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ABSTRACT
The contribution from each nucleosome to the linking number of minichro-

some DNA depends on two factors. These are the wrapping number, o, which is
the number of times the DNA wraps about the axis of the nucleosome; and the
winding number, D, which is the number of base pairs on the nucleosome divided
by the helical repeat of the DNA. If the nucleosome is distorted with DNA surface
contacts being preserved, 4D remains unchanged. The wrapping number may
still change, however, depending on the extent of the distortion. For example, if
the usual cylindrical shape of the nucleosome is deformed into an ellipsoid while
preserving the equatorial radius, then the wrapping number will increase. We
apply these concepts to minichromosomes torsionally stressed by supercoiling
with, for example, DNA gyrase. We analyze the experimental result that the
maximum amount of supercoiling obtained by gyrase treatment of minichro-
mosomes is the same as that of naked DNA. In particular, we show that this
phenomenon can be explained by a relatively slight distortion of the nucleosome
core while maintaining the surface contacts of the DNA on the core.

INTRODUCTION
The primary structural form of eucaryotic DNA is that of a sequence of

nucleosome-wrapped segments separated by histone Hi-associated linker regions
(1). This elementary structure is especially amenable to study in minichro-
mosomes, which consist of relatively short covalently closed circular DNAs com-
plexed with histone octamers (2-4). The covalent closure permits advantage to be
taken of the conservation of the linking number (5,6) in the analysis of DNA
structural alterations that accompany changes in the number of octamers bound
following equilibration with topoisomerases. In a relaxed minichromosome, no
change in the linking number takes place upon incubation with a topoisomerase,
provided that no nucleosomes are removed from the DNA. In a torsionally
strained minichromosome, in contrast, the linking number changes under the
same conditions.

The effect of increased torsional strain in minichromosomes has been the
subject of a recent investigation (7) in which synthetic minichromosomes, con-

structed by reconstituting complexes of core histones with closed circular plasmid
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pBR322, were treated with DNA gyrase. The surprising result was that the
maximum amount of supercoiling that could be obtained by gyrase treatment was
the same for the minichromosome as for naked DNA. A possible explanation for
this result, as suggested by the authors, is that, in contrast to relaxed mini-
chromosomes, the DNA wrapped on histone octamers is no longer immobilized at
high levels of supercoiling. In the present paper we offer an alternative ex-
planation of this result. In particular, we show that slight deformations of the
histone core particle itself can account for the results. The DNA may remain
immobilized on the core particle, with the points of attachment preserved, but the
octamer itself may undergo a relatively slight geometric distortion due to the
gyrase-induced supercoiling.

ANALYSIS
The Linking Number of Surface Wranned DNA

We have shown previously (6,8) that the linking number of closed DNA con-
strained to lie on a surface divides into two components. These are the winding
number, 0X, the number of base pairs divided by the average helical repeat as
measured in the reference frame of the surface; and the surface linking number,
SLk, the sum of the writhe and that part of the twist induced solely by the surface
geometry. In simple cases in which the DNA is planar or is plectonemically su-
percoiled, SLk = 0 and Lk = 0. If the DNA is toroidally wrapped cw times about a
protein complex, SLk = + co and Lk = ± w + 0. Here the sign is (+) if the wrapping
is right-handed and (-) if left-handed. We next apply these concepts to minichro-
mosomes.
The Relaxed Minichromosome
We first analyze the relaxed minichromosome, in which the complex of core
histones and closed circular plasmid DNA has been treated with a topoisomerase.
In this case the two components of the linking number Lk are easily obtained
(6,9). The winding number of the entire DNA is 0 = N/h, for a DNA ofN base
pairs and an average helical repeat of h base pairs per turn. The surface linking
number is equal to the wrapping number of the DNA on each histone octamer, w,
multiplied by the number of octamers, m. The value of co is 1.8 for a single
nucleosome crystal (10-12). The linking number is then

Lk = -wm+Nh [1]

where the sign of the first term is negative due to the fact that the wrapping is left-
handed. Eq. 1 may be interpreted more precisely by dividing the minichromosome
into core regions and linker regions. We denote by Nc and hc the number of base
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pairs and the average helical repeat of the DNA on a core particle, and denote by
N1 and h, the corresponding quantities for a linker region. Then Eq. 1 may be
rewritten

Lk = m[- X + NJhc +N1/h1] [2]

Since the entire structure is relaxed, we take the helical repeat h, to be equal to
that of the relaxed histone-free DNA, denoted ho (7).
The Supercoiled Minichromosome

If the relaxed minichromosome is supercoiled, each of the three compo-
nents of the linking number in Eq. 2 may change. In addition, a new tertiary
structure-dependent term may be required. First, the linker helical repeat h, can
change significantly from the value for relaxed DNA, depending on the maxi-
mum superhelix density that is attained (6). The spatial nature of the supercoil-
ing, whether plectonemic, toroidal or a combination of the two, will also
determine the contribution of the linker regions to SLk. If the supercoiling
introduced is entirely plectonemic, as in free DNA (13), the resulting change in
SLk is zero. If r toroidal coils are introduced by the supercoiling, then SLk
changes by ±T, the sign being positive if right-handed and negative if left-handed.
Second, it is possible that the DNA is partially lifted off the surface of the histone
core particles and supercoiled; in that event both the wrapping number, (0, and
the average helical repeat, hc, can change, depending on the maximum super-
helix density attained. The third possibility, which we introduce and examine in
detail here, is that the structure of the histone octamer is itself changed. Even
without lifting the DNA off the surface, as we show in the next section, 0) can
change as a result.

All the geometric quantities defined above can in principle change as a re-
sult of supercoiling, and we denote these by a superscript asterisk. For the super-
coiled minichromosome, the formula for the linking number is obtained by exten-
sion ofEq. 2:

Lk* = m[-t* + NJhc* + N1/h1*] ± X. [3]

The first and second kinds of structural changes mentioned above have been con-
sidered previously for gyrase-induced supercoiling (7).
The Supercoiled Minichromosome with no Detachment of DNA

In this section we discuss the linking number Lk* of the supercoiled
minichromosome, subject to the condition that the DNA remains attached to the
surface of the histone core octamer. We consider separately the linker and core
regions. First, we consider changes in Lk associated with the linker regions, as-
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suming that these regions behave like naked DNA. For supercoiled DNA free of
any bound protein, the equation of the linking number is straightforward. Writ-
ten in terns of the superhelix density, the linking number, Lkf*, of a supercoiled
naked DNA is given by the formula

Lk *= (1+ a) Lko = (1+ a) N/ho, [4]

where Lko is the linking number of the same DNA relaxed, N is the number of
base pairs in the DNA, and a is defined by the equation a = (Lk * - Lko)/Lko. Ap-
plying this to the linker regions, the net contribution to Lk from the linker regions
is then m(1 + ca)NI/ho. Thus the sum of the linker-associated terms in Eq. 3,
[mN1/hl* ± r], is equal to (1 + a)mN1/ho. This equality is true regardless of the dis-
tribution between SLk and (D. This provides a major simplification in the analy-
sis, since it is unnecessary to know the nature of the coiling of the linker region in
the minichromosome.

Next, we consider the changes in Lk associated with the core regions. The
winding number in these regions is unchanged (6), as long as the attachment site
contacts are preserved. The helical repeat of core DNA is also necessarily un-

changed, thus hc* = hc. The term -.o*m takes into account the change in SLk in
the core regions. Thus, the linking number of the supercoiled minichromosome
is

Lk* = m[<o* + Nchc + (1 + a) NWho ], [5]

where o* is, as before, the wrapping number of the DNA around the distorted
histone core.
Comparison of Supercoiled FreeDNA with Sunercoiled Minichromosome

In this section we compare the supercoiling of free DNA to that of the same
DNA formed into a minichromosome complex. In order to compare linking
numbers, we note that N = m(Nc + N1), so that for the free DNA

Lk * = (1 + a)m(Nc + Nl)/h.. [6]

The difference between the linking numbers of supercoiled free DNA and super-
coiled minichromosomal DNA can be ascertained by subtracting Eq. 6 from Eq. 5.

Lk* - Lkf* = m[-w* + Nc(l/hc- (1 + a)/ho)]. [71

Eq. 7 shows, as expected, that the properties of the linker DNA do not enter into
the difference in linking numbers. This is, of course, due to the assumption that
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the linker regions behave like naked DNA.
An interesting special case, which occurs upon supercoiling by gyrase, is

that in which Lk* is the same for free DNA as for minichromosomal DNA. In
this case Lk* - Lkf* = 0, and Eq. 7 can be solved to obtain the wrapping number.

o* = NC [1/h - (1 +a)/ho] [8]

This expression yields the wrapping number o* that would be required in order to
satisfy two conditions. First, the presence of histone octamers does not change the
superhelix density obtained in a given closed circular DNA. Second, the DNA
contacts on the histone octamer (14,15) remain intact. Another way of stating this
is that co* represents the amount of wrapping necessary so that the superhelix
density in the core regions of the DNA is equal to the superhelix density caused by
the action of the enzymes in the linker regions. We next review how co* is
changed as the nucleosome core particles are distorted.
Change in the Wrapping Number co* due to Histone Core Distortion

The usual geometric model for the histone core is that of a cylinder of revo-
lution of radius 4.3 nm and height 5.04 nm (16). The nucleosomal DNA wraps 1.8
times in a left-handed helical fashion about the cylinder with an average pitch
(2np) of 2.8 nm (16). We showed previously (17) that for relaxed minichromosomes
small distortions of the cylindrical surface of the nucleosome into other surfaces
of revolution, such as ellipsoids or hyperboloids, can account for significant
changes in the wrapping number. If the deformation is to an ellipsoid, o* is
numerically greater than 1.8; and if the deformation is to an hyperboloid, co* is
numerically less than 1.8.

A straightforward way to express the extent of the deformation of a cylinder
into an ellipsoid or hyperboloid is in terms of the cross section at the top or bottom
of the surface relative to that at the center. Before distortion, all cross sections
along the long axis have the same radius as that of the central cross section.
After deformation the cross sections increase symmetrically in area from the
center to the top and bottom regions if the deformation is to a hyperboloid, and
decrease if the deformation is to an ellipsoid. If we denote the radius of top cross
section by rtop, then the ratio of rtop to the fixed central radius (4.3 nm) provides a
measure of the extent of the distortion. Since the DNA is assumed to be of
constant length, if rtop is less than 4.3 nm (the ellipsoid case), co* will be greater
than 1.8; and if rtop is greater than 4.3 rum (the hyperboloid case), c* will be less
than 1.8. Figure 1 shows the deformation for the ellipsoidal case. Figure 2
presents a plot of co* versus rtop for the deformations that preserve volume or
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Figure 1: Surface distortion of a cylindrical nucleosome to an ellipsoidal
nucleosome. The upper portion of the figure depicts the generally accepted pic-
ture of the unstressed cylindrical nucleosome. The radius rtop is shown and for
this case is approximately 4.3 nm. The axis of the DNA is seen to wrap about the
surface 1.8 times in a left-handed manner, with a pitch of approximately 2.8 nm.
The lower portion of the figure shows the nucleosome distorted to an ellipsoidal
shape, with the height and central radius of the nucleosome unchanged. The
distortion can be envisioned as a slight rotational displacement in the direction
indicated by the arrows. The magtude of this displacement is greatest at the top
and bottom and decreases toward the central region. Thus, for example, the
vertical lines through the points A, B and C in the upper figure are distorted to the
curved lines in the lower figure. The value of rtop has decreased by 7% from the
upper to the lower figure.Here the vertical pitch distance between DNA strands is
approximately 2.6 nm, although the actual surface distance is slightly larger due
to the elliptical shape. In this case the DNA wraps nearly 1.9 times about the
ellipsoia nucleosome. Exact values for rtop versus wrapping number SLk are
plotted in Figure 2.

height of the nucleosome. The range of o* depicted encompasses a maximum
range of approximately 15% distortion.

APPLICATIONS
Aiplication to Gvrase-induced Supercoiling

We now address the specific case in which gyrase is used to supercoil both
free DNA and minichromosome DNA. It was found experimentally that Lkf* and
Lkf are nearly identical, permitting use of Eq. 8, and that the maximum superhe-
lix density that can be obtained (7) is approximately am = -0.10. The wrapping
number oX changes to a new value, om*, as a result of nucleosome distortion. This
new value is determined by the requirement that the superhelix density on the
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Figure 2: The wrappjing nmberc of a distorted nucleosome. The val-
ues of co are presented as a function of the radius of the top of the solid, rto , or the
percent of change in that radius from the cylindrical radius, A%, where A = 100
x (rtoP/4.3 - 1). The distortions induced by gyrase supercoiling are ellipsoidal and
are shown in the leftmost portion of the Figure, varying from 0% to approximately
-14%. The distortion curve shown is that which arises from those distortions that
preserve either height of the nucleosome or volume.

core regions be the same as that induced in the linker regions. We set a = aym and,
using Eq. 8, obtain

com* = Nc [1.0/hc- 0.9/ho]. [9]

We take ho to be 10.5 bp/turn for the magnesium salt ofDNA (18-20), hc to be 10.1 +
0.1 bp/turn (21,22), and Nc to be 146 bp. The calculated value ofom* is then 1.942 +
0.146. Referring to Figure 2, the extent of core distortion required varies from 0%
at the lower limit of hc to 14% in the ellipsoidal direction at the upper limit of hc.
On the average, the %A is 7% ± 7%. This extent of distortion is comparable to that
obtained in previous calculations of the nucleosome distortion needed to account
for the temperature dependence of the helical repeat in relaxed minichromo-
somes, ±5% (17). In the present case the core distortion presumably arises from
the torque about the nucleosome long axis generated by gyrase-associated super-
coiling, as indicated by the arrows in Figure 1. Since the central H3-H4 tetramer
is more rigid that the H2A-H2B terminal dimers, as discussed above, it seems
reasonable that the distortion should be towards an ellipsoid. Thus the straight
lines through the points A, B and C in the upper part of Figure 1 are distorted to
the corresponding curved lines in the lower portion. The exact trajectories of the
curved lines can be constructed on the basis of two assumptions. First, the height
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of the cylindrical and ellipsoidal nucleosomes are assumed to be the same; and
second, the helical pitches, although different, are constant in each case (17).

We emphasize that the above result applies in the event that the specific
contacts between the DNA and the histone octamer are preserved during super-
coiling of the minichromosome. This is an experimental question that can be an-
swered by, for example, the appropriate nuclease digestion experiment. It is
clear that large DNA structural perturbations are not permitted, since nucleo-
somes do not form with A (23,24) or Z (25) DNAs or with poly(dA) * poly(dT) tracts
(23). Nucleosomes do, however, form with DNAs of a variety of defined sequences
(D.M. Crothers, private communication). The addition of certain drugs, leading
to a structure more complex than that considered here, apparently does lead to
alteration of the DNA/octamer structure without disruption (26). In the event that
the DNA contacts on the nucleosome are not preserved, and the DNA is allowed to
rotate freely, Eq. (9) may be employed to obtain the necessary values of hc* or ofNc
such that (om* = c. The result is

* ho
h c[oh ] [10]

Thus, an increase in the helical repeat of the nucleosome wrapped DNA by 0.1
bp/turn would also account for the experimental results. The possibilities that the
DNA either rotates on the nulcleosome or is partially displaced during gyrase
treatment were considered earlier (7).
Biological Aun2lications

The concept of nucleosome distortion has possible general application to the
structure of DNA-protein complexes, both in vitro and in vivo. Thus, DNA is
commonly torsionally strained in procaryotic nucleoprotein complexes (27,28).
Several reports have recently appeared suggesting that eucaryotic DNA is also
subject to torsional stress under some circumstances. For example, SV40
minichromosomes from the nuclei of infected cells are sensitive both to staphylo-
coccal nuclease at 00 (29) and to single strand-specific nuclease S1 (30). Treatment
with eucaryotic type I topoisomerase eliminates this sensitivity (30), suggesting
that the SV40 minichromosome is not completely relaxed in the natural state.
Similarly, about half of the minichromosomes produced following injection into
Xenopus laevis oocytes appear to be supercoiled to an extent greater than can be
accounted by nucleosome winding alone (31,32). The presence or absence of
torsional strain might well have biological significance as a control mechanism,
as suggested by a recent report that the rate of topoisomerization ofDNA by type I
topoisomerases is extremely slow when the DNA is relaxed (33).

5834



Nucleic Acids Research

ACKNOWLEDGEMENTS
This research was supported by a grant from the National Institutes of

Health, Institute of General Medical Sciences, No. GM-73525.

REFERENCES
1. Igo-Kemenes, T., Hoerz, W. and Zachau, H.G. (1982) Ann. Rev. Biochem.

51,89-121.
2. DePamphilis, M.L. and Wassarman, P.M. (1982) Organization and

replication of viral DNA (ed. Kaplin, A.S.) CRC Press, New York, pp.
37-115.

3. Cusick, M.E., Hay, R.T., Hendrickson, E.A., Pritchard, C.G., Tack, L.C.,
Wasserman, P.M., Weaver, D.T. and Wirak, D.O. (1983) Mechanisms of
DNA replication and recombination (ed. Cozzarelli, N.R.) Alan R. Liss,
Inc., New York, pp. 423-446.

4. Sogo, J.M., Stahl, H., Koller, T. and Knippers, R. (1986) J. Mol. Biol. i!,
189-204.

5. White, J.H. (1969) Am. J. Math. 91, 693-728.
6. White, J.H., Cozzarelli, N.R. and Bauer, W.R. (1988) Science 241, 323-327.
7. Garner, M.M., Felsenfeld, G., O'Dea, M.H. and Gellert, M. (1987) Proc.

Natl. Acad. Sci. USA B4, 2620-2623.
8. White, J.H. and Bauer, W.R. (1988) Proc. Natl. Acad. Sci. USA 8, 772-776.
9. Travers, A.A. and Mug, A. (1987) Phil. Trans. R. Soc. Lond. B , 537-561.
10. Finch, J.T., Lutter, L.C., Rhodes, D., Brown, R.S., Rushton, B., Levitt, M.

and Mug, A. (1977) Nature 2X, 29-36.
11. Finch, J.T., Brown, R.S., Rhodes, D., Richmond, T., Rushton, B., Lutter,

L.C. and Mug, A. (1981) J. Mol. Biol. X,757-769.
12. Bentley, G.A., Finch, J.T. and Lewit-Bentley, A. (1981) J. Mol. Biol. 1, 771-

784.
13. Bliska, J.B. and Cozzarelli, N.R. (1987) J. Mol. Biol. , 205-218.
14. Axel, R., Melchior, W., Jr., Sollner-Webb, B. and Felsenfeld, G. (1974) Proc.

Natl. Acad. Sci. USA 71, 4101-4105.
15. Lambert, S.F. and Thomas, J.O. (1986) Eur. J. Biochem. X, 191-201.
16. Richmond, T.J., Finch, J.T., Rushton, B., Rhodes, D. and Mug, A. (1984)

Nature 311,532-537.
17. White, J.H., Gallo, R.C. and Bauer, W.R. (1989) J. Mol. Biol. 207, 193-199.
18. Rhodes, D. and Mug, A. (1980) Nature 2j,573-578.
19. Peck, L.J. and Wang, J.C. (1981) Nature X, 75-78.
20. Anderson, P. and Bauer, W. (1978) Biochemistry 17, 594-601.
21. Drew, H.R. and Travers, A.A. (1985) J. Mol. Biol. X, 773-790.
22. Drew, H.R. and Calladine, C.R. (1987) J. Mol. Biol. X, 143-173.
23. Kunkel, G.R. and Martinson, H.G. (1981) Nucleic Acids Res. 9, 6869-6888.
24. Hovatter, K.R. and Martinson, H.G. (1987) Proc. Natl. Acad. Sci. USA 84,

1162-1166.
25. Garner, M.M. and Felsenfeld, G. (1987) J. Mol. Biol. 1£, 581-590.
26. Low, C.M., Drew, H.R. and Waring, M.J. (1986) Nucleic Acids Res. 14,

6785-6801.
27. Pettijohn, D.E. (1982) Cell 0, 667-669.
28. Pettijohn, D.E. (1988) J. Biol. Chem. 20, 12793-12796.
29. Sundin, O.H. and Varshavsky, A. (1979) J. Mol. Biol. 132, 535-546.
30. Barsoum, J. and Berg, P. (1985) Mol. Cell. Biol. a, 3048-3057.
31. Ryoji, M. and Worcel, A. (1984) Cell 37, 21-32.
32. Glikin, G.C., Ruberti, I. and Worcel, A. (1984) Cell I1, 33-41.
33. Camilloni, G., Di Martino, E., Caserta, M. and di Mauro, E. (1988) 14, 7071-

7085.

5835


