictyostelium DNA appears

to be bound to poly(rU) Sephadex mainly by the (dA.dT)25 tracts

we cannot formally exclude that binding of this or other DNAs

also additionally occurs via cooperative effects of shorter

(dA.dT) clusters. Calculation of the expected binding in the 0.1-

M fraction, assuming a random distribution of these clusters in

the lower eukaryotes, however, gives a value in reasonable agree-

ment with the experimental measurements,suggesting that these co-

operative effects are unimportant. We have also found that the

distribution of (dA.dT) clusters in rabbit DNA is consistent with

a random distribution (Flavell, R.A., Van den Berg, F.M. and

Grosveld, G.C., unpublished).

Finally, we have observed extensive binding to poly(rU)

Sephadex of nuclear DNAs of a series of higher eukaryotes from

Xenopus to rabbit, showing that a wide-spread distribution of

(dA.dT) clusters throughout the genome is a general phenomenon

in the DNA of higher eukaryotes. At least some of these (dA.dT)

clusters have been shown to be transcribed into homopolymer re-

gions in human (25,26) and sea urchin (27) HnRNA, but it is un-

clear whether these clusters are functionally related to the

(dA.dT)25 tracts of Dictyostelium. To resolve this question we

are at present studying the transcriptional activity of the

homopolymer containing DNA segments of mammalian DNA obtained

by poly(rU) Sephadex chromatography.
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