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Abstract

The torsion elastic constants {a) of linear pBR322 (4363 bp) and pUCS (2717 bp) DNAs and supercoiled
pBR322 and pJMSII (4375 bp) DNAs are measured in 0.1 M NaCl as a function of added ethidium /base-pair
(EB/BP) ratio by studying the fluorescence polarization anisotropy (FPA) of the intercalated ethidium. The
time-resolved FPA is measured by using a picosecond dye laser for excitation and time-correlated single
photon counting detection. Previously developed theory for the emission anisotropy is generalized to incorpo-
rate rotations of the transition dipole due to excitation transfer. The excitation transfers are simulated by a
Monte Carlo procedure (Genest et al., Biophys. Chem. 1 (1974) 266-278) and the consequent rotations of the
transition dipole are superposed on the Brownian rotations. After accounting for excitation transfer, the
torsion constants of the finear DNAs are found to be essentially independent of intercalated ethidium up to a
binding ratio r = 0.10 dye /bp. Dynamic light scattering measurements on linear pUC8 DNA confirm that the
torsion constant is independent of binding ratio up to » =0.20 dye/bp. If @, denotes the torsion constant
between ethidium and a base-pair, and e, that between two base-pairs, then our data imply that ay/a, lies in
the range 0.65 to 1.64 with a most probable value of 1.0. The torsion constants of supercoiled DNAs decrease
substantially with increasing binding ratio even after accounting for excitation transfer. At the binding ratio
7 * = 0.064, where the superhelix density vanishes and superhelical strain is completely relaxed, the torsion
constant of the supercoiled pBR322 DNA /dye complex lies below that of the corresponding linear DNA /dye
complex by about 30%. This contradicts the conventionat view according to which linear, nicked circular, and
supercoiled DNA /dye complexes with r =r* should coexist with the same concentration of free dye, display
the same distribution of bound dye, and exhibit identical secondary structures, twisting and bending rigidities,
and FPA dynamics. These and other observations imply the existence of metastable secondary structure in
freshly relaxed supercoiled DNAs. A tentative explanation is presented for these and other unexpected
observations on supercoiled DNAs.
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1. Introduction

Intercalated ethidium dye is the most widely
used and intensively studied molecular probe for
DNA. Its popularity is due mainly to its rather
large binding constant, its strongly enhanced visi-
ble fluorescence, and its action to reduce net

twist (i.e. unwind), and simultaneously increase
the writhe, of covalently closed circular DNAs. In
the interpretation of many experiments on linear
and supercoiled DNA /ethidium complexes, it is
explicitly or implicitly assumed that the interca-
lated ethidium has no significant effect on the
DNA secondary structure, apart from local un-
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winding and extension of the helix, or on the
bending and twisting rigidities of the DNA in its
vicinity. Until now this critical assumption has not
been rigorously tested for either linear or super-
coiled DNAs, and is by no means universally
accepted. Indeed, on the basis of X-ray crystal
structures of ethidium complexed with dinucleo-
side phosphates, Sobell et al. [1] proposed that
ethidium would intercalate at the site of a so-
called B-kink, and further suggested that such a
B-kink would exhibit a 10-fold lower than normal
torsional rigidity. To address this and other im-
portant questions, we examine the torsion con-
stant determined from time-resolved fluorescence
polarization anisotropy (FPA) [2-6] and the ap-
parent plateau diffusion coefficient (D, ) at large
scattering vector (K) determined from dynamic
light scattering (DLS) [7-9] as a function of ethid-
ium binding ratio (r =bound dye /base-pair) up
to rather high levels. To extract a reliable torsion
constant under such conditions, it is first neces-
sary to develop a credible procedure for deconvo-
luting the effects of depolarization by excitation
transfer between closely spaced intercalated
ethidiums, as discussed below. This is the princi-
pal technical advance that enables the present
test of the effects of ethidium on the torsional
rigidities of linear and supercoiled DNAs.

1.1 Excitation transfer between intercalated ethid-
ium dyes

Fluorescence depolarization by excitation
transfer between intercalated ethidium dyes was
originally studied in attempt to determine their
unwinding angle [10-14]. In that work, the total
anisotropy was assumed to be a simple product of
factors for the contributions of Brownian motion
(rg(t)) and excitation transfer (rg(r)), namely
r(t) =2 /5ry(O)rp(t). Though plausible at the
time, this assumption is seen to be incorrect in
light of subsequent theoretical developments. In
any case, the unwinding angles obtained from
those fluorescence studies differ significantly from
the presently accepted value, which was estab-
lished by other techniques [15-17]. This discrep-
ancy prompted a reexamination of the validity of
Forster type transfer [18] between identical fluo-

rophores [19], and of the magnitude of the local
refractive index along the helix-axis [12]. Ewvi-
dence was adduced that Forster theory greatly
overestimates the incoherent transfer rate over
very short distances (< 10 A) between ethidiums
in either DNA or glycerol, although some obser-
vations are compatible with the theory [19]. At
present there is insufficient experimental evi-
dence to decide at what, if any, distance Forster
theory is valid for excitation transfer between
intercalated ethidium molecules.

In order to assess the contribution of torsional
deformations to the FPA and DNA /ethidium
complexes at relatively high binding levels, it is
necessary to take account of the effects of excita-
tion transfer. Monte Carlo methods for simulat-
ing the excitation transfer process and its contri-
bution to fluorescence depolarization were devel-
oped [10] and refined [12,14] by previous workers
in this area. Their techniques are employed here
to simulate excitation transfer, although the in-
corporation of such results into the theoretical
anisotropy function follows a new prescription.
Up to a binding ratio r = 0.10, we find that the
time-resolved FPA of linear DNA can be quanti-
tatively described by a proper superposition of
the Brownian dynamics of the filament and
Forster-type excitation transfer between interca-
lated ethidiums. Dynamic light scattering is em-
ployed as an independent probe for any change
in the torsional rigidity of linear DNA induced by
ethidium.

1.2 Linear DNAs

In recent work, it is shown that the torsional
rigidity and dynamics of linear pBR322 DNA in
0.1 M Na(Cl are unaffected by intercalated
chloroquine up to rather high binding ratios, r =
0.19 [5]. However, at low ionic strength (3 mM
Tris), moderate chloroquine binding ratios induce
a substantial (35-40%) decrease in the torsional
rigidity of linear pBR322 DNA [20]. The evi-
dently strong salt dependence of the effect in-
duced in linear DNA by chloroquine, which inter-
calates as the doubly charged species, provides an
additional reason to study the effect of ethidium,
which is single charged. Here we find that the
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torsion constant of linear pBR322 DNA in 0.1 M
NaCl is unaffected by intercalated ethidium up to
at least = 0.10, and almost certainly up to r =
0.20.

1.3 Supercoiled DNAs

In recent work it is found that the torsional
rigidities of supercoiled pBR322 DNAs with two
different initial superhelix densities (o= —0.048
and —0,083) in 0.1 M NaCl actually decrease
somewhat with increasing intercalated chloro-
quine. [5] In each case, near the particular bind-
ing ratio r =r*, where the superhelical strain is
completely relaxed by intercalated dve, the tor-
sional rigidity is significantly smaller (by ~ 15%)
than that of the corresponding linear DNA with
the same binding ratio [5]. At low ionic strength
(3 mM Tris), moderate chloroquine binding ra-
tios have no effect on the torsional rigidity of
supercoiled pBR322 DNA (initial superhelix den-
sity o= —0.048), in contrast to the substantial
reduction in torsional rigidity of the linear form
[20]. Under these latter conditions the difference
in torsional rigidity between the completely re-
laxed supercoiled DNA with r =r* and the cor-
responding linear DNA with the same binding
ratio amounts to ~ 35-40% [20]. These pBR322
DNAs are sufficiently long that end-effects on
the measured torsional rigidity are entirely negli-
gible [6]. Hence, any differences in torsional rigid-
ity between the completely relaxed supercoiled
and linear forms of this DNA with the same
binding ratio must be attributed to some other
cause. As indicated in the subsequent discussion,
such differences cannot exist when the tertiary
structures are uncondensed and the secondary
structures of the completely relaxed supercoiled
and linear forms are both at equilibrium.

In view of the unexpected results obtained
with chloroquine a detailed comparison of the
effects of ethidium on the torsion constants of
linear and supercoiled DNAs is warranted. In-
deed, we find that the torsion constants of two
different supercoiled DNASs decrease markedly
with increasing bound ethidium. At r=r*, the
torsion constant of relaxed supercoiled pBR322
DNA is substantially lower than that of its corre-
sponding linear DNA.

1.3.1 Topology, free energy, and binding isotherm
of a supercoiled DNA

In order to better understand the present re-
sults and to appreciate in detail their implica-
tions, some pertinent background is necessary.

Each supercoiled DNA topoisomer exhibits a
particular integral number of turns of one strand
around the other, called the linking number /. In
general, [ is partitioned among twist T and writhe
W (of the helix-axis), which obey the topological
constraint [21,22]

I=T+W (1)

The superhelix density of a topoisomer is defined
by o=4l/l,, where Al=1-1, is its (normally
negative) linking number difference, and /, is the
non-integral equilibrium (or intrinsic) twist of the
unstrained (nicked) circular molecule with N
base-pairs. Unwinding ligands, such as ethidium,
act to reduce /;, and increase the superhelix den-
sity.

For sufficiently small superhelix densities,
where the superhelical deformation is slight, the
torsion and bending elastic constants of the fila-
ment must be identical to those of the corre-
sponding linear DNA, and the deformational free
energy must vary quadratically with the linking
difference. A theoretical treatment of this cir-
cumstance is based on the results of analytical
theory [23] and simulations [24-26] for the distri-
bution of writhe in nicked circular DNAs, and
yields an expression for the difference in defor-
mational free-energy between topoisomers of suf-
ficient length {51,

AA = (E;/N)(Al* = Am?). )

The twist energy parameter E, is related to the
microscopic torsion constant between base-pairs
(a) and the effective force constant for writhe
(xy,) in open circular DNAs with the same N
according to Eyp = [Qm)/2kyTXaxy/(a +
kw)l ky is proportional to the bending constant
between base-pairs (KB) and for DNAs of suffi-
cient length (N > 6000 bp) is related to the bend-
ing constant by [6,23] xy =k,z/ [(0.095)272)].
Equation (2) accounts well for the distribution of
nearly relaxed topoisomers obtained by pro-
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longed action of Topoisomerase 1 on plasmids of
sufficient length [27-30]. If one further assumes
that intercalated ethidium does not alter the
twisting or bending rigidity of the DNA and does
not condense its tertiary structure, then the ad-
sorption isotherm of a supercoiled DNA near the
relaxed limit, subject to nearest-neighbor exclu-
sion, is [5]

r/C=K e " (1-2r)/(1-7) (3)

where r is the binding ratio (bound dye /base-
pair), C is the concentration of free ethidium, K
is the intrinsic binding constant, r* = Al(360) /¢ N
is the binding ratio at which the superhelix den-
sity vanishes (o =0) and the superhelical strain
energy is completely relaxed (i.e. 44 =0), and
a=2E; (¢/360), where ¢ = 26° is the unwind-
ing angle for ethidium [16,17]. At the binding
ratio r = r*, where the superhelix density is com-
pletely relaxed, eq. (3) becomes precisely the
binding isotherm for linear or nicked circular
DNA (i.e. £,=0). Indeed, at the relaxed condi-
tion, r=r*, the linear, nicked circular, and re-
laxed supercoiled DNA /dye complexes are all
predicted to equilibrate with the same concentra-
tion of free dye, to have the same distribution of
bound dye, and to exhibit the same torsion and
bending elastic constants, regardless of any effect
of dye to alter those constants. Near the relaxed
limit, these predictions must hold, provided that
the tertiary structures remain uncondensed and
that the secondary structures of the different
species are all at equilibrium. The observation of
different torsion constants for corresponding lin-
ear and supercoiled DNA /dye complexes with
r=r* would imply that one or both of these
species exhibits either some condensed tertiary
structure and/or some metastable secondary
structure.

We also inquire whether the assumptions upon
which egs. (2) and (3) are based remain valid up
to larger negative superhelix densities in the in-
termediate (o = —0.025) and native (¢ = —0.05)
ranges. Indirect evidence that the domain of va-
lidity of eq. (2) does not extend to superhelix
densities in the intermediate and native ranges
has been reported [31,32). Moreover, although
experimental binding isotherms display the form

predicted by eq. (3) and generalizations thereof
over a wide range of negative and positive super-
helix density [5,33-35], the E; values inferred
from such data are typically (i.c. more often than
not) only about half or less of those (E; = 1000)
obtained by analysis of relaxed topoisomer distri-
butions using eq. (2) [5]. These reported failures
of egs. (2) and (3) could in principle be ascribed
to (i) decreases in the torsion and bending elastic
constants with increasing negative superhelix
density (due to anharmonicity of the potential),
(i) changes in the equilibrium secondary struc-
ture with increasingly negative superhelix density;
or (iii) a weaker than quadratic dependence of
supercoiling free energy on the linking difference
at constant equilibrium secondary structure and
constant twisting and bending rigidity, or some
combination of all three. Direct observation of a
similar or larger torsion constant for the native
supercoiled DNA compared to its corresponding
linear form would rule out possibility (i). Direct
observation of different responses of the torsion
constants of supercoiled and linear DNAs to
bound ethidium would suggest that possibility (i)
is in part responsible for the observed failures of
eqs. (2) and (3) at intermediate and native super-
helix densities.

2. Materials and methods

Supercoiled pBR322 (4363 bp) and pUC8 (2717
bp) DNAs were prepared as described earlier
[36]. Supercoiled pJMSII (4375 bp) is a plasmid
constructed from pBR322 by the insertion of two
consensus binding sites for catabolite activator
protein (CAP) [37,38], and is similarly prepared.
Measurements of the superhelix densities, as de-
scribed previously [3}, vields o = —0.048 + 0.005
for pBR322 and a similar value for pJMSII. More
than 90% of both samples are present in the
supercoiled form. These DNAs were linearized
using EcoRI restriction enzyme. The sample
buffers are 0.1 M NaCl, 10 mM Tris, 1 mM
EDTA, pH 8.5 for linear and supercoiled pBR322
DNA; 0.1 M NaCl, 10 mM Tris, 10 mM EDTA,
pH 8.0 for linear pUC8 DNA; and 0.1 M Na(],
10 mM Tris, 1 mM EDTA, pH 8.0 for super-
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coiled pJMSII DNA. DNA concentrations are all
in the range 0.04-0.05 mg/ml.

Time-resolved FPA measurements are per-
formed using a synch-pump picosecond dye-laser
system as the excitation source and time-corre-
lated single-photon counting apparatus for detec-
tion. Details of the instrumentation and experi-
mental protocol are described elsewhere [2,3,6).
Excitation is set at 575 nm and fluorcscence
emission is detected at 645 nm. Samples are
thermostated at 20°C.

Dynamic light scattering (DLS) experiments
were performed using instrumentation and proce-
dures described elsewhere [7,8]. Correlation func-
tions were measured over the range of K* (K=
scattering vector) from 0.5 to 20X 10" c¢m~2
using a He—Ne laser operating at 632,8 nm and
an Ar-ion laser operating at 351.1 nm. However,
it was not possible to perform DLS experiments
on supercoiled DNAs using 351.1 nm radiation in
the presence of either ethidium or chloroquine
without inducing extensive nicking of the sample.
This photochemical nicking was attenuated 30-
50% by exhaustive O, removal (e.g. by purging
with Ar, or by repeated freeze-pump-thaw cycles).
The presence of scavengers for singlet oxygen
(Na-benzoate) and photochemically produced
radicals (L-ascorbic acid) had comparatively little
effect in either the presence or absence of O,.
DLS experiments at 351.1 nm are reported here
only for linear pUC8 DNA, not for any of the
supercoiled DNAs. The sample studied by DLS
was purged with Ar to remove O, and contained
15 mM Na benzoate. All DLS measurements
were studied at 21°C.

All samples are characterized before and after
the optical experiments by electrophoresis in 1%
agarose gels containing Tris-borate buffer (90 mM
Tris, 90 mM boric acid, 2 mM EDTA) in the
presence and absence of chioroquine. No changes
resulting from the experiments reported here
could be detected.

3. Theory

DNA is regarded as a deformable filament
with mean local cylindrical symmetry. It is as-

sumed to comprise a linear, but not necessarily
always straight, array of identical rigid subunits,
or disks, each of which is connected to its neigh-
bors by identical Hookean twisting and bending
springs. Each intercalated ethidium is assumed to
be attached with unique orientation to a particu-
lar subunit, called a dye-subunit, to which a coor-
dinate frame is rigidly attached. At time ¢ =0, an
excitation appears on the initially excited dye-
subunit. Depolarization of the subsequent emis-
sion at time t is due to reorientation of the
transition dipole associated with the excitation.
This occurs by Brownian rotation of the dye-sub-
unit and simultaneously via excitation transfer to
nearby dye-subunits with different orientations of
the dye, We define the instantaneous excitation
frame as follows. Its origin is taken to coincide
permanently with that of the initially excited
dye-subunit while its orientation at time ¢ is that
of the dye-subunit bearing the excitation at time
t. As the excitation jumps to successive dye sub-
units, each of which is undergoing rotational
Brownian motion, the instantaneous excitation
frame merely undergoes corresponding rotations
about its body-fixed symmetry and transverse axes.
When these rotations of the excitation frame are
(nearly) continuous Gaussian random processes,
the theoretical optical anisotropy of intercalated
ethidium is given by [39]

I”(t) “L() =7 22: LC (1) F(1),

n=0
4)

r(e) = 1(6) + 21, (1)

where [,(t) and I, (¢) are the fluorescence inten-
sities with polarizations parallel and perpendicu-
lar, respectively, to that of an infinitely short
exciting pulse. Unresolved rapid isotropic wobble
of the dye is manifested simply as a reduction in
ro [40). The I, are trigonometric functions

2
I,= (%cosze(, - %)
1, =3 cos’e, sin’e,, (5)

= 3gind
I, = 3sin’e,

where e,=70.5 is the equilibrium polar angle
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between the transition dipole and the helix-axis
[40,41]. C (¢) is the twisting correlation function

2<Az(t) >\ ’ (6)

C(t)= cxp{—n >

and F(t) is the tumbling correlation function

<Ax§x) >] . o

where (A(¢)*), j=z or x, is the mean-squared
angular displacement at time ¢ of the excitation
frame around its symmetry (j =z) or transverse
{j=x or y) axes. R denotes an average over all
disks to which the dye could bind, and is irrele-
vant for long linear (N + 1 > 2000 bp) or circular
DNAs, such as are considered here.

When the binding ratio is less than 1 ethidium
per 150 bp (r < 0.007), the distance between in-
tercalated ethidiums is typically large and excita-
tion transfer is negligible. In this case, only
Brownian rotations of the initially excited dye
subunit contribute to {4,(¢)?) and A (¢)*). In
this case, the intermediate zone formula [42,43]
applies, hence {Az(t)*) = 2kT(may)~ /%',
and the corresponding twisting correlation func-
tion is

E(t)= exp[—(ﬁ —-n?)

n*kgT

C,,(t)=exp[—(———mtl/2], (8)

Tay)

where a is the (adjustable) torsion constant be-
tween base-pairs, y = 6.15 X 102 dyne-cm-s is
the recently measured friction factor per base-pair
for azimuthal rotation around the symmetry axis
[44] and kT is thermal energy. In this case, we
also assume that (A (t)*)=0, or F(t)=10,
which yields a lower bound for the best-fit a. If,
instead, the Barkley-Zimm [42] formula for
(4,(t)*) is employed with a bending rigidity cor-
responding to a persistence length P =500 A, the
best fit a is increased by a factor of 1.9, which
then provides an upper bound [4,6]. Evidence
that the dynamic bending rigidity is actually about
3 times larger than that inferred from the corre-
sponding static persistence length has been re-

ported [6,45,46] (also personal communication
from B.H. Robinson and E. Hustedt). When our
current best estimoate of the dynamic persistence
length, P =1500 A, is employed, the best-fit « is
increased above its lower bound by a factor of
1.35 [47]. Moreover, recent estimates of the static
torsion constant obtained from the relative rates
of circularization of small DNAs of different
length [48] are now in good agreement with the
best-fit o obtained from the FPA tgy using a
dynamic persistence length P = 1500 A [47]. Be-
cause the effect of intercalated dve on the dy-
namic persistence length is presently unknown,
we continue to assume that the Brownian contri-
bution to (A (t)?) is vanishingly small, with the
understanding that the best-fit a, though a lower
bound, is proportional to « in any case and
accurately reflects any changes in a.

When the binding ratio exceeds 1 dye per 50
bp (r = 0.02), the distance between some of the
intercalated ethidiums is sufficiently small that
excitation transfer makes a significant contribu-
tion to the rotational dynamics of the excitation
frame. This will be demonstrated subsequently.
The excitation transfer contribution must be su-
perimposed on that due to Brownian rotations of
the excitation frame. In fact, excitation transfer
contributes in different ways to both (A,(¢)*)
and {4,(1)?), as detailed below.

Let n(¢) denote the angle between the initial
direction of the transition dipole and its direction
at time f. It is assumed for the moment that
excitation transfer between intercalated ethidi-
ums is the only process contributing to n(r).
Because transfer occurs between sites with dis-
crete directions of their transitions dipoles, n(t)
is a discrete random variable rather than a con-
tinuous Gaussian random variable. Whatever the
nature of n(¢), the exact contribution of that
process to the FPA is (2/5) { P, cos n(t)) [6,39].
The random excitation transfer between discrete
sites along a straight rigid DNA is simulated
using techniques developed by Genest et al. [14],
as described in the next section. We now imagine
an equivalent Gaussian random process for rota-
tion around the symmetry axis of the excitation
frame that produces the same FPA. Its mean
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squared angular displacement ({5,(¢)?)) is de-
fined by the relation

(P, cos (1)) =1+ 1,E(t) + LE(t)),  (9)

where E(t) =exp(— (8,(1)*)/2) [6]. The right-
hand side of eq. (9) is valid only for a continuous
Gaussian random process [39]. E(t) is readily
determined from { P,(cos m(#))) by solving eq. (9)
at each time point.

When the excitation transfer and Brownian
contributions to rotation around the symmetry
axis are superimposed, we obtain

(A,(1)") =2k T(way)” 22+ (5,(1)%).

It is implicitly assumed that, wherever the excita-
tion instantaneously dwells, the Brownian dynam-
ics of that dye-subunit, continues to follow the
same trajectory in regard to {4.(t)*) and
(A (t)*) as the initially excited dye-subunit. In
this event, the twisting correlation function be-
comes

2

nkgT 2 2
Cn(t)=exp —Wf E(f) (11)

If significant excitation transfer occurs, then E(t)
< 1.0. This will cause a spurious decrease in the
best-fit a, if E(t) is omitted from the data analy-
sis.

The helix along which excitation transfer takes
place is normally bent, duc to thermal fluctua-
tions, rather than straight. As the excitation
translates along a stationary bent DNA, the in-
stantaneous excitation frame undergoes small
(nearly continuous) rotations around its trans-
verse x- and y-axes, besides the much larger
angular jumps around its z-axis. The total trans-
lational displacement of the excitation is m base-
pairs plus two half-dyes, equivalent to m + 1
base-pairs, and includes m — 1+ 2 =m + 1 bend-
ing springs. The chain of subunit symmetry axis
vectors (called bond vectors) of the base-pairs
and dyes is projected onto any plane containing
the vector from the donor center to the acceptor
center. In that plane (labelled the yz-plane), the
mean-squared angular displacement of the bond
vector of the acceptor dye with respect to that of

the donor dye is (82 )= Im+1|{8*)=|m+
1| h/P where {8%)=kyT/k, is the mean-
squared angle between the projection of any two
consecutive bond vectors in the yz-plane, k, is
the lo)ending force constant for these springs, 4 =
3.4 A is the rise per base-pair, and P=h tg/kgT
is the persistence length [8,44]. Equation (12)
applies only when (m + 1)A is somewhat less than
P. Thus translation along an equilibrium popula-
tion of bent DNAs over m intervening base-pairs
is equivalent to a mean-squarcd angular displace-
ment {82, ) around the x-axis (or y-axis) of the
excitation frame. The contribution of (82 ) to
the tumbling correlation function with index » is
fdm)=exp[—(6 —n?)(82,)/2]. In the simula-
tion of Genest et al. [14], the rms migration
distance ((#2)'/?) at 80 ns is about 35 A for
r=10.20. This distéince corresponds to m + 1 = 11.
Taking P=500 A and m =10 in eq. (12) yields
(82,0 =0.075, and f,(m)=0.80, 0.83, and 0.90
for n=0, 1 and 2, respectively. This represents
an appreciable relaxation of the tumbling correla-
tion function and should not be neglected in the
data analysis.

Simulation of the excitation transfer process
yields the probability P(m, ¢) that the excitation
is displaced by m base-pairs at time ¢ from the
site of imitial excitation at time 0. The mean
squared angular displacements (8,(¢)*) and
(8,(£)*) at time ¢ are obtained from averages
over all configurations of bound dyes and all
displacements of the excitation at time ¢. Thus,

(8,(1)") =L P(m, 1)(82,), (13)
I+ LE(t) + LE() = L P(m, t)P, cos n,,
m .
(14)
where
cos 7, = cosZe, + sin’e, cos 3, (15)

is the angle between the transition dipoles of two
intercalated ethidium molecules separated by m
base-pairs in an undeformed DNA. §,, is the
azimuthal rotation angle between donor and ac-
ceptor (in degrees)

8, = 36m — 26. (16)
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It is assumed that the azimuthal succession angle
between base-pairs along the helix is 36°. The
tumbling correlation function due to excitation
transfer (neglecting the Brownian dynamics) is

F,(1) = exp| - (6 - n2)(3x(1)") /2] (17)

Of course, F,(t) < 1.0 when excitation transfer is
significant. This also will cause a spurious reduc-
tion in the best-fit a, if {8,(r)*) is omitted from
the data analysis.

The present treatment differs from that of
Genest and coworkers [11-14] in three main re-
spects. (1) The anisotropy used here is given by
eq. (4) with C,(¢) from eq. (11) and F,(¢) from
eq. (17). The assumption of Genest and cowork-
ers that r(r) is a simple product of factors for
Brownian motien and excitation transfer is evi-
dently valid only when the Brownian motions are
spherically symmetric, so {4,(1)?) = (4,(1)*),
and when the array of chromophores is spheri-
cally symmetric, ie. {(8,(¢)*)=(8,(t)*). The
coupling between Brownian dynamics and excita-
tion transfer is clearly somewhat more compli-
cated for non-spherical molecules like DNA (2).
The torsional dynamics of DNA is represented by
the intermediate zone decay in eq. (8) rather than
the simple exponential assumed by Genest and
coworkers [2,6]. (3) The polar angle of ethidium is
taken to be 70.5° [40,41] rather than 90°, as
assumed by Genest and coworkers.

4, Simulation of excitation transfer

In treating each excitation transfer step, the
DNA is assumed to be straight and untwisted.
This is justified to some extent by the fact that
single excitation transfers normally cover only
rather short distances, over which deformation is
typically negligible. However, after many such
jumps, the rms translational displacement, (m +
1)h, of the excitation may be rather large. Hence,
bend of the intervening DNA must be considered
in treating the emission polarization, as done
above, though not in treating the excitation trans-
fer per se. Twist of the intervening DNA is be-
lieved to exert a negligible effect on the emission

polarization in this case, because the large az-
imuthal angular jumps accompanying excitation
transfers are expected to overwhelm and average
out such effects. The rate of transfer of an excita-
tion from one base-pair to another separated by
m base-pairs is given by [18]

A

= W(cos N — 3 coszeo)z, (18)

k

where 4 =1.77x 107 ns~! AS is a constant [14]
that contains the usual factors for overlap of the
emission and absorption spectra and the radiative
decay rate, R, =(m+ 1Dh is the transfer dis-
tance, and n is the local refractive index. The
value adopted, n=1.7, is estimated from the
refractive index increment and partial specific
volume of DNA reported by Kam et al. [49]. It is
close to the estimate (n = 1.75) proposed by Har-
rington [50].

A Monte Carlo algorithm devised by Genest et
al. [14] is employed to randomly place the dyes
along 1000 DNA chains, each containing 4000 bp,
subject to nearest-neighbor exclusion, in such a
way as to achieve (on the average) the experimen-
tal binding ratio r. The excitation begins on the
dye closest to the center of the filament at ¢ =0.
The random excitation transfer process is also
simulated using a Monte Carlo algorithm devel-
oped by Genest et al. [14]. This algorithm admits
excitation transfer to the two nearest neighboring
ethidiums on cither side of the currently excited
ethidium. For each DNA chain, the trajectories
of 100 different initial excitations are simulated.
While calculating (P, cos n(¢)) (the right-hand
side of cq. (14)), we also calculate (8,(¢)*) using
eq. (13), and the mean squared translational dis-
placement,

(RA(1)>= L((m+1)h)’P(m, 1) (19)

5. Data analysis

Our general deconvolution and fitting protocol
is described elsewhere [5,6]. Briefly, the sum data,
s(t)=1i(t) +i (¢), are fitted to a convolution of
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the instrument function with a theoretical sum
function 8(¢)=A[¢) + S,(£) + S,(¢), where the
d-function accounts for Raman scattered light
from the solvent and S(¢) and $,(s) are expo-
nential terms that account for emission from in-
tercalated (7, = 21 £ 1 ns) and free (7, =1.5-2.5
ns) ethidium. The adjustable parameters are three
amplitudes and two lifetimes. The difference data,
d(t)=i,(t)—i (1), are fitted to a convolution of
the instrument function with the theoretical dif-
ference function, D(t)=r,A.8(t)+S(Dr () +
S,(t)r,(1), where r, is the anisotropy of the scat-
tered light (typically 0.3), r,(¢) is the anisotropy
function for intercalated dye (ie. r(¢) =r(¢) in
eq. 4), and ry¢) is the anisotropy function for
free dye. In this work, the S,(t)r)(¢) term is
negligible because 5,(0)/5,(0) > 15, and r,(¢) re-
laxes in 85 ps [5], which is considerably less than
the instrument function in this work (500 ps). All
FPA data are fitted using eq. (4) in two ways. (1)
Taking no account of excitation transfer. In this
case, C,(¢) is given by eq. (8), and F,(t)=1.0. (2)
Taking account of excitation transfer, In this case,
C(1) is given by eq. (11) and F.(¢) by eq. (17).
E(t) and {3 (1)) are obtained from the simula-
tions at each time-point along the FPA decay
curve and incorporated directly into C,(¢) and
E(#). Otherwise the deconvolution and fitting
procedure is the same as in the absence of excita-
tion transfer.

The DLS photon correlation functions are fit-
ted to a single-exponential plus baseline,

GA(t)y=Aexp(-t/7)+B, (20)

where A, B and 7 are adjustable parameters.
The apparent diffusion coefficient is calculated
from 7 according to

D, (K) =1/27K?, (21)

where the magnitude of the scattering vector is
K=W@mn/A) sin 8/2, 8 is the scattering angle,
A is the wavelength of the incident beam in
vacuo, and n is the refractive index of the sol-
vent (1.334 at A =632.8 nm, 1.348 at A =351.1
nm). At large K*=20x 10" em™?, D, (K)=
Dy reflects internal motions of the DNA over
distances of 225 A. Empirically, it is found for

long linear DNAs that D, varies sensitivity and
in parallel with the torsion constant determined
from FPA, [9]. At its present stage of develop-
ment, DLS theory provides only a qualitative
understanding of this circumstance. In any case,
Dy, measurements provide an independent cri-
terion for validity of the excitation transfer simu-

lations for linear DNA, as described below.

6. Results and discussion

Measured quantities here are generally re-
ported as a function of added ethidium bromide
per base-pair (EB/BP). Under conditions of these
experiments, up to EB/BP = (.20, the ethidium
is practically all bound. This is inferred from eq.
(3) using literature values for the equilibrium
constant K and E. summarized by Wu et al. [5],
and is confirmed by the rather small relative
amplitude of free dye fluorescence observed when
EB/BP < 0.20. Thus, in these studies it is a rea-
sonable approximation to regard EB/BP as the
binding ratio r up to EB/BP =0.2.

Our FPA data are analyzed in two different
ways, namely in the usual way taking no account
of excitation transfer, and also taking account of
excitation transfer by means of the simulations, as
described above. Comparison of the results of
these two methods provides a means to judge the
effects of excitation transfer on the FPA dynam-
ics.

0.1 Linear DNAs

The best-fit « values obtained for linear
pBR322 DNA by accounting for excitation trans-
fer, and also by taking no account of excitation
transfer, are plotted vs. time-span of the data for
EB/BP =0.05 in Fig. 1. There is no evidence
that intercalated ethidium introduces significant
non-uniformity of the torsional rigidity. Clearly,
excitation transfer acts to substantially decrease
the apparent torsion constant when no account is
taken of that process. Values of D, for linear
pUC8 DNA are plotted vs. EB/BP in Fig. 2A.
The torsion constants of linear pPBR322 and pUCS
DNAs obtained by accounting for excitation
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transfer, and also by taking no account of excita-
tion transfer, are co-plotted in Fig. 2B. Clearly,
D, remains constant, unaffected by ethidium
binding up to EB/BP = 0.10. In fact, D, re-
mains constant up to EB/BP =0.20 (data point
not shown in Fig. 2A). This implies rather strongly
that the twisting rigidity of linear pUC8 DNA is
not significantly affected by intercalated ethidium
up to r=0.20. Indeed, the torsion constants of
linear pBR322 and pUC8 DNAs, obtained by
accounting for excitation transfer, also remain
constant (within the experimental errors), unaf-
fected by intercalated ethidium up to r =0.10. In
contrast, the apparent torsion constants of linear
pBR322 and pUCS DNAs, obtained by taking no
account of excitation transfer, are observed to
decrease substantially over that same range. The
parallel behavior of D, and « obtained by
accounting for excitation transfer implies that the
effects of excitatton transfer have been reason-
ably accurately simulated. We conclude that the
torsion constants of linear pBR322 and pUCS
DNAs are unaffected by intercalated ethidium up
to a binding ratio r = 0.20 (1 dye per 5 bp). This
is 40% of saturation binding in the nearest-
neighbor exclusion model.

The effective torsion constant for the filament
(@) is related to that between two base-pairs
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Fig. 1. Best-fit torsion constant a vs. time span of the data

firted for linear pBR322 DNA in 0.1 M NaCl, 10 mM EDTA,

pH 8.0, T=20°C. (a) are a-values obtained after account-

ing for excitation transfer; (A) are a-values obtained by

taking no account of excitation transfer. The solid lines are
located at the average o in each case.
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Fig. 2. A (Top) Dy, vs. added ethidium per base-pair ratio
(EB/BP) for linear pUC8 DNA. A least-squares horizontal
line is drawn through the experimental data (m). Standard
deviations are comparable to the size of the symbols. Linear
pUC8 DNA is in 0.1 M NaCl, 10 mM Tris, 10 mM EDTA,
pH 8.0, T=20°C. B (Bottom) Torsion constant « of linear
pUCS (m) and pBR322 (8) DNAs vs. ethidium per base-pair
ratio. Filled symbols are a-values obtained by accounting for
excitation transfer (egs. 11 and 17), while open symbols are
a-values obtained by taking no account of excitation transfer
{eq. (8) and F,(#)=1.0). Least-squares horizontal lines are
drawn through each data set. Linear pBR322 DNA is in 0.1
M NaCl, 10 mM Tris, 1 mM EDTA, pH 8.5, T =20°C, and
conditions for linear pUC8 DNA are as described above.
When error bars are not displayed on the filled symbols, the
standard deviations are comparable to the symbol size. Rela-
tive errors of the unfilled symbols are approximately the same
as those of the corresponding filled symbols.

(ey) and that between an intercalated ethidium
and a base-pair (a,) by [5]

1
el TN + f g /ag)

(22)

where f is the fraction of normal springs between
base-pairs, and 1 —f is the fraction of springs
between intercalated ethidium and a base-pair.
When r=020, f=4/6, 1-f=2/6. Our data
indicate that «, (after accounting for excitation
transfer) does not differ from «, by more than
15%, whence 0.85 <./, < 1.15. In conjunc-
tion with eq. (22), this indicates that 0.65 < a,/a,
< 1.64. Thus, with some confidence we can say
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Fig. 3. Results obtained by taking no account of excitation
transfer. Relative initial anisotropy (A) and apparent torsion
constant (B) of linear pUC8 DNA vs. added ethidium per
base-pair. Each point is the average of the values at three
experimental time spans {36, 73 and 110 ns). The DNA is on
0.1 M NaCl, 10 mM Tris, 10 mM EDTA, pH 8.0, T=20°C.

that the torsion constant o, between intercalated
ethidium and a base-pair is not smaller than «,
by more than 34% nor larger than a, by 65%,
and is most probably nearly the same as a,. In
view of these limits, one may conclude that either
(a) the ethidium intercalation sites in linear DNAs
do not correspond to Sobell B-kinks, or (b) the
torsion constant of a Sobell B-kink is not smaller
than «a, by as much as a factor of 2, and may not
be smaller at all. These limits on «, also rule out
any greatly enhanced torsion constant between
intercalated ethidium and its neighboring base-
pairs. The hypothesis of Hogan and Jardetzky
[51] that intercalated ethidium is rigidly clamped
to its neighboring base-pairs is evidently not valid.

6.2 Results obtained by raking no account of excita-
tion tramsfer

The effects of intercalated ethidium on the
apparent torsion constant and relative initial
anisotropy, obtained by taking no account of exci-
tation transfer, are shown in Fig. 3. The apparent
a remains constant from EB/BP = 0.0033 up to
0.010, then decreases from a=4.5X10"" to
a=08x10""? dyne-cm as EB/BP increases
from 0.010 up to 0.20. Over the range of EB/BP
from 0.0033 up to 0.20 the initial anisotropy r,

remains constant. As noted above the marked
decrease in apparent o is entirely due to excita-
tion transfer. Surprisingly, the apparent e« is in-
variant to time-span of the experiment (0-36, 0—
72,0-120 ns) up to EB/BP =40.20, despite a
large contribution of excitation transfer. Appar-
ently the contribution of excitation transfer to
(8,(t)*) and (8,(t)*) produces an FPA decay
similar to that induced by the Brownian dynam-
ics.

As EB/BP increases further from 0.2 to 2.0,
the apparent e increases by about 2-fold and r,
decreases by about 2-fold. A probable explana-
tion for this decrease in r, is that excitation
transfer causes some very rapid depolarization on
a time-scale too short to resolve, when EB/BP >
0.50. Any process too rapid to resolve acts to
reduce ry. This initial depolarization due to rapid
excitation transfer is predominantly azimuthal
rather than polar (i.e. {8,(+)*) > (5 (¢)*)), so all
three terms in #{(t) (in eq. 4) are not reduced by
the same initial anisotropy factor, r,/0.4. Instead
the # = 2 term experiences a greater relative de-
crease in amplitude than the n = 1 term, which in
turn experiences a considerably greater relative
decrease than the n =0 term. Thus, in the re-
solved part of the decay, the slower components
gain relative amplitude at the expense of the
faster components. Consequently, when the same
ro is assumed to apply for all three terms, the
apparent torsion constant will be substantially
increased for EB/BP >0.50, as observed. A
quantitative analysis of this increase in apparent
« and decrease in r, for EB/BP > 0.50 has not
yet been accomplished, so it would be premature
to conclude that no other factors, such as struc-
tural changes in the DNA, contribute to the rise
in apparent . Subsequent discussion is confined
to the range 0.0033 < EB/BP < 0.10, where there
is no evidence for any effect of rapid excitation
transfers on the initial anisotropy r,.

6.3 Excitation transfer

The rate of Forster-type transfer is sensitive to
both the separation and relative orientation of
the donor—acceptor pair. To the extent that the
separations and relative orientations of interca-
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Fig. 4. Effect of excitation transfer on motion of the excitation

frame. Mean-squared angular displacement around the helix-

axis (A) and around a transverse axis (B) vs. time at four

binding ratios. From top to bottom: r = 0.1, 0.0667, 0.05 and
0.02.

lated ethidiums in DNA are fairly well defined,
DNA /ethidium complexes provide a useful sub-
strate for testing Forster theory in regard to iden-
tical chromophores. The simulation procedure
used here is based on a random distribution of
intercalated dyes among the available sites, em-
ploys standard geometrical parameters for the
DNA, invokes a plausible value of the local re-
fractive index, and produces excitation transfers
with an average rate given by the Forster for-
mula. Up to r=0.10 (or EB/BP =0.10), this
simulation protocol is substantially validated by
the parallel behavior of D, and a obtained by
accounting for excitation transfer, This implies
that Forster theory provides an adequate account
of most of the excitation transfers that take place
in DNA /ethidium complexes at least up to r=
0.10.

The simulated contributions of excitation
transfer to (8,(r)*) and (8,(¢)*) are displayed
for various binding ratios » (or EB/BP) in Fig. 4.
The mean squared angular displacement
((8,(r)%)) of the equivalent Gaussian random
process for rotation of the excitation frame
around its z-axis exceeds the mean-squared angu-
lar displacement ({3,(+)*)) for rotation around a
transverse axis by more than an order of magni-
tude. The corresponding mean squared linear
displacements of the excitation along the chain

are presented elsewhere [52]. For r=0.10, the
rms linear displacement ((R(t)zo)l/ HisSAatl
ns, 8.7 A at 10 ns, and 134 A at 40 ns. The
corresponding root mean square angular dis-
placements of the excitation frame around its
2-axis ((3z(t)2)1/2) are 11.5° at 1 ns, 18.3° at 10
ns, and 25.6° at 40 ns. The corresponding rms
angular displacements of the excitation frame
around a transverse axis ({8,(¢)'/?)) are 3.6° at
1 ns, 5.1° at 10 ns, and 6.8° at 40 ns. For
comparison, the Brownian contributions to
(Az(1)*>'7? (obtained from the prelude to eq. 8)
can be estimated for a=4.5x 107 and y=
6.15% 107 to be 16.9° for 1 ns, 30° for 10 ns,
and 42° for 40 ns. Thus, when r=0.10, the
contribution of excitation transfer to rms rotation
of the transition dipole around the symmetry axis
is about 2 /3 that of the Brownian twisting defor-
mations over the range 1 to 40 ns.

6.4 Supercoiled DNAs

The torsion constants of supercoiled pBR322
and pJMSII DNAs obtained by accounting for
excitation transfer, and also by taking no account
of excitation transfer, are plotted vs. EB/BP in
Fig. 5. As expected, o decreases with increasing
EB/BP, when no aceount is taken of excitation
transfer. But even after accounting for excitation
transfer, a still decreases substantially with in-
creasing EB/BP! The effect of intercalated
ethidium to reduce the torsion constant of super-
coiled, but not linear, DNAs is similar to what
was observed for intercalated chloroquine in the
same buffer. However, ethidium causes an appre-
ciably larger decrease in « for any given r. The
superhelix density of these DNAs is completely
relaxed at EB/BP =r* =0.064. At r * =(.064,
the extrapolated « of the supercoiled pBR322
DNA /ethidium complexes is about 3.3 X 1072
dyne-cm, while that of the linear pBR322
DNA /ethidium complexes is about 4.8 x 10712
dyne-cm. This discrepancy amounts to 31% of the
latter value. At the r* where chloroquine com-
pletely relaxes supercoiled pBR322 DNA, the
corresponding discrepancy is about 15% [3].

Significant differences in the responses of these
linear and supercoiled DNAs to increasing
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Fig. 5. Torsion constant a of supercoiled pBR322 (#) and
pIMSII (a) DNAs vs. ethidium per base-pair ratio. Filled
symbols are a-values obtained by taking account of excitation
transfer (eqs. 11 and 17), while open symbols are a-values
obtained by taking no account of excitation transfer (eq. 8 and
F(1)=1.0). The two continuous dark lines are least-squares
fits to the respective data sets. The dashed line is the best-fit
horizontal line for linear pBR322 from Fig. 2. The vertical
dotted line denotes the ethidium per base-pair ratio at which
r=r*=0.065 and both supercoiled DNAs are completely
relaxed. Buffer conditions for supercoiled pBR322 DNA are
the same as for its corresponding linear pBR322 DNA in Fig.
2. Supercoiled pJMSII DNA is in ¢.1 M NaCl, 10 mM Tris, 1
mM EDTA, pH 8.0, T=20°C. When error bars are not
displayed on the filled symbols, the standard deviations are
comparable to the symbol size. Relative errors of the unfilled
symbols are approximately the same as those of the corre-
sponding filled symbols.

EB/BP are observed even when cxcitation trans-
fer is not taken into account. In fact, when
EB/BP = (.050, the ratio of the torsion constants
of linear and supercoiled pBR322 DNAs is virtu-
ally the same whether or not excitation transfer is
taken into account (1.24 vs. 1.23). The difference
between the overall decrease in torsion constant
of supercoiled pBR322 DNA and that of linear
pBR322 DNA, as EB/BP varies from 0.003 to
0.050, is comparable whether or not excitation
transfer is taken into account—(0.9 vs 0.6) X
10~ '? dyne-cm. Either way, the difference in de-
creases amounts to nearly 3 standard deviations
of the measured values. Likewise, the difference
between the overall decrease in torsion constant
of supercoiled pJMSII DNA and that of linear
pUC8 DNA, as EB/BP varies from 0.003 to 0.10,

is comparable, whether or not excitation transfer
is taken into account—(1.6 vs. 1.3)Xx 10712
dyne /cm. Either way, this amounts to nearly 4
standard deviations of the measured values. In
this sense, the different responses of the linear
and supercoiled DNAs to increasing EB/BP are
manifested to a comparable and significant extent
in either data set, and cannot be attributed to any
artifact arising from the protocol for taking exci-
tation transfer into account.

Another comparison between the effects of
ethidium and chloroquine concerns the twist en-
ergy parameters inferred from dye-binding data.
Both dyes typically yield substantially lower (by
two-fold or more) F values than are obtained by
analysis of relaxed topoisomer distributions and,
of the two, ethidium yields the smaller values,
which are about 75% of those obtained with
chloroquine [S]. The observed reductions in the
torsion constants of supercoiled DNAs by both
dves (in 0.1 M NaCl) are qualitatively consistent
with lower E, values, but are too small to ac-
count quantitatively for such large reductions in
E;. Likewise, the smaller torsion constants ob-
served for supercoiled DNA /ethidium complexes
compared to DNA /chloroquine complexes are
qualitatively consistent with the lower £, values
of the former compared to the latter, but again a
quantitative correspondence is lacking.

There are three important aspects to the pre-
sent comparison of supercoiled and linear DNAs.

() At r=0, the (extrapolated) torsion con-
stant of native supercoiled pBR322 DNA slightly
exceeds that of its corresponding linear DNA, as
found also in a previous study. Although this
small difference does not exceed the combined
statistical errors of the two measurements, its
consistency for several different sample pairs sug-
gests that it is probably real. In the case of pUCS
DNA, a slightly larger torsion constant is also
observed for the native supercoiled form than for
either the linear or fully relaxed supercoiled
species [53]. In the case of M13mp7 DNA (at
lower salt concentration), a significantly larger
torsion constant is observed for the supercoiled
form than for the linear species [4,53]. Such en-
hancement of the torsion constants of native su-
percoiled DNAs, though small in the case of
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pBR322 and pUCS plasmids, might be a general
phenomenon. However, this observation cannot
account even qualitatively for the reported fail-
ures of egs. (2) and (3) at intermediate and native
superhelix densities, because those would require
a significantly smaller torsion constant of the
native supercoiled DNA. However, a slightly en-
hanced torsion constant would be consistent with
the possibility that a different equilibrium sec-
ondary structure with greater torsional rigidity
prevails over at least some of the the sequence in
the native supercoiled DNA, as suggested previ-
ously [4-6,53,54].

(2) The torsion constants of the linear DNAs
remain unaffected by intercalated ethidium up to
r~0.20, whereas those of the native supercoiled
DNAs decrease substantially over the observed
range of r. Evidently, linear DNAs exhibit the
invariance of torsion constant to bound ethidium
that was assumed in the derivation of eq. (3), but
native supercoiled DNAs exhibit a rather differ-
ent response, namely a progressive decrease in
torsion constant with increasing binding ratio up
into the region of positive supercoiling » > r* =
0.064. This apparent decrease in torsion constant
of the native supercoiled form must be attributed
to either (I} a real decrease in torsion constant,
or (II) clustering of the dye in the supercoiled
DNA, possibly in a condensed domain of tertiary
structure, with concomitant depolarization by ex-
citation transfer. The iatter possibility is dis-
counted, because a decrease in apparent torsion
constant is also induced by chloroquine, which
does not transfer excitation to ethidium. Also,
dye clustering would be reflected in enhanced
binding affinity, but the actual affinity of native
supercoiled pBR322 DNA for ethidium is less
than expected; indeed that is the origin of the low
E. value. A real decrease in torsion constant
could be due to either (i) a direct effect of inter-
calated ethidium to reduce the torsion constant
of the prevailing secondary structure, or (i) an
indirect effect of the dye to increase the superhe-
lix density (i.e. decrease the superhelical stress)
coupled with a generic decrease in torsion con-
stant with increasing superhelix density over this
range, or some combination of both. Either possi-
bility would be consistent with the prevalence of

a different equilibrium secondary structure over
at least some of the sequence in the native super-
coiled DNA, as suggested before [53].

(3) At EB/BP =r* =(.064, where the super-
helix density and superhelical stress vanish, the
extrapolated torsion constant of the fully relaxed
supercoiled pBR322 DNA /ethidium complexes
lies significantly below that of the corresponding
linear pBR322 DNA /ethidium complexes. As
noted in Section 1.3.1, these particular DNAs
with r=r* must coexist with the same concen-
tration of free dye, have the same distribution of
bound dye, and exhibit the same torsion and
bending constants, provided that their tertiary
structures remain uncondensed and that their
secondary structures are both at equilibrium.

It is most unlikely that the observed discrep-
ancy in torsion constants is due to any in-
tramolecular condensation of the DNA /dye com-
plexes with r=r* for the following reasons, in
addition to those noted above. Binding data typi-
cally follow eq. (3) rather closely with no evidence
of any cooperativity, which would be expected to
accompany intramolecular condensation [5,33-
35]. Hydrodynamic measurements, including sedi-
mentation [13,55,56], diffusion [57], viscosity [58],
and flow dichroism [59] indicate that the hydrody-
namic radius of the supercoiled DNA actually
increases with increasing bound dye toward a
maximum at r = r*. Moreover, the hydrodynamic
radius at the maximum is nearly identical to that
of the corresponding nicked circular DNA /dye
complex with #=r* [55]. The hydrodynamic ra-
dius of that nicked circular DNA varies only
slightly, smoothly, and nearly linearly with » from
0 up to r>r*, and shows no sign of any in-
tramolecular condensation. One may infer that
the hydrodynamic radius of the supercoiled DNA
with r=r* is nearly the same as that of its
uncondensed nicked circular DNA. If we dis-
count the possibility of intramolecular condensa-
tion, then any difference in torsion constant be-
tween the linear and fullv relaxed supercoiled
DNA /dye complexes with r=r* must be as-
cribed to non-equilibrium secondary structure in
one or both species. The truth of this statement
can readily be seen as follows. The same final
state can be achieved by either of two routes,
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namely (i) relaxing the native supercoiled DNA
to o =0 by adding ethidium until r=r*, or (il
adding ethidium to linear DNA until r=r* and
then ligating the linear complexes to form circles.
Simple circularization of long DNAs is rot ex-
pected to significantly alter the binding ratio,
secondary structure, twisting or bending rigidity,
or the FPA dynamics, provided intramolecular
condensation does not occur [36]. Hence the cir-
cular species obtained by ecither route should
exhibit the same FPA dynamics as the linear
DNA, provided they are at equilibrium. The ob-
served discrepancy between the torsion constants
of the relaxed supercoiled and linear pBR322
DNAs with r=r* thus immplies the existence of
some incompletely equilibrated, or metastable,
secondary structure in either the supercoiled or
linear species, or both. We believe that the tor-
sion constants of the relaxed supercoiled and
linear DNA /ethidium complexes with r=r*
must approach a common value at sufficiently
long time, which evidently exceeds 1 month. Evi-
dence for equilibration times of a month or more
following linearization of supercoiled pBR322,
pUCS, and M13 mp7 DNAs, or following partial
relaxation (by Topoisomerase I) of supercoiled
pUCS8 dimer DNAs, was presented previously
[53]. The molar ellipticity at 273 nm following
linearization of p308 DNA also evolves over time
in a similar manner as found for the torsion
constants of the other linearized plasmid DNAs
(J. Delrow, P. Heath, J. Gebe, D. Stewart, and
J.M. Schurr, 1990, unpublished results).
Metastable secondary structure, as evidenced
by the unequal torsion constants of relaxed su-
percoiled and linear DNAs with r = r*, has now
been observed using several different intercala-
tors, namely ethidium, chloroquine [5,20] 9-
aminoacridine, and proflavine [52,54], and ap-
pears to be a common phenomenon. Additional
evidence for metastable structure in dye-relaxed
supercoiled DNAs comes from gel electrophore-
sis studies [27,64]. Differences in electrophoretic
mobility between dye-relaxed supercoiled topoi-
somers with ¢ =0 and nicked circular DNAs in
gels containing ethidium, proflavine, 9-aminoacri-
dine, quinacrine, or daunomycin, are also as-
cribed to metastable secondary structure in one

or both species [53]. It is reasonable to suppose
that the same metastable secondary structure is
responsible for the differences in regard to both
torsion constant and electrophoretic mobility be-
tween the relaxed supercoiled DNA and either
the linear or nicked circular DNA with r=r*.
This metastable structure evidently responds dif-
ferently to intercalated ethidium than does the
normal B-helix of an equilibrium linear DNA.
Another indication of this rather different re-
sponse comes from flow dichroism studies [59].
The flow dichroism of supercoiled ¢X-174, SV40,
and pBR322 DNA /ethidium complexes observed
at 520 nm varies with ethidium concentration in a
very different manner from that observed at 260
nm [59]. In particular the expected maximum in
the absolute dichroism near r=r* is observed at
260 nm, where the bases absorb, but not at 520
nm, where only the ethidium absorbs. In contrast,
for linear DNAs, the absolute flow dichroism at
520 nm closely parallels that at 260 nm, which
increases slightly with increasing ethidium. These
observations imply that ethidium is either bound
to regions of the supercoiled DNA with peculiar
properties, or induces (or traps) peculiar proper-
ties wherever it binds.

The present experiments do not unequivocally
establish whether the metastable secondary struc-
ture prevailing at » =r* resides primarily in the
supercoiled or in the linear species. The changes
in torsion constant and, by inference, in the sec-
ondary structure of the supercoiled DNA with
increasing intercalated ethidium mark it as the
most likely candidate to undergo an incomplete
change in secondary structure. Direct evidence
for the existence of metastable secondary struc-
ture in freshly relaxed (by Topoisomerase I) or
linearized supercoiled DNAs indicates that such
metastable secondary structure is associated with
the recent release of superhelical stress [53]. The
common belief that the global secondary struc-
ture of supercoiled DNAs always converts imme-
diately to unstrained (or less strained) B-helix
upon complete (or partiaf) relaxation of the su-
perhelix density evidently does not correspond to
the facts. In view of these considerations, we
presume that the metastable secondary structure
in the present experiments resides primarily in
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the more recently relaxed (by dye) supercoiled
DNAs.

6.5 Implications of the metastable secondary struc-
ture

Before discussing the metastable structure, it
is useful to classify the strains induced by super-
helical stress. Local strains (e.g. local torsion or
bending between base-pairs, base-tilt, base-roll,
etc.) induced by superhelical stress are defined
with respect to a reference state, namely the
unstrained linear DNA. The secondary structure
of this reference state will be referred to as
unstrained B-helix, or simply B-helix, even though
it may exhibit significant sequence-dependent
variations, such as permanent bends, along the
DNA. We distinguish simple strains from more
general kinds of strain. A local strain is classified
as simple when its free-energy increases mono-
tonically with increasing mean displacement of
each strain coordinate from its reference value.
There are no yield points within the domain
where the local strain remains simple. When the
local strain proceeds beyond a yield point, the
strain free energy declines (spontaneously) with
further displacement into a secondary minimum
associated with an alternate secondary structure.

The metastable secondary structure that ap-
parently exists in freshly relaxed supercoiled
DNAs is significant, because it represents a non-
simple strained state, in which one or more strain
coordinates are hindered by free-energy barriers
from evolving to their equilibrium B-helix values.
This metastable secondary structure must origi-
nate from a parent state that is presumably at
equilibrium under native superhelical stress, and
which likewise is non-simply strained (otherwise
it would not give risc to a metastable state upon
release of the superhelical stress). It can be in-
ferred that native superhelical stress, or superhe-
lix density, induces at equilibrium an alternative
structure, namely the parent state, that is not
derived by simple strains from unstrained B-helix.
In other words, the existence of metastable sec-
ondary structure in freshly relaxed supercoiled
DNA necessarily implies that one or more transi-
tions in equilibrium secondary structure are in-

duced when the superhelix density is varied from
o= —0.05 or 0 or vice-versa. The existence of a
metastable state can be taken as firm, if indirect,
evidence that an intensive variable (e.g. superhe-
lix density) has just traversed the midpoint(s) of
one or more structural transitions.

6.6 Extent of the alternate secondary structure

The question now is whether the persistent
metastable state arises from one or more alter-
nate global secondary structures that may prevail
in supercoiled DNAs [6,53,54,60], or from one or
a few radical structures of small extent, such as
cruciforms, amidst a global, simply strained, B-
type secondary structure. The latter possibility
seems unlikely for several reasons. At r* = 0.064,
where the supercoiled DNAs are completely re-
laxed, the number of bound ethidiums per plas-
mid is 280. In order to affect the FPA, a majority,
or at least a substantial fraction, of these ethidi-
ums would have to bind at or near the sites of the
one or a few radical structures of small extent.
Such a non-uniform distribution of bound dye
requires preferentially higher binding affinity for
those sites. If that were the case, then the effec-
tive binding constants for supercoiled DNAs at
low binding ratios would have to be anomalously
large. To the contrary, competitive dialysis mea-
surements show that the effective binding con-
stant for ethidium at low r values is actually
smaller than expected; that is origin of the low £,
values [5]. Any effect of one or a few radial
structures of small extent to decrease the tor-
sional rigidity would also be expected to yield
non-uniform best-fit torsion constants over the
different time-spans analyzed, contrary to obser-
vation [5,20]. Migration of the supercoiled topo-
isomers with ¢ =0 well ahead of the nicked cir-
cular band in gels containing ethidium (or the
other dyes noted above) also cannot be simply
ascribed to one or a few radical structures of
small extent. Any effect of only one or a few such
structural anomalies on the agarose gel mobilities
of relaxed plasmid DNAs should be entirely neg-
ligible. It is more likely that the metastable state
arises from one or more alternate secondary
structures of considerable, if not global, extent
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that exhibit different torsional and bending rigidi-
ties.

It is conceivable that the distribution of inter-
calated ethidium is substantially more non-uni-
form is supercoiled than in linear DNA. Cluster-
ing of the intercalated ethidium into one region
of the supercoiled DNA would certainly thwart
out attempt to account for excitation transfer,
and would vield anomalously low apparent tor-
sion constants due to the enhanced excitation
transfer. At r = 0.10 the number of bound dyes is
so large (436) that the smallest cluster domain,
subject to nearest neighbor exclusion, is nearly
900 bp. Hence, this possibility too would require
an extended domain of altered secondary struc-
ture with relatively higher affinity for the dye.
The relative affinity of supercoiled pBR322 DNA
for ethidium is considerably lower than expected
[5], hence any clustering would have to be at-
tributed to one or more domains of secondary
structure with rather low affinity for ethidium
(compared to linear DNA) interspersed with one
or more domains of higher affinity.

6.7 A tentative explanation

We propose the following tentative model,
which is based on studies of supercoiled pUC8
dimer DNA as a function of superhelix density
[53].

(1) At least two alternate global secondary
structures can prevail over much or all of the
sequence in supercoiled DNAs, as indicated
schematically in Fig. 6. One alternate structure
(called a) exhibits a torsion constant slightly higher
than that of the equilibrium linear DNA, and is
the stable form at native superhelix density (o=
—0.05) in Tris buffer [53,60]. The other alternate
structure (called b) exhibits a substantially lower
torsion constant and perhaps also a different
bending rigidity, a significantly different circular
dichroism, and is stable at intermediate superhe-
lix density (—0.033 > o > —0.020) in Tris buffer
[53]. It also appears to be favored by citrate and
cacodylate buffers [60]. Direct evidence consis-
tent with this hypothesis has been reported
[6,53,54,60,61].

100

%

$\; % 7

-0.050 -0.040 -0.030 -0.020 -0.010 -0.0
c

Fig. 6. Proposed intramolecular “phase diagram” for % of
various global secondary structure types as a function of
superhelix density o. This highly idealized conjecture is based
on data from dynamic light scattering, fluorescence polatiza-
tion anisotropy and circular dichroism studies on pUC8 dimer
[12,14]. What fraction of the DNA sequence may actually
conform to this diagram is not known. The proposed states a
and b represent distinct new secondary structures that are
more stable than simply strained B-helix for —005<¢ <
—0.018. The state b exhibits a low torsion constant. The
proposed diagram is intended to apply only for 0.1 M NaCl,
10 mM Tris, 1 mM EDTA, pH 8.0, T=20 to 21°C. Evi-
dence that the b state may be favored by citrate or cacodylate
buffers has been reported [11].

(2) As the superhelix density is diminished
from its native value, o= —0.050, toward o =0,
the secondary structure would be expected to
undergo two successive transitions, first from a to
b near o = —0.037, and then from b to B near
o= —0.018 [53,54]. These transition regions are
indicated in Fig. 6. However, the second transi-
tion, especially, is not kinetically facile, and pro-
ceeds at an extremely slow rate for at least some
of the total sequence. Consequently DNAs that
are relaxed to superhelix densities below o=
—0.018 may be trapped for an extended time in
the metastable secondary structure b with anoma-
lously low torsion constant. Thus metastable b
structure with low torsion constant may occur
commonly, regardless of whether the superhelix
density is relaxed by linearization [53,54,60], by
Topoisomerase 1, {53,62], by intercalated chloro-
quine [5,20] or ethidium [6] or by E. coli single
strand binding protein [63]. Furthermore, interca-
lating dyes may act to promote or induce the
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metastable b state. These two hypotheses may
provide a basis for understanding not only the
present observations, but also the reported fail-
ures of egs. (2) and (3), and the surprising flow
dichroism data [59].

(1') The occurrence of extensive transitions in
secondary structure would cause the free-energy
of supercoiling to rise less rapidly than the ex-
pected quadratic increase with linking difference
(or superhelix density), as reported [31,32].

(2") E; obtained from dye-binding data via eq.
(3) may be considerably smaller than that ob-
tained by analysis of nearly relaxed topoisomer
distributions using eq. (2) for three reasons. First,
some of the DNA may be trapped in the b state
with lower torsion constant, and perhaps also
lower bending rigidity, for which E; actually is
lower. Second, the free energy difference be-
tween the a structure that prevails at o = —0.050
and B-helix at ¢ =0 is not as great as that be-
tween strained B-helix at ¢ = —0.050 and B-helix
at o =10, so supercoiling does not enhance the
dye-binding at much as predicted from the prop-
erties of B-helix alone. Third, not all of the
free-energy difference between the a structure at
o= —0.05 and B-helix at o =0 may be realized,
because part or all of the relaxed DNA may be
trapped in the metastable b state, which has a
higher free-energy than B-helix for —0.018 <.

(3") Relaxation of supercoiled DNAs by ethid-
ium and other intercalators may normally result
in extended trapping or induction of the
metastable b state with low torsion constant, as
observed. In such an event, the b to B transition
will be inhibited. Interestingly, the torsion con-
stant continues to decrease with increasing ethid-
ium beyond the point where « = —0.018. Possi-
bly sufficient ethidium shifts the transition to
more positive ¢ values by actually preferring and
inducing the intermediate structure b.

(4’) Both the enhanced electrophoretic mobil-
ity (relative to nicked circles) of the o =0 topo-
isomer and coalescence of the nearly relaxed
topoisomer bands in the presence of ethidium
(64] {and other intercalators) may reflect proper-
ties of the metastable b state. A significantly
lower ratio of torsion constant to bending con-
stant in that state would facilitate the absorption

of writhe into twist and produce a concomitant
loss of resolution. The mobility difference be-
tween the topoisomer with ¢ = 0 and nicked cir-
cles is presumably due to a different bending
rigidity of the metastable b state in the super-
coiled species.

(5') The orientation of intercalated ethidium
in the intermediate b state may well differ signifi-
cantly from that in the a and B states [53]. If also
ethidium preferentially intercalates in the b state
and progressively enlarges its domain of stability,
as suggested above, then the extent of the b state
may increase with increasing ethidium, even when
—0.018 <o <0. In such a case the flow dichro-
ism of intercalated ethidium should exhibit a
rather different variation with EB/BP than that
of the bases themselves, as observed [59].

We emphasize that these hypotheses are tenta-
tive. Their value lies in the fact that they account
for several rather unexpected observations, and
do not conflict with any of the broad array of
pertinent experimental observations, so far as we
are aware, and they are testable in various ways,

If this proposed explanation is valid, three
questions come immediately to mind. (i) What
are the alternate a and b structures? Why are the
kinetics of the b to B transition so slow? (iii) Of
what significance is this for biology? These same
questions are addressed elsewhere [53], and the
interested reader is referred to that work.
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