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THE FLEXIBILITY OF DNA.

Ii. SPONTANEOUS AND LIGAND INDUCED DISTORTIONS *

John A. SCHELLMAN

Instituze of Molecular Biology. University of Oregon, Eugene, Oregon 97403

DNA can bend not only as a result of smooth worm-like deviations from linearity, but also in an abrup1t fashion because
of natural spontaneous fluctuations in structure (breathing modes, kinks, etc.) and because its interaction with other molec-
cules (dves, proteins, other ligands). It is shown how all these structural deformations can be treated with a single geometri-
cal model and the statistical theory of such deformations is developed into specific formulas for persistence and mean direc-
tions. The statistical theory does not apply to bending which is cooperative or site specific.

Glossary

(lzz)o Mean square end to end distance of unde-
formed DNA.

3 Mean square end to end distance of DNA
deformed by ligands or fluctuations.

k The number of DNA base pairs which are a
structural part of a deformation.

Iy The link length of DNA, 3.38 A.

L The link vector of link i.

I3 The link vector of a § link, fig. 3.

Ny The number of deformaticns in the DNA
chain.

N The number of free or normal base pairs in
a DNA.

Ng The number of links, V4 + V¢, in the DNA
molecule.

Ny The total number of base pairs in the DNA.

P The probability of a free link.

P The normal persisience length of DNA.

P, The persistence length starting on a normal
(o) link in the presence of deformation.

P;,P{  The persistence length calculated in the for-
ward and backward direction, starting on
link 1.

P3.P;  The forward and backward persistence length
starting on a 8 link (fig. 3).
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W R

The forward and backward persistence length
starting on a -y link (fig. 3).

Te probability of encountering a deforma-
tion in the chain.

Th: number of ligands or deformations per
bas: pair.

{cos8 .

Io—l('lﬁ cos 85>, see fig. 3.

It (Izcos ), the second average is over
the orientation of the ligand on the DNA
chain.

{cos 9,),), see fig. 3.

angle between a normal link and a normal
link which directly precedes it.

angle between the vector {z which spans the
deformation and the normal link which pre-
cedes it (fig. 3).

angle between the helix axis of the DNA
which enters the deformation and the helix
axis of the DNA which leaves it.

i. Introduction

The preceding paper [1] has dealt with the flexibility
acquired by DNA by virtue of small local structural

variations.

These small deviations from rigidity result

from thermal excursions on the conformational free
energy surface which remain closc to the minimum free
energy which determines the static equilibrium structure.
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Fig. 1. Schematic illustrations of spontancous DNA deforma-
Hdons. A. A breathing mode [4] Bases are still stacked but are
flipped around to allow hydrogen exchange. The change in
structure will cause a change in local fiexibility properties.
B. Kinked DNA. There are a vast number of possibilities but
our discussion will use as examples two specific structures
which have been proposed in connection with chromatic
folding [5,5]. C. Internal loops. These are probably not of
great importance except near the helix—coil transition.

D. Palindromic structures. These clearly produce regions of
changed flexibility and chain prooagation.

This is the equivalent of the smooth bending modeis
of Kratky and Porod [2] or Landau and Lifschitz {3].

The present paper will investigate the effects of larger
deviations from the stable equilibrium structure on the
chain properties of DNA and its flexibility. Two sources
of the large local deformation will be considered: siruc-
tural defects which arise from spontaneous fluctuations
in the DNA itself and structural changes induced by
ligands. Before beginning it will be useful to survey the
types of deformations which may be included in the
model presented in the next section.

Spontaneous structural defects which have been
proposed for DNA include kinks, breathing modes,
local unstacking, loops, etc. Schematic illustrations
and descriptions are provided in fig. 1. The important
thing which must be remembered is that DNA mole-
cules are very long so that even relatively improbable
events will occur at some or many positions along the
chain. It can be calculated that a structural defect
which requires 7 kcal/mole of free energy for its for-
mation will occur with a frequency of unity for a DNA
of 108 Daltons. Lower free energies lead to much
higher frequencies. For example, Mandal et al. [7] have
recently estimated that the structural defect which per-
mits the exchange of a certain class of protons in
double stranded nucleic acids occurs with a probability
of about 5%.

Deviations from the wormlike propagation of DNA
can also arise from the binding of a wide variety of
ligands. Some examples are depicied in fig. 2 including
intercalation which changes the length of the chain as
well as introducing bends and changes in flexibility.
Any ligand is likely to cause changes in the overall
flexibility of DNA by bending or straightening, loosen-
ing or stiffening the local structure.

2. A geometric model

For the purpose of chain statistics, all of the physic-
al situations of fig. 1 and fig. 2 as well as many others
can be represented by a single geometric construction
which is shown in fig. 3. The importar:t features of
the model are the direction and position where the
normal DNA chain terminates as it enters the liganded
or deformed region (Base pair b) and the position and
orientation where it resumes normal propagation
(Base pair m). The rectangles indicate base pairs which
are part of the normal DNA chain, i.e., segments dis-
playing the normal flexibility properties relative to
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Fig. 2. Schematic illustrations of DNA deformations caused

by ligands. A. Intercalation. The chain is lengthened accom-
panied by a change in direction and presumably a change in
local flexibility. B. Local stiffening. Interaction with ligands
conceivably stiffen and/or straichten the DNA helix. In the
present context these changes from normal fiexing behavior are
deformations. C. Local bending. The DNA is partially wrapped
around a ligand causing a bend and a change in flexibility. D.
Protein interactions. These can be extensive and involve many
base pairs. As will be seen the important factors are the geome-
trical relationships of the DNA helices which enter and leave
the complex. E. The nucleosome. This is an extreme case of

a protein interaction. For the model in which there are two
turns of DNA wrapped about the nucleosome, there is not much
change in direction but a large dislocation and about 160 base
pairs are tied up in the complex [8]. For the model in which
there are 13 turns about the nucleosome (not shown in figure)
there is again a large dislocation but aiso a 90° change in helix
direction [8], which, as is shown in the text, means a complete
loss of memory of chain direction.

contiguous base pairs. The small arrows along the
chain are the link vectors for the base pairs [9,1]. The
vector IB spans the liganded or distorted region. The
two parameters of interest are the projection oflﬁ on
the last normal link ratio (base pair b) and the projec-
tion of the link vector for base pair m on the link vector
of base pair b. Since there will normally be flexibility
in the deformation, averages are required. The two
dimensional parameters of importance will be =
(Iﬁ/lo cosfp and y =(cos ). The figure is not planar.
In general there will be dislocations of the helices be-
fore and after the deformation but these do not enter
into persistence properties.

3. Stoichiometry

In performing chain averages it will be required not
only to average over the conformations of each link
but to average as well over the kind of links which
anse. Links will be divided into three kinds: a-links for
normal propagation, e.g. base pairs b or n in fig. 3;
B-links which span the ligand or deformation and -
links which follow g links. (Note that a vy-link going
in one direction becomes on « link going in the other
and that parameter § depends on direction for unsym-
metrical ligands or deformations. These features of the
model will be taken into consideration). The assump-
tion will be made that the link probabilities are inde-
pendent of neighboring links with two exceptions. The
first is that a 8 link is always followed by a <y link except
at the terminus of the chain which will be ignored. The
second is that two contiguous § links will not be allowed
in the analysis. Clearly two contiguous $ links indicate
an enlargement of the deformed region and introduce
propagation properties characteristic of ligand—ligand
interaction. This interesting case requires a broader
analysis than the following.

The probability of a deformation (8 + y-link) will be
designated by g and of an ¢-link by p withp+g = 1.

q is related o the number of ligands per base pair or
deformations per base pair either of which will be sym-
bolized by r. By definition, r = N4/N, where V; is the
number of deformations in the chain and N, is the total
number of base pairs in the DNA. Now g # r in general
because there are an average of & base pairs of bound
or deformed DNA in the § link. We shall define a defor-
mation link, IB+ I,y, as a pair of adjacent 8 and 7y links.
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Fig. 3. A chain displacement caused by a ligand or spontaneous deformation. Normal chain propagation ends at base pair b and re-
sumes again after base pair m. Intervening is a ligand (or deformation) and a number of DNA segments, &, which do not propagate
like normal DNA segments either because they are interacting with ligand (fig. 2) or because they are part of a deformation (fig. 1).

k may be zero for a kink or intercalation.

This gives a conditional probability of unity that a g
link is followed by a v link in the discussion which
follows, which is otherwise based on independent sta-
tistics. The number of normal links, Ny, is Ng= N, —
(k+1)N4 where the unity in (k +1) takes the -y link
into account. The total number of links, V,, will be
the sum of Ny and V4. Thus

_Ne_ Y _1—(&+Dr _Na_ _r M
PN, NNy 1=k TR TR

These are the formulas connecting the stoichiome-

tric quantities & and r with the link probabilities. In
some instances, especially breathing modes, the num-

ber of base pairs in the deformation may be variable
so that & is an average.

4. The persistence lcngth of a deformed DNA chain

The persistence length of a homogeneous chain is
defined by the relation

Po= Il‘gl,-},/lo, @

where I} may be any link in the chain except those too
ciose to ends where the sum is cut off before it attains
its limiting value. The average is over chain conforma-
tion. For the present problem the starting link might
be an a-link or a deformation consisting of 8 and
links. Consequently there will be three kinds of per-
sistence calculations. We first consider the persistence
length starting with a normal link. Excluded volume
contributions to the statistics will be ignored so that
the calculations are valid only for a theta solvent.

Many workers in the field believe that DNA is sufficiently

stiff that 0.2 M salt or higher is effectively a theta sol-
vent for it, but this opinion is not universally accepted.
The theories of Yamakawa and coworkers [10,11],
which appear to give an accurate account of the
sedimentation and viscosity of DNA solutions, neglect
excluded volume. Writing eq. (2) out explicitly,

P =lo(1+ Ly 1y I+ U3 1D/G+ ) - ©)

To provide an initial simplification, contribution from
B links will be ignored. The persistence is then com-
posed of « links with probability p and v links with
probability g. (This case would cover, for example,



J.A. Schellman/The flexibility of DNA. i1 333

kinks where I; is the gap in the broken DNA helix). A
term like (1,,,,*1;)/I2 is of the form g(i,/)a®y/ where
i+7 = and where g7, /) is the probability that there
are I a-links and j y-links in the chain of » projections
of L,y only = {(cos8 )} is the mean projection of an
ordinary DNA link on ﬁs predecessor and -y is defined
in fig. 3. Order does not matter. Because of the assump-
tion of independenceg(i, /) = (” Yol where (") is the
binomial coefﬁclem Thus the sum over all pOSSlblhtIeS
for (1 41 -1 )/IO is (pa+qgy)?, and the persistence
length is given as the sum

> 1
P ] m}«-g»Z o+ L R — 4

The contribution of 8-Iinks to the sum can be taken
into account in the following way. A main point is that
though a §-link is projected downward onto 7y, it always
terminates a sequence since nothing is projected onto
it. As can be seen from fig. 3, the segments on the right
side of the deformation are projected onto base pair m
and therice directly onto b, bypassing the 8-link. A
typical B contribution at link /, ,, is aiy/g with i +j=n,
where the § factor is always in the n+ 2 position. The
y-contributions arise from j deformations intervening
between Iy and /5. This gain yields a binomial con-
tribution {pa + gyy'g . Summing over all values of i

qﬁgg watgyyi=48 (H’E (m*'m))

=qBl(1—-pa—qv).

Adding this to the contribution of the « and -y terms
gives

P llag=(+gB)(1—pa—g7). &)

This formula can be verified by expanding the deno-
minator and showing that it systematically generates
all possible sequences of links. Because of the assumed
independence it also generates sequences like ¥y (B +v).
This describes a situation in which there are three con-
secutive deformations separated only by single base
pairs, i.e., base pair m of one deformation is also base
pair b of the next. This type of crowding will not be
allowable in a number of situations, but is permissable
in others. In the interest of the sirnple formulas which
result from the present line of analysis, this complication

will be avoided until a later paper. In any case, the for-
mlas will be applicable af low rwhere the terms asso-
ciated with near contact of deformation on the DNA
make negligible contributions to the sums.

We also require a persistence length that begins on
the I; and [, links of fig. 3. If the ligand is symmetric,
then the geometric relationship of /; to base pair b is
the same as its relation to base pair m. Under these
circumstances, proceeding either way along the chain
will give the same persistence contribution. If the ligand
is not symmetric then a different persistence will be
obtained for going forward or backward along the chain
{actually for going forward or backward along the ligand,
since the DNA chain is assumed to have no directio-
nality). This situation can be handled by assigning a
nominal positive and negative direction and using the
symbeols Pg, Pg‘ .B7,87 etc. The same problem arises
in eq. (5) where the § contribution will depend on the
directionality of the deformation. Since the two direc-
tions occur with equal probability, § in the equation is
to be interpreted as (B +87)/2.

The B persistences are easily seen to be

=lz+ gte, . (6)

The 87 results from the fact that the relation between
a -y and a 8 link in the forward direction is the same as
an « and a 8 link going in the opposite direction. The
P, terms arise because the links adjacent to a § link are
DNA base pairs by the restrictions of the model, and
the projection of the rest of the chain on this unit isP_.
For the y links one needs a persistence going both
toward and away from the adjacent g link. The latter
is just P,

E - -
Pi=Ig+B7P,, P;

P, PI=P_ . (7

Here i = (8% + 87)/2 since we are averaging over both
orientations of the lisand. The ¥ link is considered to

be on the + side of the 8 link by convention. Later
I5(Pz + Pg) will be encountered which must be aver-
aged over the conformation of Z;. From 2q. (6) the aver-
age is

AP+ P =207 +1oBP,} . ®
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5. Chain dimensions

The mean square end to end distance of a chain of
links is given by

amo=((Z4)-(Z))-(Z(Z0))

=25 (P v P~ 1), ©)
H

where P;' is the forward persistence measured from
link 7 and P is the backward persistence length.
The P; may be finite persistences (i.e., sums which

have not converged because of insufficient chain iength)
if link 7 is near one of the ends of the chain. If the chain
is very long, end effects can be ignored and F; in eq.

(8) can be equated to the persistence length for infi-
nite chains. In the deformed DNA chain there will be
pNV, links of standard length /g and gV, deformations

consisting of adjacent § and y links. Thus

(ha)o =N 2plyP,+ qlﬁ(PB T Pg)

2 77 5 2

Iy— al; + I} - (10)

Compare with eq. (5) of ref. [1]. Substituting from egs.
{7} and (8)

No{2lyPfp+q@B+(1+7)/2]
+q(l§ +1015,)~—- 5},

+glo(PJ+P7) —p

(hd)o
an
and eliminating p, g and ¥V, via egs. (1),
B =N LRI, [1+ 7@ — &k + (v — 1)/2)]

+ @2+ lglg+ KI5y — 13}, (12)

where P, is given by eq. (5). The quantities p and g
can also be removed from P, but it is probably easier
to calculate them from » and & and substitute into
eq. (5).

Eqg. (12) is the final result. Ii relates the m’
sion of a DNA molecule to the persistence of nacive
DNA via the parameter «, to the siructure of its de-
formations or binding complexes via g, Band y,and
to sioichiometry via r and %. Since P_ is large, it is
frequently possible to drop the last two terms within
the braces of eq. (12). This is standard for ordinary
DNA where P_, I is clearly much greater than l“' It is
Iess clear, however, that P_i, will always be much
larger than 1’ especially for proteins.

dimen-

6. Applications
6. 1. Spontaneous deformations

We first consider the flexibility behavior of DNA
in the absence of ligands. This is usually expressed in
terms of the persistence length, P . The persistence
length is usually interpreted in terms of a worm like
opil though in fact it is not actually known to what
exient DNA flexibility arises from spontaneous fluc-
tuations of the kind shown in fig. 1.

Consider first 2 kink in the DNA chain. We define
a kink as a sudden localized change in DNA direction
which arises from an alternative local structure of
higher free energy (fig. 1 A—C). Structural models for
kinks have been proposed [5.6] in connection with the
chromatin problem, though we prefer to consider kinks
as a class of deformations. Fig. 3 can be construed as
a kink with /;, the vector which spans the gap between
the two segments of DNA. For simplicity we assume
that the kink only affects the structure and flexibility
of bases b and m and not base pairs which are further
removed. If this is not a good assumption the kink
must be defined to include the perturbed base pairs.
To simplify the discussion, we also assume that the
effect of lengthening the chain by the gap vector Iz is
small compared with the change in chain direction
given by y. We can then ignore 8 and consider only the
persistence

- 1 - i -1
P“ﬁ{"’l~pa—*rn l1—a—qg(y ~a) a3)
or inverting
LP,=(Q-)—gly—0c). (14)

1@ is the contribution produced by the normal
smooth bending of the chain. The g term is a measure
of the contribution of the kink. For DNA I() /P isof
the order of 0.005. If the free energy of a kink is of
the order of 5 kcal, then g is about 0.0002 at room
temperature and kinks will make a small contribution
tof,.

If by contrast we make the drastic supposition that
there is virtually no smooth bending of DNA ie o<1,
then the flexibility only comes from kinks (or other
spontaneous deformations) and 7, /P, is given by
g (1 —7). Thus if the kinks are at 90°, they are required
in one of 200 base pairs, i.e., one per persistence length.
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In this far fetched model the chain would consist of
perfectly straight segments of average length P , with
a complete loss of persistence {memory of chain direc-
tion) at each kink.

Another model of a kink [6] has been proposed in
which y = 0.77 (6,,= 40°). If this type of kink was the
only source of flexibility then ¢ = 0.02,ie., 2% of all
links would be kinked implying a free energy of about
2500 kcal.

Another type of chain deformation is associated
with the mechanism of hydrogen exchange, which oc-
curs rapidly in DNA. This is not possible without a
structural change and the kinetic data indicates that
there is an equilibrium between ordinary helical DNA
and an exchangeable state (fig. 1A). This type of de-
formation evidently does not unstack bases [4] through
a recent investigation [7] does not rule out the possi-
bility that uridine (thymine in DNA) is partially un-
stacked. The surprising thing about this deformation
is its high frequency. It has been proposed that it oc-
curs with a probability of about 0.05 in RNA’s and
the same frequency has been suggested for DNA. If
a deformation of this frequency is responsible for flexi-
bility then it would require a ¥ of 0.9 or an angle in
the neighborhood of 25°. If these deformations occur
as breathing modes exposing & base pairs, theng =
0.05/k and a very large angle of bend would be required
per deformation.

There are other natural deformations. Short sec-
tions of A-DNA could form as a fluctuating structure
or short runs of AT or of GC base pairs could form
helical forms which differ from the B-form [12,13].
leading to a change in helix direction.

The possibilities are great and the fact is that we
do not know to what extend detformeztions contribute
to the flexibility. There is no reason to suspect that
DNA is extremely rigid so smooth bending is probably
the principle mechanism. This is supported by genera-
tions of EM photographs of DNA which do not show
straight line segments. More intensive studies will be
required to clarify the situation. For example, it would
be interesting to see if there is a correlation between
the presence of the open state for hydrogen exchange
of DNA and its persistence length when temperature
or solvent conditions are changed.

As far as chain statistics are concerned, the origins
of the flexibility are not of great importance. If the
qlg factor can be ignored, then eq. (13) is valid. The

factor pa + g is, after all, equal to {cos 8) where the
two terms represent the (mathematically) arbitrary
separation into small and large angles for physical rea-
sons. On the other hand, hydrodynamic methods
which we use to measure the persistence length may
depend on the relative contributions of pa and gy
since a system consisting of straight links with large
angles between will behave differently from a worm-
like coil.

6.2. Inrercalation

This is a special and interesting case. Since inter-
calating agents are usually planar 7 systems, they have
the thickness of a base pair so that 15 is approximately
Iy and B ={cos 83)‘. Alsok=0,sothatp=1—r,g=r.
In most cases the structures are presumed to have a 2-
fold symmetry axis (actinomyecin is an exception [6].
For actinomycin, {g will span the entire complex so
that & 5= 0). If the intercalation has 2-fold symmetry,
then the average projection of the « link on 15 equals
the average projection of v link on 1; with the result
that y = 2. Thus, assuming a very long chain,

(hDo =2V, g P [1+ r(B — (B2 — 1)/2]., 15)
with
P llg=Q+rB/(1—a—rB2—ajy). (16)

Thus there is only one parameter, 3, for the isotherm.
The bracket in eq. (15) essentially follows the increase
in length of the duplex caused by the intercalation
while eq. (16) accounts for the changes in persistence
which result because intercalating groups are encoun-
tered in the sums. In fact, if the intercalating group
acted exactly I'ke a base pair as far as chain propaga-
tion is concerned, then § =« and eq. (16) reduces to
1/(1 — &) which is the result for unliganded DNA.

The eiffect of intercalating agents has been discussed
previously by a number of workers in terms of chain
lenthening and the increased stiffness (or limpness)
caused by the intercalating agent, but never in a quanti-
tative way.

Sobell and coworkers [6] have obtained crystal strue-
tures of several intercalating systems and from these it
is possible to obtain estimates for the parameters § and
¥ by model building procedures. Sobell estimated, for
example, that = 8° for the intercalation of ethidium™.
This indicates that this compound would produce very
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small changes in P, . Using a = 0.99437 (appropriate
for P_ = 600 R), 7 = cos 8°, estimating § = +/cos 8° and
using eq. (16), yields the resuli that P, is relatively
insensitive to r in the region of r= 0-—{)_.2, increasing
only by a few percent. This is because 8 has a value that
is quite close to the normal propagation parameter /.

It would be of considerable interest to obtain values

of the parameiers by using egs. (15) and (16) on sets
of experimental data, and compare them with the
parameiers from the crystal structure determinations.
They need not be the same. Recall that DNA flexibility
arises in general from deviations from the equilibrium
structure.

One problem might arise experimentally. Iif excluded
volume exists in DNA in G.2M salt solution, it is pre-
sumably largely coulombic in origin. The intercalation
of positive ions would reduce the excluded volume and
cause an additional perturbation on .

6.3. External ligands

Substances, such as proteins, which bind to DNA
are often quite large. Many of the known ligands will
tend to fix, or at least affect, the conformation of
stretches of DNA though this is not necessarily so.
The number of base pairs, X, that are affected can vary
from a few to more than a hundred in the case of
nucleosomes. All base pairs which do not behave with
normal flexibility statistics are part of the complex
spanned by /5. The structural parameters are 3, y and
k& which are normally specified in model structures.
Studies of <h;§)0 versus r may serve to verify or elimi-
nate medel structures though it is doubtful that data
will be good enough to determine all three parameters.
There is, in fact, little data at present on this type of
system.

If the ligand is large, the excluded volume will in-
crease with increasing r, eventually invalidating the
formalism. Therefore, for large ligands, the theory will
only be good at low coverage with the magnitude of
“low™ bearing an inverse relation to the size of the
ligand. For example, nucleosomes fit the model of fig.
3 so that eq. (12) is suitable for describing the beshavior
of nucleosome-DNA systems with randomly distributed,
low coverage. On the other hand, the equation is pro-
bably inaccurate for chromatin because of the large
excluded volume.

J.A. Schellman[The flexibility of DNA. IT.

7. Conclusion

Formulas have been derived for the chain statistics
of DNA which contain normal smooih flexing regions
as well as deformations. These deformations may be
spontaneous fluctuations from the normal DNA struc-
ture or may be induced by Ligands. There are restrictive
assumptions which have been made in the derivation
of these formulas and we restate them here to avoid
misinterpretation or misapplication.

1) The statistical calculations are all for “unper-
turbed” chains with no excluded volume. If excluded
volume is a cortnbuting factor in experiments, it will
have to be superposed on the unperturbed statistics in
terms of expansion parameters such as Flory’s ¢ or
Peterlin’s €.

2) There is no sequence specificity. All binding sites
on the DNA are considered to be equivalent.

3) Independent statistics have been employed so
that all cooperative effects are excluded. To 2 limited
extent certain cooperative effects can be artificially
introduced. For example, the excluded site model for
intercalation (anti-cooperativity) can be introduced by
defining the complex to contain both a base pair (¢ =1)
and the intercalating base. On the other hand, very
interesting effects result when cooperative interactions
tend to form clusters of ligands on the DNA. The for-
mulas have no applications to these situations. In fact,
the model was set up in such a way (fig. 3) that conti-
guous ligands, cooperative or niot, are excluded from
consideration. Inclusion of cooperativity and the new
structural features which arise when Hgands are in con-
tact is under investigation at the present time.
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