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ABSTRACT. The role of the large amount (more than half of the genome) of noncoding DNA in higher
organisms is not well understood. DNA evolved to function in the context of chromatin, and the possibility
exists that some of the noncoding DNA serves to influence chromatin structure and function. In this age
of genomics and bioinformatics, genomic DNA sequences are being searched for informational content
beyond the known genetic code. The discovery that period-10 non-T, A/T, G (VWG) triplets are among
the most abundant motifs in human genomic DNA suggests that they may serve some function in higher
organisms. In this paper, we provide direct evidence that the regular oscillation of period-10 VWG that
occurs in the chicken ovalbumin gene sequence with a dinucleosome-like period facilitates nucleosome
array formation. Using a linker histone-dependent in vitro chromatin assembly system that spontaneously
aligns nucleosomes into a physiological array, we show that nucleosomes tend to avoid DNA regions
with low period-10 VWG counts. This avoidance leads to the formation of an array with a nucleosome
repeat equal to half the period value of the oscillation in period-10 VWG, as determined by Fourier
analysis. Two different half-period deletions in the wild-type DNA sequence altered the nucleosome array,
as predicted computationally. In contrast, a full-period deletion had an insignificant effect on the nucleosome
array formed, also consistent with the prediction. An inversion mutation, with no DNA sequences deleted,
again altered the nucleosome array formed, as predicted computationally. Hence, a VWG dinucleosome
signal is plausible.

The human DNA sequence and the sequences of severabrganisms have been inferred by micrococcal nuclease
other higher organisms are now available or are being (MNase} digestion of the chromatin and from analysis of
completed {). Most of the protein-coding genes have been the resultant DNA fragment ladders by gel electrophoresis
identified with a high degree of confidence, (3), and and Southern blotting. Nucleosome spacing periodicities
ultimately the functions of these genes will be elucidated. ranging from about 175 to 210 bp have been obsertéy (
However, the role of the large amount (more than half of and the degree of nucleosome spacing regularity on some
the genome) of noncoding DNA in higher organisms is not sequences differd ). It is plausible that nucleosome arrays
well understood4). DNA evolved to function in the context  displaying different nucleosome arrangements form stretches
of chromatin, and the possibility exists that some of the of chromatin having distinct higher order structures or
noncoding DNA serves to influence chromatin structure and different modes of flexibility due to variations in the
function, including gene regulation. A remaining challenge rotational orientation between adjacent nucleosorBes3).
of DNA research and of genetics is to understand chromatin, Additionally, linker histone association with nucleosomes
the dynamic proteirDNA complex that makes up chro- influences the properties of chromati(15). It has recently
mosomesX). been demonstrated that proper mouse development requires

Virtually all of the DNA in the nucleus of a eukaryotic @ sufficient amount of linker histone H1 and that mouse
cell is packaged into nucleosome arrays. These arrays ardissues containing only half of the physiological amount of
condensed into higher order chromatin structures which histone H1 exhibit shortened nucleosome spacirig). (
appear to be variablé{9). For example, the nucleosome Knowledge of the mechanisms by which nucleosome arrays
arrays on the repetitive DNA of the transcriptionally silent form should provide insights into how histone modifications
heterochromatin irDrosophila appear to be very regular, and the presence of non-histone chromosomal proteins can
and the higher order structure of heterochromatin appearslead to functionally important changes in chromatin structure
to be highly condensed (). Moreover, variable nucleosome  (17).
arrangements on DNA from the same nuclei in cells of higher  In vitro chromatin assembly systems have provided some
useful information on how regular physiological nucleosome
spacings might arise. Systems that generate arrays with
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developed, based upon the activities found in the extremely positions are restricted to some extent by the presence of
rapidly dividing cells ofDrosophilaearly embryos18, 19) the dinucleosome period signal.

or in Xenopuseggs R0) or oocytes 21). These systems The chicken ovalbumin gene assembles into chromatin
require ATP and Mg; linker histone is not required.  \ith a regular nucleosome array having a spacing periodicity
Additionally, a very simple linker histone-dependent in vitro ¢ approximately 190 bp in a linker histone-dependent in
system that spontaneously arranges nucleosomes into arraygitro chromatin assembly syster®5). This result correlates
with physiologically spaced nucleosomes has been devel-yith the presence of a strong predominant Fourier amplitude
oped; ATP is not required. This system uses polyglutamic having a dinucleosome-like period value 0&2190 bp for

acid as a solubilizing agent to allow proper linker histone the oscillations in period-10 VWG counts in the DNA
addition to reconstituted nucleosome®)( An interesting sequenced). In this study, we have analyzed this correla-
feature (_)f the linker histone-dependent chromatin assemblytion more thoroughly by mapping nucleosome positions with
system is that the DNA base sequence matté8. (For  respect to the period-10 VWG oscillations in a region of the
example, regular physiologically spaced nucleosomes are nofyene. Additionally, to obtain more direct evidence for the
generated on plasmid DNA, cDNAs, or in some regions of postulated dinucleosome period VWG signal, we have
vertebrate genomic DNA. However, other regions of verte- examined the effects of two small deletion mutations and
brate genomic DNA do assemble into arrays containing an inversion mutation predicted to alter the nucleosome array
highly ordered, physiologically spaced nucleosomes, underang of one larger deletion that should not. The results of
the identical conditions used for the sequences that do notihese experiments support the hypothesis that the dinucleo-
order nucleosomes. These results suggest that there couldome-like period-10 VWG signal contributes to the formation
be periodic sequence motifs present in some sequences thaif ordered nucleosome arrays and suggest that the chicken
facilitate the formation of regularly spaced nucleosome gyalbumin gene DNA sequence may play a role in the

arrays. To find these possible periodic motifs, use was madegrganization of its chromatin, in addition to its known coding
of the observation, using a machine learning approach, thatfynction.

human genomic DNA contains the triplet non-T, A/T, G
(VWG) abundantly repeated at 10 base pair multip23).(
It was then suggested that VWG triplets might distort the
DNA double helix somewhat, and since the triplets often
occur with the period of DNA (about 10 bp), they would be ~ Computational AnalysisGenBank genomic DNA se-
in-phase and might constitute a region of preferred DNA quences for the chicken ovalbumin gene (accession number
bending, thus facilitating its packaging into nucleosora&s ( J00895) were analyzed for variations in period-10 VWG
Experimental support for this idea was obtained by showing (non-T, A/T, G) contents as described previousBA)(
that the preferred nucleosome locations in native SVv40 Briefly, the occurrences of VWG with a periodicity from
chromatin generally correspond to regions of SV40 DNA 10.00 to 10.33 were counted in a sliding 102 bp window,
that are enriched in period-10 VWGs, whereas DNA regions 51 bp from each VWG position. These histogram data were
low in period-10 VWGs tend to avoid nucleosoméed)( then averaged in a sliding 60 bp window (5 bp increments)
In the same study2d) it was also observed that, for the O generate a continuous oscillating curve of fthe average
three sequenced DNAs that were previously assembled intoPeriod-10 VWG count versus GenBank nucleotide number.
regular long-range oscillations of period-10 VWG counts in Window was also computed and used to apply a small
a sliding 100 bp window occurred specifically in regions of correction for the presence of VWG-poor or VWG-rich
DNA that ordered nucleosomes. The period of these long- "€910NS, as previously desc_rlbed. The regu_lan;y and the
range oscillations, assessed by Fourier analysis, correspondeBeriod of the long-range period-10 VWG oscillations were
regions that did not possess a single strong Fourier peak digputed oscillat_ing curve) was created _in Microsoft F_’owerPoint
not order nucleosomes into regular arrays. These observation®y constructing a grid of base pair number gxis) and
suggested the hypothesis that nucleosome ordering by linker2verage periodic VWG/CWB coury @xis), with thex axis
histones might be facilitated by a dinucleosome period signal displaced to the average value of the oscillating curve
consisting of regular period-10 VWG oscillations. Further described above. A sinusoidal curve of one full period was
support for this hypothesis was obtained in our laboratory then traced using PowerPoint, spanning the desired number
by studying the mouse adenosine deaminase locus in vitrof base pairs (380) and amplified vertically to encompass
and in liver nuclei (Dalal et al., unpublished observations). the highest peak and the lowest valley of the VWG/CWB
signal, rather than a mononucleosome period signal, was€nd to end, and superimposed on the computed curve for
unexpected, it is quite consistent with linker histone- the best fit possible.
dependent nucleosome ordering because linker histones can DNA Constructs The wild-type 4.5 subclone was a 4.5
readily induce the formation of a regular nucleosome array kb Dral fragment of the chicken ovalbumin gene (GenBank
on DNA that is devoid of sequence information, for example, numbers 28447314) inserted into th&naBl site of pUC19.
on poly[d(A-T)]-poly[d(A-T)] (22). Thus, when chromatin ~ To make the 189 bp and the 381 bp deletion mutants, two
is assembled at a physiological core histone to DNA ratio, separate pairs dsDI sites were created in the wild-type
linker histones should be able to easily order the intervening 4.5 construct at nucleotide numbers 4846 and 5035, or 4654
nucleosomes that exist between other nucleosomes whosand 5035, respectively, using the Stratagene QuikChange

MATERIALS AND METHODS
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mutagenesis kit. To create th€l89 deletion mutant, the
appropriate construct was cut witBs@DI at nucleotide

Biochemistry, Vol. 43, No. 21, 20046711

13.5 cmx 13.5 cm bridge gel apparatus, run for an average
of 4 h at 100 V. Thayels were then processed for Southern

numbers 4846 and 5053, blunted, religated, and transformedblots.A DNA cut with Afllll and labeled with §-32P]JdATP

in strain DH% bacteria (Stratagene) using standard condi-

was used as size markers for blots. A 123 bp ladder

tions. TheA381 subclone was created the same way, but (Invitrogen) was used as size markers for stained gels. DNA

using theBsDI sites at 4654 and 5035 instead. The 1050
bp inversion mutant was constructed by creatinBsgDI
site at nucleotide number 5835 in the wild-type 4.5 kb
subclone as above, then digesting the construct Miitial 111
(nucleotide number 4785) ar8lsfDI, blunting, religating,

fragments were transferred after electrophoresis to charged
nylon membranes (GeneScreen Plus, PerkinElmer) by stand-
ard capillary blot conditions; transfer was generally overnight.
DNA was fixed to the membrane wet by UV cross-linking.
All prehybridizations, hybridizations, and washes were

and transforming as above. The wild-type 1.9 subclone was performed using the membrane manufacturer's recommenda-

a 1.9 kbPuwull fragment of the chicken ovalbumen gene
(GenBank numbers 463%540) inserted into thEcadRl site

of pBR322 @5). A 201 bp region was deleted by cutting
the wild-type 1.9 subclone witBnal (nucleotide number
5621) andXba (nucleotide number 5822), then religating,
and transforming as above. Highly pure supercoiled DNA

tions in a Hybaid rotary oven at 6&. The dried blots were
then exposed for desired intensity, generallynfrd h to
several hours using BioMax MR film (Kodak). The wild-
type probe (557 bp) was obtained by digesting the wild-
type 4.5 kb subclone witlPst; the A189 probe (368 bp)
was obtained by digesting thel89 mutant DNA withPst,

was prepared either by the standard maxiprep technique usingand theA381 probe (176 bp) was obtained by digesting the

CsCl-ethidium bromide bandingg) or by using the Wizard
maxiprep kit (Promega). Residual RNA was removed by
ultracentrifugation throug 1 M NaCl 28). DNA samples
were generally stored in 10 mM Tris-HCI (pH 8.0) and 1
mM N&EDTA at 4°C.

In Vitro Chromatin AssemblyPure supercoiled DNA was
first reconstituted with core histones using salt gradient
dialysis as previously describe®d). Briefly, 20 ug of DNA
at a concentration of 100@g/mL was mixed with purified
core histones, obtained by salt extraction from chicken
erythrocyte nuclei, at ratios ranging from 0.8 to 1,09 of
core histoneglg of DNA in 1 M NaCl, 10 mM Tris-HCI
(pH 8.0), and 1 mM NzEDTA for 30 min, followed by
dialysis against 0.8 M NaCl, 10 mM Tris-HCI (pH 8.0), and
1 mM N&EDTA and against 0.6 M NaCl, 10 mM Tris-HClI
(pH 8.0), and 1 mM NzEDTA for 2 h each, followed by 2
h against 20 mM Tris-HCI (pH 7.2) and 0.2 mM MeDTA.
The chromatin then was incubated overnight atG@#wvith
linker histone H5 (0.5«g of H5/ug of DNA), at a final
concentration of 10&kg/mL DNA, 2 mg/mL polyglutamic
acid (pH 7.2), 0.15 M NaCl, 20 mM Tris-HCI (pH 7.2), and
0.2 mM NaEDTA. Prior to digestion with micrococcal
nuclease (MNase), the salt was usually dialyzed out.

Micrococcal Nuclease DigestioiThe quality and extent

A381 mutant DNA also withPst. The 200 bp wild-type
probe for the inversion experiment was obtained by PCR of
the wild-type sequence from nucleotide numbers 5200 to
5400 and the inversion probe for the same experiment from
PCR of the corresponding 200 bp sequence of the inversion
mutant DNA. All probe purifications were performed by
running the digested DNA on agarose gels and staining the
gel to visualize the band, and the DNA fragment of interest
was then excised from the gel and purified using the Qiaex
gel purification kit (Qiagen). Pure denatured DNA probe
fragments (16-20 ng) were labeled witho-*P]dATP by
random priming 80). The labeled DNA was then denatured,
chilled on ice, and supplemented with denatured salmon
sperm DNA (for a final mixture concentration of p@/mL).
Final probe concentrations in the hybridization buffer were
50—100 ng/mL. Hybridization was generally carried out for
8—16 h at 68°C in the Hybaid rotary oven, and washes
were as recommended by the hybridization oven manufac-
turer. The stained gels were soaked in a dilute solution of
ethidium bromide (0.45ug/mL) for 30 min, destained
overnight in deionized water, and then photographed with
Polaroid type 55 film under UV illumination.

Indirect End Labeling.The purified DNA fragments
obtained after MNase digestion (chromatin, 4.3 ungsof

of the nucleosome arrays formed were assessed by MNas®NA, 30 s; naked DNA, 0.4 unjig of DNA, 30 s) were

digestion of the chromatin in 1 mM CagCnd 5.0 units of
MNase/tg of DNA for 30 s—2 min at 37°C. Digestion was

digested to completion either witKmn for the 5 end-
labeling experiment or wittXba for the 3 end-labeling

terminated by plunging the sample into 0.2 mg of proteinase experiment. Purified DNA was then electrophoresed and

K/mL, 10 mM EDTA, and 0.1% SDS and incubating for 1
h at 37°C. Samples were then extracted once with phenol
chloroform—isoamyl alcohol (25:24:1) and once with chloro-

blotted as before. The 221 bp probe for therlirect end-
labeling experiment was obtained by digesting the wild-type
4.5 subclone wittKmr (nucleotide number 3077) andsd

form and then ethanol precipitated after adding NaCl to 0.15 (nucleotide number 3298). The 202 bp probe for the 3

M from a concentrated stock solution. The dried DNA pellet
was dissolved in Ix gel loading buffer for gel electrophore-
sis. In the experiments involving the189 bp and thé\381

bp deletion mutants, after MNase digestion of the chromatin,

the purified DNA fragments were digested wittvall and
Stu (at sites 2.4 kb apart) in order to eliminate the detection
of DNA fragments that were located far from the regions
deleted.

Gel Electrophoresis, Southern Blots, and Hybridizations
Nucleosome oligomer size DNA fragments (about 02
lane for blotting or 1.%g/lane for ethidium bromide staining)
were resolved on 1.5% agarose gels ik ITBE using a

indirect end-labeling experiment was obtained by digesting
the wild-type 4.5 subclone witiXba (nucleotide number
5822) andSnaBl (nucleotide number 5620). The DNA bands
detected by these probes extended inward toward the region
of interest from either th&Xmrl site (5 end) or theXba

site (3 end). Hybridizations and washes were carried out as
per the membrane manufacturer's recommendation. For each
autoradiogram to be analyzed, the distance from the base of
the loading well to the center of each lane band was measured
to approximately 0.1 mmaof-*?P]dATP-labeled. Alfill digest
bands of known base pair size were used as adjacent markers.
Differences between the cutting sites on the naked DNA and
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the chromatin were used to infer nucleosome positions, where
possible, as described in the text.

Nucleosome Repeat Analydlisdividual nucleosome oli-
gomer bands were sized using a calibration curve based on
the molecular weight markers. For the calibration curve, the
logarithms of the marker fragment sizes (bp) were plotted
against gel migration distances, and the curve was fit to a
third degree polynomial. Nucleosome oligomer migration
distances (band midpoints) were converted to base pairs using
the polynomial coefficients. The slope of the best-fit straight
line of the plot of nucleosome oligomer size versus nucleo-
some oligomer (or band) number gives the nucleosome repeat
length @1). Curve fitting was performed using Microsoft
Excel.

RESULTS

Nucleosomes on the Chickend@bumin Gene Spontane-
ously Rearrange into a Spaced Orderly Array in the Presence
of Linker HistoneFigure 1A shows a map of the gene, the
locations of the central 4.5 kb DNA fragment subclone and
the 1.9 kb fragment subclone studied, restriction sites that
are referred to, hybridization probes used, the regions that
were deleted in the three deletion mutants, and the region
inverted in the inversion mutant. Figure 1B shows the
“MNase ladders” obtained from linker histone H5-containing
chromatin assembled in vitro. The DNA fragments from two
digestion times (30 s, lane 1; 1 min, lane 2) were run on an
agarose gel and subjected to Southern hybridization using
the Wt probe (Figure 1A). The ladders closely resemble those
obtained from native chromatin. It can be seen in lane 1 that,
for example, the 7-mer band is slightly lower than the 1399
bp DNA marker (M), consistent with a nucleosome repeat
of somewhat less than 200 bp. In the absence of linker
histone (data not shown), five to six bands that were multiples
of about 150 bp could be seen, superimposed upon a high
background. Figure 1C shows an analysis of the MNase
ladders; the slope of the curve gives the nucleosome repeat
length. The nucleosome oligomer bands had lengths that were
multiples of a unit repeat of 19& 5 bp when the 12 bands
visible in Figure 1B, lane 1, were analyzed. Analysis of the
more extensive digest (Figure 1B, lane 2) gave a good fit to
the 10 bands visible with a unit repeat also of 183 bp.
Table 1 gives the fit parameters of the ladders for including
different combinations of consecutive points. It can be seen
that the ladders can most generally be described as reflecting
a nucleosome array with a unit repeat ranging from 187 to
200 bp. The negativg-intercepts (Table 1) for the more
extensively digested sample are expected and arise from the
exonuclease activity associated with MNase on prolonged
digestion 81).

C 2500 1

Cioffi et al.

A L 12 3 4 56 7

10,000

i 2,000 4,000 4,000 8,000
— Wt probe
—~ & 189 probe
- A& 381 probe
— Inwersion probe

QP 4.470
)'l.\.ll - g 1 4.5 Kb construct
PH

1 Kb inversion
— 381 bp deletion
— 189 bp deletion
= 201 bp deletion

F————— 1.9 Kb construct

B M1 2

4091—’

2691
‘2360\:‘
1913
mz\:: 10
1520 — 3
— -
1399/, .
1268
D56 —— w—-
T30 —— -

7
&
5
P
493\_ - 3
458/

2
7T—

170— 7

2000

1500 4

Base pairs

1000 1

500

Band number

Ficure 1: Nucleosome array formation on the wild-type chicken

The Formation of a Regular Nucleosome Array Correlates ovalbumin gene. (A) Map of the gene, locations/sizes of probes,
with the Presence of Regular Oscillations of Period-10 VWG locations of the 4.5 and 1.9 kb subclones, and DNA regions deleted

in the DNA Sequencé&igure 2A shows the oscillations of
the period-10 VWG counts in a 102 bp sliding window across

or inverted. Exons are represented as black boxes labeled L and
1-7. The scale below the gene map is in GenBank nucleotide
numbers. The 4.5 kb subclone is renumbereet40470 bp);

the entire 4.5 kb subclone, computed as described in therestriction sites on this subclone are Ayall; P, Pst; H, Hindlll;
Materials and Methods section. To roughly assess thes, Stu; (B), BsfDI (created). (B) Southern blot showing MNase
regularity of the oscillations, we have superimposed a perfectladders detected with the Wt probe. Lanes: 1, 30 s digest; 2, 1

sinusoidal oscillation with a period of 380 bp. Other
periodicity values differed more from the curve computed

min digest (nucleosome oligomer bands are indicated); M, DNA
size markers with fragment sizes indicated. (C) Plots of nucleosome
oligomer sizes versus nucleosome oligomer numbers for the 30 s

from the DNA sequence under study. It can be seen that(g) and the 1 minm) digests. The straight line fit parameters are
although one peak, located approximately between (Gen-reported in Table 1.
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Ficure 2: Computational analysis of the wild-type sequence. (A) Plot of the period-10 vwg/cwb count (solid curve) in a sliding 102 bp
window versus nucleotide number (GenBank or subclone); the counts were averaged as described in the text. The dotted curve is a perfect
sinusoidal oscillation with a 380 bp period. The locations and sizes of the three deletions (analyzed subsequently) are indicated. (B) Fourier
transform of the solid curve shown in (A) in a 3.7 kb window centered on the Wt probe (Figure 1A). The arrow denotes the period value
(bp) of the amplitude maximum of the predominant peak at 381 bp. (C) Histogram representation of the amplitude and period values of the
predominant Fourier peaks obtained using windows ranging from 3.4 to 4.7 kb; all windows were centered on the Wt probe. The half-

period range from 180 to 190 bp is indicated by dotted lines.

Table 1: Wild-Type Nucleosome Band Plot Analysis

oscillation in the curve of period-10 VWG versus nucleotide
number with a period of 381 bp located roughly in the middle
of the gene. Dividing this dinucleosome-like period by 2 (381
bp/2~ 191 bp) gives a nucleosome repeat consistent with

30s 1 min
band no. slopey-intercept R2  band no. slopey-intercept R2
1-12 193 —3.09 0.9992 %10 193 -—-29.14 0.9984
1-11 193 —-1.82 0.9990 %9 189 —16.38 0.9990
1-10 191 3.47 0.9989 -8 189 —15.38 0.9985
1-9 189 1155 0.9989 -17 187 —9.03 0.9982
2-12 195 -—18.10 0.9994 210 196 —53.90 0.9990
3—12 196 —33.15 0.9995 310 198 —69.90 0.9989
4-12 198 —45.25 0.9994 410 200 —88.12 0.9988

the value (193t 5 bp) obtained experimentally (Figure 1C).
Figure 2C shows the effect of varying the window size for
the Fourier while keeping the window centered on the
hybridization probe. The values obtained for the period of
the predominant oscillation divided by 2 agree well with the
experimentally determined range of nucleosome repeats

Bank) nucleotide numbers 3800 and 4100 on the idealized (Table 1).

sinusoidal oscillation, is not present in the curve computed The Arrangement of Nucleosomes with Respect to the
from the DNA sequence and the peaks located approximatelyOscillations in Period-10 VWG across the DNA Sequence.
between nucleotide numbers 4200 and 4400, or betweenlf the formation of the ordered nucleosome array with a 193
nucleotide numbers 6400 and 6600, do not completely bp periodicity is being caused by the oscillation in period-
superimpose with the idealized sinusoidal oscillation, most 10 VWG with a 2x 193 bp period, one would expect that
of the other peaks correspond rather well with those of the at least some degree of nucleosome positioning with respect
perfect sinusoidal oscillation (although several small and to the DNA sequence should occur. Possible nucleosome
narrow apparently spurious peaks are present). To betterpositioning with respect to the DNA base sequence was
assess the regularity of the period-10 VWG oscillations, we determined by the standard indirect end-label technique,
computed the Fourier transform of the curve generated from using a short probe3@). In this experiment, nucleosome
the DNA sequence in Figure 2A. The Fourier (Figure 2B), positions can be inferred from differences between cuts in
computed in a 3.7 kb window centered on the probe, and the naked DNA and cuts in the chromatin, both mapped from
ranging from (GenBank) nucleotide numbers 3075 to 6775, a convenient restriction site where the short probe terminates.
shows a strong predominant amplitude at a period of 381 Figure 3A shows the cutting sites for naked DNA (D) and
bp. This analysis indicates the presence of a fairly regular chromatin (C) after light MNase digestion and subsequent
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Ficure 3: Assessment of nucleosome positioning with respect to the DNA sequence. (A) Indirect end-label experiment. MNase-produced
DNA fragments from chromatin (C) or naked DNA (D) befopénin—) or after Xmr+) digestion of the purified DNA fragments to
completion withXmnr or Xba (Xba+). Lanes M show DNA size markers with fragment sizes indicated. The line and oval diagram
depicting assigned relative hucleosome positions is based upon the chromatin and DNA digestion patterns, as described in the text. Black,
gray, or white ovals denote high, intermediate, or low confidence positioning, respectively. The dashed ovals indicate a region where there
is room for up to two nonpositioned nucleosomes. Kmn and theXbd reference sites and the probes used are shown. (B) Inferred
nucleosome positions with respect to the period-10 VWG oscillations. The solid arrows denote DNA regions where the period-10 VWG
counts are low (valleys); the dashed arrow denotes a possible valley region where a sharp spurious peak occurs.

cutting of the DNA fragments withKmn. The chromatin of a nucleosome. For the intermediate confidence level, we
digest DNA fragment withouXmn digestion Kmri—) is have required that there be a pair of cutting sites in the
also included, showing that a regular MNase ladder (with a chromatin that are from 146 to 220 bp apart, with at least
193 bp repeat length) was produced. All samples were runone of the sites occurring at a position that does not
on the same gel, and the blot was probed with the short probecorrespond to a preferred naked DNA cutting site or,

indicated. Inferred nucleosome positions are shown using alternatively, being present at the same position as in the
three levels of confidence. For the highest confidence level, naked DNA but having a greater intensity in the chromatin

we have required that a preferred MNase cutting site on thesample. For the low confidence level, we have simply

naked DNA be protected and flanked by cutting sites in the required the presence of a pair of cutting sites in the
chromatin that are from 146 to 220 bp apart, the size rangechromatin that are from 146 to 220 bp apart. For regions
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where there are no differences between the cutting sites informed on this sequence, according to the dinucleosome
the naked DNA and chromatin, and where the cutting sites signal hypothesis that we propose.
are not between 146 and 220 bp, we assume that nucleo- To see if this deletion mutant assembles into chromatin
somes may be present but that they are not positioned withpossessing an aberrant MNase ladder, we performed the
respect to the DNA sequence. On the basis of the abovenecessary experiment. A hybridization probe from near the
criteria, four of the nucleosomes could be assigned positionscenter of the Fourier window was prepared from the deletion
on the DNA with high confidence (black ovals), two with mutant DNA (see Figure 1A). To reduce the proportion of
an intermediate level of confidence (gray ovals), and two MNase-produced DNA fragments that did not flank the
with low confidence (white ovals), one of which appears to deletion site (and hence should be ordinary), we cut the DNA
have three alternative positions. Additionally, it is likely that purified from the MNase digest of the chromatin withall
one or two nonpositioned nucleosomes occupy the centralandStu, generating a smaller fragment (2.4 kb for the wild
approximately 400 bp region of the mapped DNA shown, type) that contained the deleted region. Figure 4C, upper part,
where no differences are apparent between the naked DNAshows the MNase ladders from the 189 bp deletion mutant
and the chromatin bands (dashed ovals). The bands on theeompared to the wild-type chromatin, both treated in the
chromatin digest that are taken to correspond to nucleosomesame way and probed with their corresponding probes. The
edges are indicated by lines to the corresponding nucleosomeilifferences between the wild-type and mutant chromatin
ovals. To better compare the naked DNA and chromatin samples are subtle, but significant. Densitometer scans of
cutting sites at distances greater than 1900 bp fronXthd these two lanes are shown in Figure 4C, lower part, so that
site, another probe and another restriction sftedl), located the band patterns can be better compared. The typical
2746 bp away from theXmrl site, were used to assess nucleosome oligomer-like bands of the wild-type chromatin
nucleosome positioning from the other direction. This datum, are numbered in the usual way, whereas bands are numbered
shown to the right of the nucleosome ovals, confirms, at a sequentially from the smallest to the largest for the deletion
high confidence level, that two nucleosomes are positioned mutant. It can be seen that, although most of the wild-type
in this region of the DNA. nucleosome oligomer bands are also present in the deletion
Figure 3B shows the relationship between the positioned mutant, the positions of bands 5 and 6 differ slightly from
nucleosomes and the oscillations in period-10 VWG. It the apparently corresponding bands of the deletion mutant
appears that nucleosomes generally seem to avoid the period¢7 and 8) (Figure 4C, upper part). Additionally, the fairly
10 VWG valleys (arrows). For example, the unusually broad intense band 6 of the deletion mutant is not present in the
valley at approximately (subclone) nucleotide number 1050 wild type, and the low-intensity band 4 of the deletion mutant
falls between nucleosomes; the same is true for the valleys(see scan) is also not present in the wild type. The band
at about 2100, 2500, and 2700 (solid arrows). The sharpbetween the seventh and eighth of the deletion mutant was
narrow peak at around 1700 (dashed arrow) appears to be aot counted because it appears to arise from a fragment
spurious one in a region that ideally should be a valley (see having one end truncated by a restriction enzyme. This
Figure 2A). The chromatin in Figure 3A shows a broad band atrtificial truncation of a few of the MNase fragments by
in this region at a position that was not a preferred DNA restriction enzyme cutting is expected, and it appears to occur
cutting site, suggestive of a nucleosome edge. for the wild-type sequence as well, giving a fragment that is
Disruptive Effect of a Deletion Mutation of a Size 189 bp larger than the one produced from the deletion
Corresponding to a Half-Period Oscillation of the Presumed mutant. This fragment, although less prominent, can be seen
DNA Signal If the formation of an ordered nucleosome array on the gel of the wild type just below the seventh band and
on the chicken ovalbumin gene is facilitated by the presenceon the densitometer scan as a shoulder on the right side of
of fairly regular dinucleosome period oscillations in period- the seventh band. Plots of band size versus band number
10 VWG occurring in the DNA sequence (Figure 2A), then (Figure 4D) show that the wild-type plot is linear, the bands
making an approximately half-period (189 bp) deletion in close to being multiples of a 195 5 bp unit repeat, whereas
the DNA (see Figure 1A for the deletion position) should the deletion mutant plot clearly is not linear. If the deletion
disturb this presumed signal. This effect is illustrated in mutant band between 7 and 8 is counted and the less
Figure 4A. It can be seen that the period-10 VWG oscilla- prominent shoulder on the wild-type band 7 is ignored (due
tions after the deletion become more irregular and more outto its lower relative intensity), the deletion mutant will be
of phase with the idealized 2 190 bp period sinusoidal  even more aberrant. Interestingly, points3lfor the deletion
curve. Irregularity in the period-10 VWG oscillation was mutant fall on a straight line having a slope of 177 bp,
introduced at the region of the deletion, and new relationshipswhereas points 611 fall on a straight line having a slope
were formed between the somewhat irregularly spaced peakf 198 bp. These two slopes have values that are equal to
and valleys that flank the deletion. Thus, MNase-produced the predicted value of the period of each predominant Fourier
DNA fragments from chromatin assembled on the deletion peak of the deletion mutant divided by 2 (Figure 4B).
mutant that span the deletion site may no longer be multiples To exclude the possibility that aberrant bands 4 and 6 of
of a 190 bp unit repeat. Figure 4B shows the Fourier the deletion mutant arose simply from being end fragments,
transform of the period-10 VWG oscillations of the 189 bp originating selectively from this construct by the restriction
deletion mutant (Figure 4A) compared to that of the wild- enzyme cutting, we examined whether the Wt axti89
type sequence (Figure 2A). The predominant 381 bp peakprobes used could detect the approximately 700 bp (band 4)
of the wild-type sequence is replaced by two different peaks, or 850 bp (band 6) if they originated from tieall (A) or
one at 396 bp and the other at 354 bp. The presence of twoStu (S) ends of the 4470 bp subclone (Figure 1A). It is clear
dinucleosome period peaks, instead of a single peak, wouldfrom the diagram that only the 850 bp fragment (band 6)
be predicted to cause an aberration in the nucleosome arrayould be detected and that it would have to arise from the



6716 Biochemistry, Vol. 43, No. 21, 2004 Cioffi et al.

A Start of 189 bp deletion
§ 57 |
[+] 4
(%) o o . - -
Eg
o
=
2
o
4]
g 7
[ I
o ]
5
Z ; + ' ' ; + } ' ;
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Nucleotide number

B C MW‘EAM

354bp=2x177bp

200 396 bp = 2 x 198 bp
Q
=
3
=
£
< > 3
& - |- Wild type
I
g
&
2 o ~ Deletion mutant
1
Gel migration —
D E Wit Al89
2500 MCDMCDM
R 5= [ -] [ ]
2000 1 : e
2091 e T
%gﬁg—- — =
o 1T13\C"" - -
=3 — - —
.g 1520/—_ ER= - 1662bp
o 13997 — = =
w 1268/
B 1000 936— — -
. -
: 739—
500 -
] 403
S J . +— Avall
458/
0 ———
001 2 3 4 5 & 7 8 9 10 1 9T—
Band number 17—
bt
4
cl L Xmnl

Ficure 4. Nucleosome array formation on the 4.5 kb subclone containing a disruptive half-period (189 bp) deletion. (A) Plot of the
period-10 vwg/cwb count (solid curve) in a sliding 102 bp window versus the deletion mutant subclone nucleotide number; the counts were
averaged as described in the text. The dotted curve is a perfect sinusoidal oscillation with a 380 bp period. The start point of the region
where the 189 bp deletion was made is indicated. (B) Fourier transforms of the wild-type sequence period-10 VWG oscillation (dashed
curve) and deletion mutant oscillation shown in (A) (solid curve) in a window (2.4 kb for the Wt sequence) corresponding to the region
between theAvall and St sites (Figure 1A). The arrows denote the period values (bp) of the amplitude maxima of the two predominant
peaks for the deletion mutant sequence. (C) (Upper part) Southern blot showing MNase ladders for the wild-type (Wt) and deletion mutant
(A) chromatin. Selected nucleosome oligomer bands detected are numbered sequentially from the bottom of the gel. Lanes M contained the
same size markers as in Figure 1B. The blots were hybridized with the Wt1&9 probes (Figure 1A), and the two blots from the same

gel were aligned using the markers. (Lower part) Densitometer lane scans of the Wiameks above; bands are numbered as above. (D)

Plot of DNA fragment size (bp) versus band number to assess the linearity of the relationship for the will}tgpd (leletion mutantX)
sequences. (E) Indirect end-label experiment comparing the MNase cut sites in naked DNA (D) and chromatin (C), measured from the
Xmnrl reference site, for the wild-type (Wt) and deletion mutak189) sequences. Lanes M contain size markers; the fragment sizes in bp
are indicated. The positions of the probe andXmer and Avall restriction sites are indicated.
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Awvall end; the probes could not hybridize to a fragment of a regular MNase ladder with a 197 5 bp unit repeat, in
length less than about 1000 bp from Bl end and could agreement with the 2 193 bp period predominant Fourier
not hybridize to a fragment of length less than about 800 bp amplitude predicted (Figure 5B).
from the Avall end. To determine whether there could be  Disruptive Effect of a 201 bp Deletion Mutation in Another
an 850 bp fragment produced specifically from the deletion Region of the Gen&Ve next examined the effects of another
mutant with one end cut by MNase and the otherll, small, approximately half-period (201 bp) deletion, located
we performed an indirect end-label experiment comparing 584 bp downstream of the previous one, using a smaller sized
the wild-type and deletion mutant MNase cutting patterns (1.9 kb for the wild type) subclone than the one used
(Figure 4E). In this experiment, we utilized thémn previously (Figure 1A). Due to the presence of irregularities
reference site and thémn probe used previously. Thémn in the period-10 VWG oscillation across the gene, one might
site is 812 bp to the left of théwall site. Thus, a band  expect to see somewhat different results depending upon
located 850 bp from théwall site would be 850 bpt 812 where a deletion is made. Furthermore, the smaller sized
bp = 1662 bp from theXmni site. Figure 4E shows that the subclone should be more sensitive to sequence changes than
MNase cuts are essentially identical from before Aball the one used above because a larger proportion of the DNA
site until 1700 bp, where the deletion begins. Thus, the 850 sequence is now altered. Also, the chance that possible effects
bp fragment (deletion mutant band 6 in Figure 4C), arising on nucleosome array formation may arise from more distal
selectively in the deletion mutant, could not have been ovalbumin gene sequences is eliminated. Figure 6A shows
generated by cleavage at theall end because it should the Fourier transforms for the wild type and the 201 bp
have also been present in the wild-type chromatin, as all of deletion mutant. The wild-type sequence in this region has
the other MNase cuts detected in the indirect end-label a strong (for a 1.9 kb window) predominant 357 bp period
experiment were. These considerations indicate that both ofoscillation in period-10 VWG. For the deletion mutant, the
the aberrant bands 4 and 6 of the deletion mutant chromatinpredominant Fourier amplitude is shifted to the left to a
were produced by MNase cuts at both ends and that they doperiod of 314 bp. Additionally, a smaller and broader peak
not fall on a simple ladder as multiples of a unit repeat in the dinucleosome range appears at about 390 bp. Figure
because the pattern is aperiodic, as predicted. 6B shows the results obtained after assembling the wild-
Restoring Effect of a Deletion Mutation of a Size Corre- type and mutant constructs into chromatin, digesting with
sponding to a Full-Period Oscillation of the Presumed DNA MNase, gel electrophoresis of the resulting DNA fragments,
Signal Whereas a half-period (189 bp) deletion should and staining the gel with ethidium bromide. A regular
disrupt the Fourier significantly, a full-period deletion should approximately 18Gt 5 bp ladder is apparent for the wild-
have a minimal effect on the Fourier and on the character- type chromatin, with the 6-mer running slightly faster than
istics of the nucleosome array formed, according to the the 1107 bp size marker (lanes 2 and 3) and very close to 6
dinucleosome oscillation hypothesis that we propose. To x 180 = 1080 bp. The 18Gt 5 bp nucleosome repeat is
further test this hypothesis, we made a full-period (381 bp) consistent with the computational prediction of 357 bj/2
deletion that encompassed the disruptive 189 bp deletion to179 bp. In contrast, the deletion mutant chromatin gave a
see if a regular nucleosome array could be restored. Theless distinct ladder than the wild type for the 1 min digestion
position of the 381 bp deletion is indicated in Figure 1A. points (compare lanes 1 and 4), consistent with the presence
Figure 5A shows that the period-10 VWG oscillations now of two Fourier peaks in the dinucleosome range (Figure 6A).
more nearly resemble the perfect 380 bp period of the However, for the more extensively digested (3 min) chro-
idealized oscillation, in contrast to what was obtained for matin samples (lane 6), a more distinct ladder with an
the 189 bp deletion mutant (Figure 4A). Also, in contrast approximately 158t 5 bp repeat appears for the deletion
with the 189 bp deletion, the 381 bp deletion mutant Fourier mutant, with the 7-mer now running at the position of the
now closely resembles the Fourier of the wild type (Figure 1107 bp size marker, sincex’ 158 bp= 1106 bp. The 158
5B). Figure 5C, upper part, shows the result of assembling =+ 5 bp nucleosome repeat is consistent with the predominant
this deletion mutant into chromatin, digesting with MNase, Fourier peak at 314 bp, since 314 bpf2 157 bp. It is
cutting the purified DNA withAvall and Std, and hybrid- reasonable to assume that the majority of chromatin mol-
izing the blot of the resulting electrophoresed DNA fragments ecules that possessed the fairly regular 158 bp nucleosome
with a probe, prepared from this deletion mutant, that was array were slightly more resistant to digestion than the
located near the center of the Fourier window. Nine MNase- molecules that had longer and more heterogeneous repeats.
produced prominent bands were detected; the approximatelyHence, the more resistant molecules would become enriched
2000 bpAvall —Stu restriction fragment was also detected. in the solution after the molecules with longer nucleosome
The densitometer scan (Figure 5C, lower part) shows thatlinkers had been digested away. In the absence of linker
the nine numbered bands are the predominant ones and thatistone (not shown) the MNase digests of the above samples
they appear to generate a ladder. For a restriction fragmentrevealed closely similar DNA fragment patterns, reflecting
this small (2 kb), one should expect a greater contribution close packed nucleosomes.
from fragments containing théwvall or Std ends than Effect of an Approximately 1000 bpdersion Mutation
obtained previously and that these fragments should notThat Alters the Presumed Signal in DNAnother way of
necessarily fall on the ladder. The minor bands visible on altering the wild-type DNA sequence, but without deleting
the autoradiogram and the corresponding shoulders on someortions, is by making an inversion. The 1050 bp inversion
of the densitometer scan peaks reflect this expectation. Figureindicated in Figure 1A was made in our 4.5 kb subclone.
5D shows that a plot of the predominant DNA fragment sizes This inversion caused some alteration of the wild-type
versus their band numbers is linear with a slope of 295 Fourier, as shown in Figure 7A. The predominant 384-bp
bp and at+8 bpy-intercept, indicating that the bands form 2 x 192 bp amplitude of the wild-type sequence (dashed
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Ficure 5: Nucleosome array formation on the 4.5 kb subclone containing a restorative full-period (381 bp) deletion. (A) Plot of the
period-10 vwg/cwb count (solid curve) in a sliding 102 bp window versus the deletion mutant subclone nucleotide number; the counts were
averaged as described in the text. The dotted curve is a perfect sinusoidal oscillation with a 380 bp period. The start point of the region
where the 381 bp deletion was made is indicated. (B) Fourier transforms of the wild-type sequence period-10 VWG oscillation (dashed
curve) and deletion mutant oscillation shown in (A) (solid curve) in a window (2.4 kb for the Wt sequence) corresponding to the region
between theé\vall and Stu sites (Figure 1A). The arrow denotes the period value (bp) of the amplitude maxima of the predominant peak
for the deletion mutant sequence. (C) (Upper part) Southern blot showing the MNase ladder for the deletion mutant chromatin (lane C). The
predominant bands detected are numbered sequentially from the bottom of the gel (see text). Lane M contains size markers; fragment sizes
are indicated. The blots were hybridized with th881 probe (Figure 1A). (Lower part) Densitometer lane scan of lane C above; bands are
numbered as above. (D) Plot of DNA fragment size (bp) versus band number to assess the linearity of the relationship. The best fit straight
line shown had a slope of 197 bp ang-intercept of+8 bp; theR? value of the fit was 0.9993.
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A 200 1 314bp=2x157 bp of the wild-type chromatin. Figure 7D shows that the plot
of nucleosome oligomer size versus nucleosome oligomer
number is not linear. Thus, the inversion mutant nucleosome
oligomers are not multiples of a unit repeat. The first six
oligomers are well represented by a straight line with a slope
of 166 bp, whereas oligomers five to nine are represented
fairly well by a straight line with a slope of 193 bp. These
two slopes agree well with the computational predictions of
165 and 192 bp, respectively (Figure 7A).

DISCUSSION
We have shown that nucleosomes deposited by salt
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bp nucleosome array; understandably, such motifs would not

Ficure 6: Nucleosome array formation on the 1.9 kb subclone be easy to find. Usmg a hidden Markov model and_ _a
containing a disruptive half-period (201 bp) deletion. (A) Fourier Supercomputer to examine a very large number of unspecified
transforms of the wild-type sequence period-10 VWG oscillation patterns in human DNA, Baldi et al28) serendipitously
(dashed curve) and deletion mutant oscillation (solid curve) in a found that the single motif non-T, A/T, G (VWG), repeated

window (1.9 kb for the Wt sequence) corresponding to the subclone. ; ;
The arrows denote the period values (bp) of the amplitude maxima at 10 bp intervals, was highly overrepresented. Because of

of the predominant peak for the wild-type and the deletion mutant the 10 bp periodicity, it was suggested that this periodic motif
sequences. (B) MNase ladders, detected by ethidium bromidemight be a preferential DNA-bending signal involved in
staining, for the wild-type (Wt) and deletion mutanAZ01) nucleosome positioning. This idea was supported experi-
g o and & A3 ot Lanea b Somiamentll n a study from our aboralorgd, and i was
123 bgladd'er size markers; the 1107 bp mgrker band is indicated.aqdltlona”y found tha-t the p.erlo_dl-lo VWG motif Osc.lllated
Selected nucleosome oligomer bands are numbered. with a dinucleosome-like periodicity on some genomic DNA
sequences. Figure 2B shows that the chicken ovalbumin gene
curve) was reduced in the inversion mutant (solid curve), DNA sequence possesses a strong predominant dinucleo-
and a new 330 bpg= 2 x 165 bp peak becomes nearly as some-like 381 bp periodicity for a 3.7 kb window centered
prominent as the 384 bp peak. Figure 7B shows how the on a probe located in the center of the gene. This compu-
two most prominent Fourier amplitudes depend on the tational result correlates well with the experimentally deter-
window size, which was centered on the inversion probe mined 193+ 5 bp nucleosome repeat, since 381 bp/2
shown in Figure 1A. The value of the larger period 191 bp. Moreover, the computational result does not change
fluctuated, ranging between 180 and 210 bp, whereas theappreciably for window sizes ranging from 3.4 to 4.7 kb
value of the smaller period remained fairly constant at about (Figure 2C). Large predominant Fourier amplitudes with
165 bp. Thus, the computational prediction, according to the periods of approximately Z 190 bp are well represented.
dinucleosome period hypothesis, is that there should be twoSome variation in the Fourier transform is expected as
predominant periodicities in the nucleosome array assembledadditional sequences are included, particularly when only
on the inversion mutant sequence: one having a periodicity portions of peaks or valleys are included in a given window
of approximately 192 bp and the other with a periodicity of (see Figure 2A). Furthermore, shifting the probe center
about 165 bp. position 400 bp to the right did not change the results
To test this prediction, we assembled the inversion mutant significantly (not shown). Therefore, the probes used for this
into chromatin, digested the chromatin with MNase, elec- study (Figure 1A) are representative of a substantial portion
trophoresed the resulting DNA fragments, and hybridized of the gene.
the blot to a probe prepared from the deletion mutant (Figure If the DNA sequence is to exert an influence on nucleo-
1A) that was located in the center of the Fourier window. some array formation, it is reasonable to expect that the
Figure 7C again shows the typical 1935 bp ladder for nucleosomes exhibit at least some degree of positioning with
the wild-type sequence, as was obtained previously (Figurerespect to the DNA sequence. However, each nucleosome
1B). However, for the inversion mutant chromatin, it is clear of the array does not have to be uniquely positioned.
that the DNA fragment sizes for the nucleosome oligomers Moreover, nucleosome positioning with respect to the DNA
of size greater than the 4-mer deviate significantly from those sequence does not have to be very precise to simply generate
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Ficure 7: Nucleosome array formation on the 4.5 kb subclone containing a 1050 bp inversion. (A) Fourier transforms of the Wt sequence
period-10 VWG oscillation (dashed curve) and inversion mutant oscillation (solid curve) in a 3.7 kb window. The arrows denote the period
values (bp) of the amplitude maxima of the two predominant peaks for the inversion mutant sequences. (B) Histogram representation of the
amplitude and period values of the predominant Fourier peaks obtained using windows ranging from 3.4 to 4.7 kb; all windows were
centered on the inversion probe (Figure 1A). (C) Southern blot showing MNase ladders for the wild type (Wt) and inversioninwitant (
chromatin. The nucleosome oligomer bands of the Wt ladder are numbered. Lanes M contain size markers; fragment sizes are given. The
blots were hybridized with the Wt or inversion probes (Figure 1A), and the two blots from the same gel were aligned using the markers.
(D) Plot of DNA fragment size (bp) versus band number to assess the linearity of the relationship. Best fit straight lines for band numbers
1-6 and 5-9 are shown (see text).
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a typical nucleosome ladder. The indirect end-label experi- nucleosomes may tend to avoid forming on regions of DNA
ment shown in Figure 3A illustrates that at least four with low period-10 VWG counts (valleys), constituting the
nucleosomes in the vicinity of th¥mrl site are definitely less bendable DNA. Thus, the period-10 VWG valleys should
positioned with respect to the DNA sequence (black ovals). correspond to nucleosome linkers, which can be cut by
Indirect end-label data do not permit high-precision nucleo- MNase, as observed. For regular period-10 VWG oscillations
some placement on DNA for the inferred positions. For with a period of 380 bp, avoidance of the valley regions
example, the black nucleosome oval representing the 147should promote the formation of a regular array with two
bp core of the nucleosome, positioned with high confidence, nucleosomes for each 380 bp, or a nucleosome repeat of 380
approximately 940 bp from thEmr reference site (Figure  bp/2= 190 bp, also as observed (see Table 1).
3A) could lie anywhere between the two chromatin MNase  There is clearly a correlation between our computational
cutting sites that flank the well-protected preferred naked and our experimental results. According to the dinucleosome
DNA cutting site, and these sites are 180 bp apart. Similarly, period hypothesis for period-10 VWG oscillations (“di-
the adjacent nucleosome (gray oval, denoting intermediatenucleosome VWG hypothesis”), the existence of a strong
confidence level) could be anywhere within a 210 bp region. predominant Fourier amplitude predicts that an ordered
Some insight into how the period-10 VWG oscillations nucleosome array should form spontaneously in the presence
serve to promote the formation of a regular array is obtained of linker histone in our in vitro system. The predicted value
from Figure 3B. The nucleosome positioning data suggest of the nucleosome repeat should be one-half the value of
that nucleosomes may not necessarily have a preference fothe period of the predominant Fourier peak. This is indeed
forming on the presumably more bendable DNA located at what we have observed. In addition to the data presented
regions of high period-10 VWG counts (peaks). Rather, here, our laboratory has consistently obtained strong cor-
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relations, without exceptions, between computational predic- affect nucleosome array formation. The mechanism used to
tions and experimental results using a variety of vertebrate form nucleosome arrays might depend on the developmental
DNA sequences (re24 and unpublished observations). In stage, the chromosomal locus, or the cell type. In vivo, the
this work we have provided more direct evidence for the mechanism of histone deposition and redistribution on
dinucleosome VWG hypothesis by making relatively small replicating DNA differs considerably from salt gradient
sequence variations that alter the Fourier transform of the dialysis (L1). Nevertheless, it is likely that the same chemistry
curve of the averaged period-10 VWG counts versus nucleo-that causes linker histone to align nucleosomes into ordered
tide number. The Fourier is altered because the period-10arrays in our in vitro system contributes to nucleosome array
VWG oscillation is not perfect, causing some new relation- formation in vivo for chromatin that contains linker histones.
ships between peaks and valleys to be created by theRecently, it has been shown that linker histones affect
alteration. In each case, the experimental results were verynucleosome spacing in the mouse and are essential for
consistent with our computational predictions. development 16). Additionally, clear differences between

For the 189 bp deletion mutant, the single predominant nucleosome arrays have been found in vivo. For example, it
Fourier peak of the wild-type sequence is lost and splits into has been demonstrated that the repetitive DNA of the highly
two: one at a slightly higher period and one at a slightly condensedDrosophila heterochromatin possesses nucleo-
lower period (Figure 4B). Experimentally, the MNase ladder some arrays that are more ordered and that have a different
becomes more complex, deviating from a simple periodic repeat length than the nucleosomes of bulk chromah (
ladder pattern (Figure 4C), and the two new periodicities Also, it has been demonstrated that, in the mouse, the
predicted can be detected within the overall aperiodic MNase constitutively expressed adenosine deaminase gene is pack-
ladder (Figure 4D). However, by making a full-period 381 aged into chromatin possessing a more ordered nucleosome
bp deletion, the wild-type Fourier (Figure 5B) and MNase array, with a different repeat length than the bulk chromatin,
ladder (Figure 5C) were essentially restored, even thoughwhich correlates with an unusually strong dinucleosome
this deletion fully encompassed the previous disruptive one VWG signal throughout its 70 kb locus (Dalal et al.,
(Figure 1A). Because a nucleosome unit repeat-sized (189unpublished observations). An intriguing idea is that distinc-
bp) deletion interfered with the formation of a regular array, tive higher order chromatin structures form from distinctive
these data are not consistent with any signal having aarrays of nucleosomed@ 12). Therefore, the potential to
mononucleosome (189 bp) periodicity, nor are they consistentform particular chromatin structures may actually be encoded
with a signal having the sequence motifs within the 189 bp in the DNA sequence.

that were deleted being essential for nucleosome array Fifty years ago the structure of DNA was elucidatad)(
formation. In contrast, these data are consistent with the |t ook another eight years before the genetic code was
dinucleosome VWG hypothesis. deciphered 35). Could there possibly be another level of
Similar to the 189 bp deletion, the 201 bp deletion altered pNA sequence information beyond the triplet-based genetic
the Fourier transform of the period-lO VWG oscillations code in h|gher organisms? If so, it would have had to
versus nucleotide number curve. In this case, the predominantyithstand long-term selective pressure. Now, in the age of
Fourier amplitude shifted to the left considerably (Figure 6A). genomics and bioinformatics, it is possible to search genomic
Hence, a very short nucleosome repeat is predicted for thiSDNA for further information. The discovery that period-10
mutant (at longer digestion times). Experimentally, this is VWG triplets are perhaps the most abundant motif in human
again what we observed (Figure 6B). Finally, for a 1050 bp genomic DNA @3) suggests that this motif may serve a
inversion mutation, the single predominant Fourier peak at function. If it can be established that this VWG repeat has
384 bp (2 x 192 bp) of the wild-type sequence was g role to play in the structural organization of chromatin, it
diminished, and a second peak, nearly as intense, at 330 bpmay well be that these six triplets, existing predominantly

(2 x 165 bp) appeared (Figure 7A). Therefore, our compu- in noncoding DNA, constitute another level of genetic
tational prediction is that the inversion mutant chromatin jnformation beyond the known triplet code.

should not generate a simple MNase ladder but should
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