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Abstract

Transient electric birefringence has been used to characterize the rotational diffusion of linear, circularly permuted
pBR322 and SV40 DNA molecules. The birefringence relaxation times vary with the site of linearization, suggesting that the
circularly permuted DNAs have different conformations in solution. The longest relaxation times are observed for DNA
sequence isomers linearized at the major bend centers identified by gel electrophoresis . SV40 sequence isomers linearized
at other locations have faster, but approximately equal, terminal relaxation times, suggesting that their free solution
conformations are relatively independent of the location of the bend center within the sequence. By contrast, the terminal
relaxation times of the various pBR322 sequence isomers vary approximately in accord with their electrophoretic mobilities
in large-pore polyacrylamide gels, suggesting that the different mobilities may reflect real conformational differences

between the sequence isomers.
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1. Introduction

When circular, kilobase-sized DNA molecules
such as plasmid pBR322, the minichromosome SV40,
or the replicative form of the bacteriophage X174,
are linearized by single-cut restriction enzymes, sets
of DNA molecules with identical molecular weights
and circularly permuted sequences are produced. The
circularly permuted DNAs migrate with identical
electrophoretic mobilities in agarose gels, as ex-
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pected for DNA molecules of identical molecular
weights [1]. However, the circularly permuted DNAs
migrate with different mobilities in large-pore poly-
acrylamide gels, suggesting that the DNAs contain
sites of sequence-dependent curvature and/or
anisotropic flexibility [2]. The locations of the appar-
ent bend centers in the parent DNA molecules can be
determined from the dependence of the elec-
trophoretic mobilities of the permuted sequence iso-
mers on the site of linearization [3]. The apparent
bend angles can be estimated from the mobility
differences between sequence isomers [4].

Certain small DNA restriction fragments also ex-
hibit anomalous mobilities upon electrophoresis in
polyacrylamide gels (reviewed in [1,5-7]). The mo-
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bility anomalies are usually attributed to stable, se-
quence-dependent curvature, which is thought to im-
pede the end-on migration of the DNA molecules
through the pores of the gel [8,9]. Anisotropic, se-
quence-dependent flexibility may also contribute to
the observed mobility anomalies [7,10,11].

Several electric birefringence and dichroism stud-
ies have been undertaken to determine whether elec-
trophoretically anomalous DNA fragments are, in
fact, stably bent or curved [12-18]. Most investiga-
tors have found that electrophoretically anomalous
DNA restriction fragments exhibit faster terminal
birefringence /dichroism relaxation times than elec-
trophoretically normal fragments of the same molec-
ular weight [19-23], suggesting that the anomalously
migrating DNAs are stably bent or curved. Differ-
ences in flexibility cannot be responsible for the
observed results, since the differences in persistence
lengths [13,14] and/or terminal relaxation times
[15,16] are independent of ionic strength. In contrast,
two electric dichroism studies have found that the
terminal relaxation times of electrophoretically nor-
mal and anomalous DNA fragments are indistin-
guishable, suggesting that the electrophoretically
anomalous fragments differ only in flexibility [17,18].
It is possible that the higher electric fields used in
these dichroism experiments [17,18] straightened out
the inherent curvature of the electrophoretically
anomalous fragments, leading to normal terminal
relaxation times. Alternatively, the DNA fragments
used in these particular studies may have been more
flexible than the restriction fragments studied by
others [12-16].

To date, no studies have been carried out to
measure the apparent end-to-end lengths of linear,
circularly permuted kilobase-sized DNA molecules,
to see whether the variable mobilities observed in
large-pore polyacrylamide gels can be attributed to
intrinsically different DNA conformations. There-
fore, transient electric birefringence has been used to
measure the terminal relaxation times of linearized,
circularly permuted sequence isomers of pBR322
and SV40 DNAs in dilute aqueous solutions. The
terminal relaxation times are compared with the ap-
parent absolute mobilities observed for the same
sequence isomers in large pore polyacrylamide gels.
The terminal relaxation times are also compared with
other data in the literature.

2. Materials and methods
2.1. DNA samples

Plasmid pBR322 (4361 bp) and the SV40
minichromosome (5243 bp), both purchased from
Gibco BRL, were linearized by digesting separate
aliquots with single-cut restriction enzymes for 90
min at 37°C, using the buffer conditions recom-
mended by the manufacturers. The completion of
digestion was monitored by electrophoresis in 1.0%
agarose gels. After digestion, the linearized DNAs
were heated at 65°C for 15 min to inactivate the
enzymes, precipitated with ethanol, redissolved in
TO.1E buffer (10 mM Tris—HCI buffer, pH 8.1, plus
0.1 mM EDTA), and stored at —20°C. The elec-
trophoretic studies are described in detail elsewhere
[2,19]. For the electric birefringence measurements,
aliquots of the linearized DNA stock solutions were
diluted to ca. 10 pg/ml with 0.1 X TO.1E buffer,
placed in the birefringence cell and equilibrated at
constant temperature (20°C) for 1 h before the mea-
surements were started.

2.2. Apparatus and methods

The electric birefringence apparatus has been de-
scribed in detail previously [15]). The Kerr cell was a
shortened quartz spectrophotometer cell with negligi-
ble strain birefringence. The electrodes were parallel
platinum plates with a 2.0 mm separation, mounted
on a lexan support of standard design [20]. Square
wave pulses were generated by a Cober Electronics
Model 605P high power pulser, used in the single
shot mode. The pulses usually ranged from 3-7
kV/cm in amplitude and 100-400 wus in duration,
just long enough to reach steady state orientation at
each electric field strength. Increasing the electric
field strength above 7 kV/cm, or increasing the
pulse length beyond that required to reach steady
state orientation decreases the relative contribution
of the slowest rotational relaxation mode to the
birefringence decay curves [21]. Failure to reach
steady state orientation also decreases the relative
contribution of the slowest decay mode [22]. To
increase the signal /noise ratio under these relatively
stringent operating conditions, 4-8 pulses were aver-
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aged at each electric field strength, reversing the
polarity between successive pulses. Typical oscillo-
scope traces have been selected to illustrate the
resuits.

2.3. Data analysis

The equation describing the optical system of the
birefringence apparatus is:

Al AV sin*(a+ 8/2) —sina

L v,

(24 o

(V)
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sin‘ + K.

where Al is the change in light intensity induced by
the electric field, I, is the light intensity observed
with the analyzer rotated « degrees from the crossed
position, AV and V, are the corresponding output
voltages from the opto-amplifier, 6 is the phase
retardation of the sample and K is the stray light
constant [15,28]. The analyzer was typically set at
—3° or —4° so that the negative birefringence of
DNA would produce an increase in light intensity.

The birefringence decay curves were analyzed
using a non-linear least squares fitting program,
CURVEFIT, based on the Marquardt algorithm [24].
The terminal relaxation times, characteristic of the
overall rotational diffusion of the ensemble of DNA
molecules, were independent of applied voltage over
a two-fold range of electric field strength, E, if
E <7 kV/cm, and independent of pulse duration
over a 50% variation in pulse length. Hence, the
terminal relaxation times measured under various
experimental conditions were averaged to give the
values reported below; the standard deviation of the
averaged values was typically + 10-15%. The initial
decay of the birefringence, presumably due to DNA
bending and /or segmental motions [25-28], was not
characterized quantitatively, and is not discussed
here.

If the DNA molecules are assumed to be rigid and
rod-like, the terminal relaxation times can be related
to macromolecular length using the Tirado-Garcia de
la Torre equation [29], as simplified by Elias and
Eden [30],

wnl?
Trone ™ T8k T(In p — 0.662 — 0.92/p)

where T, is the terminal relaxation time, charac-
teristic of the ensemble of macromolecules, L is the
apparent hydrodynamic length, p is the axial ratio,
and 7 is the viscosity of the solution. Equivalent
results are obtained using the Broersma equation
[31], because of the high axial ratio of the DNA
molecules.

The root-mean-square average end-to-end length,
L, of a wormlike-coil DNA molecule can be calcu-
lated [32,33] from its contour length, L., if the
persistence length, P, is known or can be estimated,
using Eq. (3):

L=<h*>"Y?={2PL(1-P/L,)

+P/L Jexp(~L./P)]}" (3)

where L. = 0.34 nm X bp. Conversely, values of L
estimated from Eq. (3) can be used with Eq. (2) to
calculate the terminal relaxation times expected for
DNA molecules of arbitrary molecular weights.

3. Results

Typical electric birefringence signals observed for
Aval-linearized pBR322 and Accl-linearized SV40
are illustrated in Fig. la and b, respectively. The

——>
800 usec

IS

s S ™ LBy 1 vt

800 usec

Fig. 1. Electric birefringence signals observed for (a) EcoRI
linearized by Aval, E= 3.7 kV /cm, pulse duration, ¢, = 310
ws; and (b) SV40 linearized by Accl, E= 4.8 kV/cm, 1, = 380
us. The vertical scale is arbitrary but the same for both traces; the
horizontal scale is indicated. The direction of negative bire-
fringence is up.
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Sv40

Fig. 2. Analysis of the decay of the birefringence of the SV40
trace illustrated in Fig. 1(b), using the program CURVEFIT. The
solid line is the calculated fit, with terminal relaxation time,
1040 us. This component comprises 50% of the decay

Tiong =
curve.

decay of the birefringence of the SV40 isomer is
shown on an expanded scale in Fig. 2, along with the
fitted curve. It can be seen that the terminal portion
of the decay is reasonably well described by the
fitted curve. The slowest component in the decay
curve, which contributes ca. 50% of the bire-
fringence signal, has a relaxation time of 1040 us.
Under the pulsing conditions used here, the slow
component always comprised 30-50% of the bire-
fringence signals.

The average terminal relaxation times obtained
for the various sequence isomers are summarized in
Table 1. The average standard deviations were typi-
cally +10-15%. If the DNA axial ratio is assumed
to be ca. 100, which seems reasonable for kilobase-

Table 1
Average terminal relaxation times observed for DNAs linearized
at different sites *

b

DNA Enzyme Site, bp Tiongs HS L, nm
pBR322 EcoRI 0 1280 490
Nrul 972 430 340
Aval 1425 900 430
Pvull 2066 420 340
Pvul 3735 880 430
SV40 Accl 1628 960 440
Apal 2258 1020 450
Bcll 2770 2200 580
Earl 4428 1000 450
Taqgl 4739 930 440
Bgll 5235 940 440

Ysd= £10-15%.
® Calculated assuming p = 100.

sized DNA molecules in dilute Tris buffers, apparent
hydrodynamic lengths can be estimated for each of
the sequence isomers from Eq. (2). These apparent
lengths, which are given in column 5 of Table 1,
range from 340-490 nm for the pBR322 sequence
isomers and 440-580 nm for the SV40 sequence
isomers, depending on the site of linearization. Com-
pletely stretched pBR322 and SV40 DNA molecules
would have contour lengths of 1480 and 1780 nm,
respectively. The corresponding relaxation times cal-
culated from Eq. (2) would be 25 and 42 ms, respec-
tively, more than an order of magnitude larger than
the relaxation times actually observed. Hence, all the
pBR322 and SV40 sequence isomers are highly
coiled in solution; the different terminal relaxation
times observed for the different sequence isomers
reflect relatively small changes in overall DNA con-
formation.

The most highly stretched DNA sequence iso-
mers, pBR322 cut by EcoRI and SV40 cut by Bcll,
were linearized at the sites of maximum curvature
identified by the circular permutation assay [2], thus
verifying the location of the major bend centers in
the parent DNA molecules. Assuming that these
EcoRI and SV40 sequence isomers have typical ran-
dom coil conformations in solution, their terminal
birefringence relaxation times can be compared with
other values in the literature, as shown in Fig. 3. The
relaxation times of the low molecular weight DNAs
in this figure are taken from several independent
electric birefringence and dichroism studies of DNA
restriction fragments [21,22,34,35]. The high molecu-
lar weight data are taken from older studies in the
literature, using electric birefringence [36], flow
dichroism [37], or frequency-dependent electric bire-
fringence [38] to characterize various high molecular
weight DNAs. These studies were selected because
the molecular weights of the DNAs were known
from independent measurements.

The solid line in Fig. 3, calculated from Eq. (2)
assuming L to be the DNA contour length, describes
the relaxation times of restriction fragments < 130
bp in size, which are essentially rod-like under the
conditions typically used for electro-optic studies.
The relaxation times of the larger DNA molecules
are better described by the dashed line, which was
calculated from Eq. (3) assuming an apparent persis-
tence length of 120 nm. This apparent persistence
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length is significantly larger than the persistence
length of 50-60 nm calculated for small DNA re-
striction fragments [26,39-41]. Hence, the apparent
persistence length estimated from the best fit of Eq.
(3) to the electro-optic data may reflect the dynamic
bending rigidity of DNA [42]. Dynamic persistence
lengths ranging from 100-250 nm have been esti-
mated by others, using a variety of methods [43—46].

The terminal relaxation times observed for the
various sequence isomers of pBR322 and SV40 are
compared with their electrophoretic mobilities in
large-pore polyacrylamide gels in Fig. 4. For both
SV40 and pBR322, the largest terminal relaxation
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Fig. 3. Log-log plot of the dependence of the terminal rotational
relaxation time, 7,,,., on the number of base pairs in the sample.
Relaxation times determined by electric birefringence or electric
dichroism of DNA restriction fragments: (O), Ref. [21]; (&), Ref.
(34]; (O), Ref. [35); (v), Ref. [22], (@), pBR322 and SV40,
present study, most extended random coil-like conformation of
each DNA; (©), electric birefringence of T7 DNA, Ref. [36];
(@), flow dichroism of sheared T4 DNA, Ref. [37]; (®), fre-
quency dependent electric birefringence of salmon sperm DNA,
Ref. [38]. The solid line is a plot of Eq. (2); the dashed line is a
plot of Eq. (3), assuming a persistence length of 120 nm.
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Fig. 4. Comparison of the average terminal birefringence relax-
ation times with the apparent absolute electrophoretic mobilities
observed for sequence isomers of (a), pBR322 and (b), SV40, in a
6.9% T, 1% C polyacrylamide gel. The terminal relaxation times,
in ps, are given above the site at which the DNA was linearized.
The standard deviation of each of the average relaxation times is
+10-15%. The mobilities of the various sequence isomers (O)
are plotted vs. the site of linearization; the solid ling is drawn to
guide the eye. Note that the mobilities are plotted with mobility
increasing toward the bottom of the ordinate, so that the plot
mimics the appearance of an electrophoresis gel. The dotted lines
represent an extension of the abscissa in each direction.

times are observed for sequence isomers linearized at
the major bend centers identified by the circular
permutation assay (bp = 2770 and 0, respectively)
[2,19], thus verifying the location of the major bend
centers. The terminal relaxation times of the other
SV 40 sequence isomers are approximately equal (Fig.
4a), suggesting that their over-all end-to-end lengths
are independent of the location of the bend center
with respect to the end of the molecule.

The terminal relaxation times of the pBR322 se-
quence isomers vary approximately in a¢cord with
their electrophoretic mobilities (Fig. 4b). The major
exception is the sequence isomer lineariged at the
Aval site (bp = 1425), which exhibits a relatively
long relaxation time even though it has 4 relatively
slow electrophoretic mobility. However, this se-
quence isomer contains 4 unpaired bases at each end,
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three of which are GC residues. Base pairing of the
‘sticky ends’ may have led to the formation of a
small number of dimers and/or higher oligomers in
the solution, increasing the terminal relaxation time.
Further studies with blunt-ended pBR322 sequence
isomers will be needed to resolve this discrepancy.

4. Discussion

The results in Table 1 indicate that the terminal
relaxation times of linearized, circularly permuted
pBR322 and SV40 DNA molecules depend on the
site of linearization, suggesting that the permuted
sequence isomers have different end-to-end lengths
in solution. The terminal relaxation times observed
for pBR322 and SV40 in their most extended, ran-
dom coil-like conformations are consistent with other
data in the literature, as shown in Fig. 3. The termi-
nal relaxation times of DNA molecules with a wide
range of molecular weights can be related to their
contour lengths if the persistence length is taken to
be 120 nm. Since this persistence length is about
twice as large as the persistence length calculated for
small DNA molecules [18,39-41], it may be a mea-
sure of the dynamic bending rigidity of DNA [42].
Similar values of the dynamic persistence length
have been determined by others [43-46].

The pBR322 and SV40 sequence isomers that
exhibit the slowest terminal relaxation times also
have the fastest electrophoretic mobilities, as shown
in Table 1 and Fig. 4, suggesting that linearization at
these sites destroyed the major bending locus in each
DNA molecule. The birefringence and electrophore-
sis results therefore agree in the identification of the
major bend centers. These bend centers, which have
also been visualized by electron microscopy [46,47],
are located near the transcription terminus in SV40
[46] and at a site of divergent transcription initiation
in pBR322 [48].

The terminal relaxation times of the other se-
quence isomers depend on the source of the DNA.
SV40 sequence isomers linearized at sites other than
the major bend center exhibit terminal relaxation
times that are approximately independent of the site
of linearization, suggesting that these sequence iso-
mers have approximately the same end-to-end lengths
in solution. The results further suggest that, except

for the sequence isomer linearized at the major bend
center, the different electrophoretic mobilities ob-
served for circularly permuted SV40 sequence iso-
mers in large-pore polyacrylamide gels cannot be
attributed to intrinsic differences in DNA conforma-
tion. It is possible that sequence-dependent differ-
ences in anisotropic flexibility [10,11,49] and/or
variable interactions of the SV40 sequence isomers
with the polyacrylamide matrix during electrophore-
sis [50] may contribute to the observed differences in
electrophoretic mobility. Further studies will be
needed to resolve this question.

In contrast to the results observed with SV40, the
terminal relaxation times observed for the various
pBR322 sequence isomers approximately mirror their
electrophoretic mobilities in large-pore polyacryl-
amide gels (Fig. 4b). Hence, the variable elec-
trophoretic mobilities may reflect real conforma-
tional differences between the pBR322 sequence iso-
mers. The correlation between the electrophoretic
and birefringence results is not perfect, possibly
because the various sequence isomers contained dif-
ferent numbers of unpaired bases at each end. Fur-
ther studies with blunt-ended sequence isomers will
be needed to resolve the ambiguities.

Apparent bend angles corresponding to the major
bend centers in pBR322 and SV40 DNA may be
estimated from the maximum and minimum mobili-
ties, ., and g, observed for the various se-
quence isomers, using an equation given by Thomp-
son and Landy [4]:

:u‘min//“l’max = Cos 0/2 (4)

where « is the apparent deviation from the horizon-
tal. Apparent bend angles can also be estimated from

Table 2

Estimation of apparent DNA bend angles

DNA Bend center Apparent bend angle
Electrophoresis *  Birefringence ®

pBR322 0 52° 92°

SV40 2770 72° 81°

a

Estimated from Egq. (4), averaging the mobilities observed in
polyacrylamide gels containing 8.1% 7, 0.5% C and 6.9% T, 1%
C[2].

® Estimated from Eq. (5).
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the minimum (L_;,) and maximum (L, ) hydrody-
namic lengths determined for the various sequence
isomers (Table 1), if it is assumed that the major
bend angle is centrally located, since:

Lmin = Lmax €os a/2 (5)

The apparent bend angles estimated by these two
methods are given in Table 2. The birefringence data
(column 4) suggest that similar bend angles are
found in SV40 and pBR322; the electrophoresis
results suggest that the major bend angle in SV40 is
considerably larger than that in pBR322. The bend
angles determined by electron microscopy [46,47]
are much larger than the values given in Table 2,
probably because the birefringence and electrophore-
sis data are averages over the ensemble of conforma-
tions present in solution, while the bend angles
determined by electron microscopy are selected to
represent the most highly curved DNA molecules
[46].
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