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Abstract: Like the sequence of the strongest 601 clone nucleosome of Lowary and Widom, the
SV40 genome sequence contains tracks of YR dinucleotides separated by small integers of the 10.4n
base series (10, 11, 21 and 30 bases). The tracks, however, substantially exceed the nucleosome
DNA size and, thus, correspond to more extended structure - columnar chromatin. The micrococcal
nuclease digests of the SV40 chromatin do not show uniquely positioned individual nucleosomes.
This confirms the columnar structure of the minichromosome, as well as earlier electron microscopy
studies.
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1. Introduction

SV40 minichromosome is classical object for chromatin structure studies that, in particular,
provided convincing EM pictures of the nucleosomes organized in the beads-on-string manner [1,2].
The efforts towards determination of the expected unique positions of the nucleosomes along the
5243 bases long genome of the virus gave inconclusive results, both by computational mapping [3],
and by cloning of the micrococcal nuclease (MNase) digest nucleosome DNA size fragments [4]. It
was found that 22 of 41 cloned and mapped fragments overlap with other fragments sharing from
~25 t0 ~125 bases. “Nucleosomes do not occupy unique positions in SV40 minichromosomes” [4]. It
appears, thus, that the nucleosomes of SV40 are sliding, so that each individual pattern of the beads
is different, and no specific nucleosome repeat length, as in eukaryotes in general, is observed.

There is an alternative view at the chromatin structure—organization of the “nucleosomes” in
tight oligonucleosomes [5], also called columnar structures [6-9], or meganucleosomes [10]. In this
case, the nucleosomes excised by MNase from the columns in the process of their disintegration
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would slide like in SV40 minichromosome, occupying many nearly equivalent alternative positions
shifted by 10-11 bases. Such separation (i.e., overlapping) has been first observed by Ponder &
Crawford [11].

What we call columnar structures, as referred above, is manifested in the extended ~10 base
ladder of nuclease digestion of chromatin [5,10,12], well beyond the nucleosome DNA size. The
columns are also seen directly by various versions of electron microscopy of the minimally perturbed
samples. They appear as smooth 10 nm fibers [13-15]. Nucleosomes in the fibers seem to be
“closely packed forming a continuous 100 A filament” [13]. The existence of the columns is
suggested by observation of long, far exceeding nucleosome size 10-11 base periodic sequence
regions in various chromatins [7-9]. Finally, the nucleosome repeat lengths of various eukaryotic
organisms, derived by MNase digestion of the chromatins, display discrete values, with increments
of ~10 base-pairs [16,17]. The lengths, actually, closely follow 10.4xn series (Trifonov, in press).

The nucleosomes can be mapped on genome sequences by matching to standard periodic
consensus pattern (RRRRRYYYYY), [18-20]. In case of the columns the mapping reveals RR/YY
oscillations significantly beyond the nucleosome DNA size [9]. Apart from the RR/YY oscillation
the pattern contains also the periodic YR dinucleotides which appear to make significant contribution,
especially due to TA periodicity [21,22]. There is no mapping algorithm available which would take
into account the corresponding (unknown) weights of the RR/YY and YR components. One can
apply, however, for the nucleosome (column) mapping purposes two separate algorithms based on
the above (RRRRRYYYYY), consensus (which includes YR as a part of the signal) and on the YR-
periodic tracks [23]. The prominent strong nucleosome forming sequence, clone 601 [21], is good
example of both components present [22].

In this study we used both algorithms, combining the data in one map, with conclusion that the
SV40 minichromosome consists of several connected columnar structures, rather than of solitary
beads of the nucleosomes.

2. Materials and Methods

The 5243 base sequence of the SV-40 genome is taken from NCBI Genbank.

The construction of the YR tracks follows the rule suggested by the crystal structure of the 601
clone nucleosome [24]: The sequence bound by histone octamers consists of 10-mers or 11-mers
starting with YR dinucleotides, occasionally separated by ordinary sequence 10—11mers (up to three
10-11 base period separations). Such succession of YR 10-11-mers makes a YR track.

The nucleosome mapping by the (RRRRRYYYYY), probe is described in [20] and can be
implemented via server http://strn-nuc.haifa.ac.il:8080/mapping/home.jsf

3. Results and Discussion
3.1. Sequence evidence in favor of columns in SV40 chromatin
As it follows from crystal data on the 601 clone nucleosomes [24], the YR*YR stacks of the

nucleosome DNA are located in positions “minor groove in”. They interact with arginines of the
histones and, thus, serve as “anchors” uniquely determining the inner side of the bound nucleosome
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DNA. The special role the YR dinucleotides should play in the nucleosome positioning has been
advocated by Zhurkin and his colleagues since 1979 [25-28].

The YR elements of the clone 601form a “track” of CG, 5TA and 3TG separated from one
another by integer number of bases corresponding to one to three periods of nucleosome DNA of
average value 10.4 bases (10, 11, 21 and 30 bases). Such YR track, if found in DNA sequence,
would correspond to region bound to histone octamers. The periodically arranged YR elements
would keep DNA in specific rotational setting and provide stability to the nucleosomes and columns,
in addition to the contribution of the alternating RRRRRYYYY'Y pattern.
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Figure 1. Nucleosome map of SV40 chromosome calculated with the
(RRRRRYYYYY)n probe (Tripathi et al., 2015, http://strn-
nuc.haifa.ac.il:8080/mapping/home.jsf). The amplitudes correspond to the simple
dinucleotide match counts of respective sequence segments to the sequence probe.

In Figure 1 the map of the SV40 chromatin DNA periodicity is shown derived by the
application of the (RRRRRYYYYY), mapping to the sequence. The regions with 10-11 base
oscillations correspond to either nucleosomes or to their tight oligomers, columns. The largest
RR/YY periodic region spans ~540 bases (sequence coordinates 4800-5243 and further to ~100,
over the circular genome sequence start). Numerous peaks of the map indicate the locations of the
pseudodyads, central points of the calculated nucleosome positions, separated one from another by
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10-11 bases. These are positions “minor groove out” [9]. Respectively, the minima indicate positions
“minor groove in” where the YR elements would be preferentially located. The sections of the map
where the RR/YY periodicity is not obvious, however, still show the periodic distribution of YR
dinucleotides following one another at one- to three-period distances, as in the clone 601. Altogether,
the periodically distributed RR/YY and YR elements make long regions, which would correspond to
the columnar chromatin structures.

In Figure 2 the full map of the YR-tracks identified in the SV40 genome is shown. The tracks
are of various sizes, from 31 bases (track 17) to 725 bases (track 9). The tracks longer than tight
dinucleosome DNA size, ~250 bases [5], occupy together about half of the SV40 genome (2564
bases). The longest track 9 would correspond to the tight oligonucleosomes involving 5 to 6 units
~125 bases each [5], stacked together in one column.

The construction of the tracks from the sequence positions of YR elements and their match to
positions of minima in the RR/YY nucleosome map allowed for the gaps between the YR 10-11-
mers of the size two or three periods (20-22 and 30-33 bases) as in the 601 clone nucleosome. The
larger gaps between the tracks would mean the discontinuity in the columnar organization.
Remarkably, however, there seems to be no discontinuity, since the sizes of the observed gaps are all
combinations of the 10-mers and 11-mers (see Table 1). That is, although the 10-11-mers of the gaps
are not decorated by the YR elements at their starts, length-wise they can be accommodated to the
column, thus, fusing the YR tracks in a single long structure - a continuous genome size column.

Table 1. Gaps of ordinary sequences between the YR tracks in SV40.

Gap size(bases) Number of cases
40 (4 x<10)

41 (3 <10 + 11)

42 (2 <10 + 2 x11)
43 (10 + 3 x11)

44 (4 x11)

54 (10 + 4 x<11)

55 (5 x11)

60 (6 <10)

66 (6 x<11)

N W W P NN N N N

Perhaps it is not a mere coincidence that the starting 8 bases of the Figure 2 and ending 3 bases
together make 11 bases, which means that the whole genome consists of 10-mers and 11-mers, as the
continuous columnar structure would suggest. It is quite possible that the long smooth 10 nm
filaments observed by electron microscopy in vitrified samples of SV40 chromatin [14], indeed,
correspond to the columns as suggested by periodic distribution of the YR elements in the nucleotide
sequence (this work). Moreover, as EM of vitrified samples of metaphase arrested eukaryotic cells
suggests, chromosomes seem to be “formed by the compact association of 11 nm filaments, or
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portions thereof” [29]. In other words, it may well be that the columnar organization of chromatin is
common feature of eukaryotic chromosomes in general, not just of the SV40 minichromosomes.

3.2. Relation to experimental nucleosome mapping data

The overlapping nucleosome positions in [4] are all confined to the long YR track regions
(Figure 2), though few are located in approximate nucleosome size tracks: track 1 which actually
contains 2 overlapping MNase nucleosomes (at positions 221 and 247), track 7 (nucleosome at 1768),
track 12 (3762), track 14 (4374 and 4392) and track 16 (4876). The frequent overlapping of the
nucleosomes defined by ~145 base fragments resulting from MNase digest suggests that the
“nucleosomes” may center at any peak of the RR/YY map with as many alternative positions as
number of the peaks. In this sense they may slide, in discrete steps, all along the DNA sequence of
the column, making series of overlapping “nucleosomes”. The longest YR track 9 harbors at least
three pairs of such sliding nucleosomes (2198, 2274; 2495, 2588; and 2734, 2752). The authors of [4]
conclude: “nucleosomes do not occupy unique positions in SV40 minichromosomes”.

Since practically all sequence territory of the SV40 minichromosome is covered by the periodic
YR-tracks (and RR/YY oscillations) it is not surprising that practically all nucleosomes
experimentally identified in [4] are located within the periodic regions. The experimental accuracy (%
~5 bases) does not allow to observe all the alternative positions of the nucleosome centers which
should be separated by 10-11 bases. More accurate mapping does show the alternatives [11] for the
nucleosomes which cover the unique BamHI restriction site. The site is, indeed, located within the
periodic YR track 11. The corresponding RR/YY map shows about 10 alternative center positions
for the nucleosomes covering the site (coordinates 2450-2600). In view of the above the term
“nucleosome”, actually, describes any one of the particles, products of MNase digestion of the
columnar structure, centered at one of ~400 sequence locations (according to the peaks of the
nucleosome map).

4. Conclusion
The RR/YY nucleosome map of the SV40 ninichromosome and the periodic distribution of YR
dinucleotides along the SVV40 genome, similar to the distribution of these elements in the strongest

known 601 clone nucleosome, suggests that the SV40 chromatin consists of long (perhaps, even full-
length) continuous columnar structures, rather than of individual beads-on-string nucleosomes.
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Figure 2. The YR tracks of the SV40 genome, in format 10 or 11 bases in line. The
numbers on the left correspond to the sequence positions of the map minima, i. e.,
positions “minor groove in”. Small circles on the right show approximate positions
(centers) of strong (o) and moderate (o) nucleosomes experimentally mapped in
(Ambrose et al., 1990). Note that some 10-11-mers start with YR, while others are
ordinary sequence segments of the same lengths.
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