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ABSTRACT: The dynamics of a series of four DNA duplexes of length 12, 24, 48, and 96 base pairs have
been studied using an electron paramagnetic resonance (EPR) active nitroxide spin-label covalently attached
to a thymidine located near the center of each duplex. The linear EPR spectra were simulated by solving
the stochastic Liouville equation for anisotropic rotational diffusion. The diffusion tensor for global rotation
of the duplex was predicted from hydrodynamic theory for a right circular cylinder. All internal motions,
assumed to be rapid, are modeled by reduced electron Zeeman and hyperfine tensor anisotropies. Best fit
simulations to the data were then obtained by adjusting the total amplitude of all internal dynamics. The
local, length-independent and the collective, length-dependent contributions to the internal dynamics were
separated by determining the total amplitude of internal motion as a function of duplex length. The major
axis of the spin tensors was determined to be tilted 20° from the helix axis. As a result, the spin-label is
most sensitive to flexural motions of the DNA duplex. It is found that the global tumbling of the duplex
is accurately modeled by hydrodynamic theory. The length-independent motion is characterized by a
root-mean-squared amplitude of oscillation of 10° in two dimensions at 20 °C and has a strong temperature
dependence, indicating that the local structure of the DNA changes with temperature. Thelength dependence
of the internal dynamics leads to an estimate of the dynamic flexural persistence length of 2500 £ 340 A.
There was no statistically significant difference between models assuming a harmonic or a square-well local

bending potential.

Duplex DNA in solution is a semiflexible macromolecule
and as such exhibits a complex set of length-dependent dynamic
modes. Over the last decade there has been considerable
discussion about the dynamic or elastic properties of DNA.
The time scales and amplitudes of the internal dynamic
processes in duplex DNA are still not fully resolved. Various
nuclear magnetic resonance (NMR) experiments have been
interpreted in terms of large-amplitude internal motions (20°
or greater) (Levy et al., 1983; Kearns, 1984; Eimer et al.,
1990). However, Schurr and co-workers have argued that
when collective motions are considered, this amplitude reduces
to 12° or less (Allison et al., 1982; Schurr & Fujimoto, 1988).
Solid-state deuterium NMR studies of hydrated DNA fibers
have demonstrated that there are no large-amplitude, high-
frequency local base motions (Brandes et al., 1986; Kintanar
etal., 1988, 1989). Theratherextensive use of different models
for internal dynamics has led to large differences in the
interpretation of the available data.

Inaddition, little is known of either the sequence-dependent
dynamic properties of DNA or the importance of these
properties for long-range DNA structure or protein recognition
(Hogan & Austin, 1987; Schultz et al., 1991). Hogan and
Austin (1987), citing the example of phage 434 repressor—
operator binding which can be dramatically influenced by
altering the sequence of the DNA in a region not in direct
protein contact, recently suggested that torsional motions may
be highly sequence specific. On the other hand, Fujimoto
and Schurr (1990) concluded that the sequence-dependent

* This work was supported in part by grants for the National Science
Foundation (DMB-87-06175), the National Institutes of Health (GM
32681), and the Searle Scholars Program. P.B.H. is an NIH Research
Career and Development Award recipient (AG 00417).

* Author to whom correspondence should be addressed.

1 Present address: Department of Molecular Physiology and Biophysics,
Vanderbilt University, Nashville, TN 37232.

0006-2960/93/0432-1774$04.00/0

variation in torsional rigidity is insufficient to explain the
variation in binding and allowed that the sequence dependence
of either the equilibrium structure or the bending rigidity
remains as possible explanations for the sequence-specific
binding.

Sequence-specific dynamics, with the attendant issues of
torsional versus flexural motions and local versus collective
internal motions, can be studied at the base pair level using
a single local probe placed within the sequence of interest.
This approach to exploring the dynamics of DNA provides an
alternative to many of the NMR studies and to other
techniques, such as time-resolved fluorescence polarization
anisotropy (FPA) (Schurr et al., 1992) and transient pho-
todichroism (TPD) (Hogan et al., 1982, 1983), in which the
probe is uniformly present throughout the entire DN A duplex.
In these latter studies, the results obtained are averages over
the entire duplex, including the relatively more flexible base
pairs at either end (Allison & Schurr, 1979).

In the following study a nitroxide spin-label is used to
monitor the dynamics at a single base pair. Linear continuous-
wave electron paramagnetic resonance (CW-EPR) spectra of
nitroxide spin-labels are extremely sensitive to dynamic
processes whose correlation times are less than 500 ns (Freed,
1976; Robinsonetal., 1985; Beth & Robinson, 1989). Motions
characterized by correlation times between 1 and 500 ns cause
significant changes in line-shape features. Motional processes
whose correlation times are less than 1 ns are considered to
be in the fast motion limit and have the effect of averaging
orientation-dependent EPR resonances into single lines. The
motions of short (fewer than 100 base pairs) DNA duplexes
can be reasonably categorized according to this same time
scale. While the characteristic times for the overall tumbling
of the duplex vary depending on length, temperature, and
solution viscosity between several to several hundred nano-
seconds, the relaxation times for the internal modes generally
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fall below 1 ns. We have taken advantage of this separation
of motional effects and consider the overall tumbling explicitly
in the simulations of the CW-EPR line shapes, while the more
rapid internal motions are treated by considering the averaging
effect they have on the EPR resonances. The use of motionally
averaged electron Zeeman (g) and hyperfine (A) tensors to
account for rapid dynamics was originally developed by
McConnell and co-workers and widely applied to the study
of lipid dynamics (McConnell & McFarland, 1970; Hubbell
& McConnell, 1971; McConnell, 1976; Griffith & Jost, 1976)
and recently to hemoglobin-bound spin-labels (Steinhoff et
al., 1989). We develop, following Griffith and Jost (1976),
amethod of obtaining motionally averaged tensors to account
for the internal dynamics of spin-labeled DNA. Best fit
simulations were then obtained by adjusting a single parameter
which is equal to the total mean-squared amplitude of all
internal dynamics. This approach is analogous to the model-
free approach proposed by Lipari and Szabo (1982a,b) for
the interpretation of NMR data. However, our method does
not produce any estimate of the correlation times for the
internal dynamics.

The site-specific probe used in this work, referred to as T*,
is a nitroxide radical attached to an analogue of thymidine
via an acetylinic tether (Spaltenstein et al., 1988, 1989a,b).
The nature of the tether ensures that there is only one degree
of motional freedom of the probe relative to the base and thus
minimizes independent probe motion. Bobst and co-workers
(Bobst et al., 1984, 1988; Kao & Bobst, 1985; Pauly et al,,
1987; Strobel et al., 1990) have developed an alternative set
of spin-labels for studying DNA dynamics with longer, less
rigid tethers. They analyze their data in terms of anisotropic
rotational diffusion with one correlation time dependent on
tether length and ascribed toindependent probe motion, while
the second correlation time is independent of tether and helix
length (Bobst et al., 1984) and attributed to motion of the
base. The rapid, large-amplitude motions (both of the base
and the probe independent of the base) claimed by Bobst and
co-workers have not been observed in studies using the T*
probe (Spaltenstein et al., 1989a). However, Kirchner et al.
(1990) have shown that an analogue of T* with a longer,
diacetylinic tether gives an EPR spectrum which shows
considerable local motion of the nitroxide due torotation about
the diyne axis. In the case of the monoyne tether of T*, the
nitroxide appears to have sufficient steric interaction within
the major groove to restrict its local motion but is not in such
close contact with the DNA as to disrupt the structure of the
duplex. Ithasbeennoted asargumentsagainst suchstructural
disruptions that the melting of the self-complementary
dodecamer sequence 5-d(CGCGAATT*CGCG) was quite
similar to that of the unlabeled dodecamer and that circular
dichroism spectra showed helicity for the spin-labeled as well
as the unlabeled dodecamer (Spaltenstein et al., 1988). The
presence of small, if any, local influences on dynamics due to
the presence of the spin-label should result in an increase in
local motion and would have very little effect on the length-
dependent, collective internal motions or on the overall
tumbling of the DNA duplex.

In this paper we restrict our attention to the four sequences
given in Table I. The outer portions of the longer sequences
were chosen only to ensure that the sequences were not self-
complementary, and by noother criteria. Theintentistokeep
the spin-label within the same local sequence and always near
the center of the molecule. While the intent of this study is
to minimize any sequence-dependent dynamic effects, addi-
tional studies are being performed to examine this issue. For
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Table I: The Four Spin-Labeled DNA Sequences Studied

N sequence

12 5-d(GATAATT*CGTGC)

24 5-d(GGCGCG-[12-mer]-CGGCGT)

48 5’-d(CCCGATCAGTCT-[24-mer]-
ATCCTGCCAACG)

96 5-d(GCCCGGTAACTGGTGCTAACGCTA-

[48-mer]-CTTCGAGTCGGACATTGCCATGTC)

example, we note that the self-complementary sequence 5'-
d(CGCGAATT*CGCG) shows both increased dynamics in
the duplex form relative to the 12 base pair sequence in Table
I and a duplex-hairpin equilibrium observable by EPR
(Hustedt, 1989).

EXPERIMENTAL PROCEDURES

The spin-labeled thymidine, T*, was prepared as described
by Spaltenstein et al. (1989b) using both the naturally
abundant [!*N,H;]- and isotopically substituted [!SN,D3]-
nitroxides. Oligomers were prepared onan Applied Biosystems
6800 DNA synthesizer. After synthesis, all oligomers were
sized on denaturing polyacrylamide electrophoretic gels
(PAGE) and purified on a Sephadex column. Thespin-labeled
sequences in Table I were then combined with an approxi-
mately 20-50% excess of the corresponding unlabeled com-
plementary strands to give between 100 and 300 uM duplex
DNA. The buffer in all cases was 0,01 M phosphate adjusted
topH 7,0.1 mM EDTA, and 0.1 M NaCl. The samples were
placed in 50-uL sample tubes. No effort was made to degas
the samples. The EPR were recorded digitally on an EPR
spectrometer as previously described (Mailer et al., 1985).
The samples of DNA were studied at temperatures ranging
from 0 to 40 °C. In some experiments, the viscosity was
increased by the addition of sucrose.

THEORY

The Stochastic Liouville Equation. The spin response for
a particular motional process is given by the quantum
mechanical stochastic Liouville equation for the reduced
density matrix, x = ¢ — 0eq, Which includes the phenomeno-
logical spin-relaxation operator, I'r, and the stochastic
motional operator, I'q, which describes the random reorien-
tation of the probe relative to the laboratory frame (Freed,
1976; Dalton et al., 1976; Robinson & Dalton, 1979; Robinson
et al., 1985).

x = —i[#,x] - Trx — Tgx - i[#,0,5) e))

The density matrix at thermal equilibrium is given by oeq

= expf{-#o/ ks T}. The Hamiltonian, # = #,+ ¢(¢), includes
the orientation-dependent interactions of the electron spin
(S) with the magnetic field (H) through the g-tensor and the
electron spin with the nitrogen spin (I) through the A-tensor

o= (v./8)HgS + v A8 )

plus the interaction of the electron spin with the microwave
field

e(t) = v hS.e™ 3

where v. is the electron gyromagnetic ratio, g = !/; Tr {g} is
the isotropic g-factor, A is the microwave field amplitude,
and w is the microwave radiation frequency, approximately
9 GHz at X band.

Full treatment of this equation for the case of duplex DNA
would require a complete specification of all motional
processes, which include the independent motion of the probe
and the local motion of the base to which it is attached, the
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internal collective motions of the base pairs, and the overall
uniform tumbling motion of the duplex. Much progress has
been made in specifying the correlation functions for this
problem and in directly computing trajectories by Brownian
dynamics simulations (Allison, 1986). Recently (Robinson
et al., 1992), classical trajectories have been used to directly
simulate CW-EPR spectra. However, in the present work,
only the overal! tumbling motion is treated explicitly in the
stochastic Liouvilleequation. Allinternal motions are treated
in the fast motion limit as discussed below.

The simulation program used to solve the stochastic Liouville
equation has been described elsewhere (Robinson et al., 1985;
Beth & Robinson, 1989). The simulations require the
homogeneous spin—spin dephasing time for the electron (7%),
the A- and g-tensor elements (partially averaged by internal
motions), the diffusion tensor (D), and the tilt angles (O
and ¥,) which determine the relative orientation of the
diffusion tensor to the spin tensors. The A- and g-tensors are
coincident. The principal, or z, component of the spin tensors
is along the p, orbital of the nitrogen and the x direction is
taken to be along the N-O bond (Lajzerowicz-Bonneteau,
1976). A postcalculation Gaussian convolution is used to
compensate for the superhyperfine splittings due to nuclear
spins other than the nitroxide nitrogen.

Modeling Global Tumbling. For the purpose of modeling
the global tumbling, a right circular cylinder can be taken as
a reasonable approximation to a DNA duplex. The motional
operator for axial, rigid body, Brownian diffusion is

Ty =-V-DV )

where the diffusion tensor in the principal axis frame of the
molecule is given by

Dpry 0 0
D={ 0 Dy, 0 (5)
0 0 Dy

The Stokes—Einstein diffusion coefficients, Dyerp and Dpaa,
govern rotational motion perpendicular to and about the helix
axis, respectively. The values of the diffusion coefficients for
aright circular cylinder of length L and radius R are predicted
by Tirado and de la Torre (1980) to be

_ 3KT{In (p) + 8.}

perp ‘II’17L3 (6)
kT
D = 7
PR (14 8y, )ATILR? M
where
p=L/2R

and 4 = 3.841, kis the Boltzmann constant, T is the absolute
temperature, and 7 is the solvent viscosity. The viscosity of
the buffer at a given temperature was assumed to be that of
pure water (CRC Handbook of Chemistry and Physics, 1986).
The viscosities of the sucrose solutions were calculated
according to Barber (1966).

For duplex DNA, we have assumed R = 12.0 Aand L =
(3.4)N A, where N is the number of base pairs (Wu et al.,
1987). We have parametrized the values given by Tiradoand
de la Torre (1980) for the end-effect correction factors dperp
and 8pqya as follows:

Bperp = —0.662 + 0.913/p - 0.042/p’ (8)

Hustedt et al.

5 = +0.689/p - 0.203/p 9)

para

While Tirado and de la Torre give no results for p < 2, we
have used eqgs 8 and 9 to extend their results to the case of the
12 base pair duplex (p = 1.7) and obtained simulations which
are in good agreement with the experimental EPR spectra.
Eimer et al. (1990) have used a nearly identical parametri-
zation and have extended the application to DNA duplexes
as short as 8 base pairs.

The diffusion tensor is not necessarily coincident with the
frame defined by the spin tensors. An Euler angle rotation
is used to express the diffusion tensor in the frame of the spin
tensors:

D’(‘I'ziwetinsq’:iu) = R(‘I’mvetilv‘I’zilt)'D'R_I(‘I’timetiwq’ﬁn)

(10)
where the rotation operator, R, is defined in the Appendix.
Because of the cylindrical symmetry of the DNA helix, $y,
has no bearing on the problem and is fixed to be zero. The
angle between the z-axis of the spin tensors and the helix axis
is given by Oy, For ¥y, = 0° the y-axis of the nitroxide
remains perpendicular to the helix axis; for ¥y, = 90° the
x-axis of the nitroxide is perpendicular to the helix axis.

Modeling the Internal Dynamics. The internal dynamics
of spin-labeled DN A have been treated here in the fast motion
limit. In this limit, a motionally averaged, effective set of A-
and g-tensors which include the effect of the rapid internal
dynamics on the EPR spectrum can be calculated (McConnell,
1976; Griffith & Jost, 1976). In the absence of any other
motion (such as the global tumbling of the DNA), the resulting
EPR spectrum would appear to be a rigid limit spectrum
corresponding to the motionally averaged tensors.

A random motional process is considered to be fast if A7,
< 1, where 7 is the correlation time of the random motion
and A is the width of the distribution of anisotropic magnetic
interactions which are averaged by the motion (Nordio, 1976).
For a random motion which fully decorrelates the orientation
of the molecule (such as isotropic rotational diffusion), A is
the full orientation-dependent frequency range of a given
manifold in the EPR spectrum. For nitroxide spin-labels at
X band:

A~Ad, -"/(A4,+ A,) an

which gives 7. = 1 ns as the upper bound for the fast motion
limit. Here, however, we are considering limited-amplitude
motions which do not fully decorrelate the orientation of the
molecule. In this case A should be limited to the range of
anisotropic interactions which are decorrelated by the internal
dynamics. This will raise the upper bound on 7. and increase
the validity of the assumption that all internal dynamics are
in the fast motion limit.

Wuetal. (1987) have estimated the relaxation times of the
slowest bending modes for 43 and 69 base pair duplexes to be
0.7 and 3.2 ns, respectively, assuming a dynamic persistence
lengthof 500 A. The mean-squared amplitude of deformation
of a given base pair is given below in eq 19. The factors Q;?
(eq 22) give the contribution of the /th bending mode to the
motion of the ith base pair. The contribution of the slowest
bending mode, / = 2, to the motion of the base pair at the
center of a duplex with an odd number of base pairs is precisely
zero. Thatis, Qy=2=0,if i = (N + 1)/2 for odd N. The
duplexes in this study correspond very nearly to this situation,
having an even number of base pairs with the labeled base at
i = (N+2)/2. In this case the contribution of the slowest
bending mode to its motion should still be very small. The
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next slowest mode, / = 4, which can contribute significantly
to the motion of the central bases was estimated by Wu et al.
(1987) to have decay constants of 0.124 and 0.472 ns for a
43 and 69 base pair duplex, respectively, well within the fast
motion limit. These relaxation times will increase rapidly
with N, being approximately proportional to N* (Song &
Schurr, 1990), and will thus be larger in the case of the 96
base pair duplex included in this study. On the other hand,
the relaxation times decrease linearly with the dynamic
persistence length for which the choice of 500 A is low (Song
& Schurr, 1990; Fujimoto & Schurr, 1990; Schurr et al,,
1992).

Two models of the internal dynamics have been developed
in detail in the Appendix, limited-amplitude rotation about
a single axis and limited-amplitude rotations about two
orthogonalaxes. Approximations tothe results for both models
have been developed such that a single set of equations can
be used for either model. The motionally averaged tensors
aredetermined by a single parameter, {¢'2) o1, the total mean-
squared amplitude of all internal motions. From egs 57 and
45 in the Appendix:

‘;lxx =4,,+ l/ 2(¢’2)total(Azz - Aperp)
Ay = Ay + 10 oAy ~ Apery)
Ay = Ay = () ot Ass — Apery)
8x= 8T 1/2(¢/2)total(gzz ~ 8perp)
gy=8,* '/ 2(¢,2>total(gzz = 8perp)
2. = 8 () a8z~ Bpery) (12)

where

Aperp = ]/Z(Axx + Ayy)

perp = /28 + &)

These equations can be related to the order parameter, S,
defined as (Griffith & Jost, 1976; Lipari & Szabo, 1980)

S = 1/2(3 <c°sz ¢ ota— 1) =1 - 3/2(¢I2)total

where the approximation is valid for small amplitudes of
oscillation. From eq 12, above, one may take the appropriate
linear combination to obtain

.;1” - ]/Z(Zxx + ;Iyy) = (Azz - Aperp)(l - 3/2(¢’2)total)

which can be rearranged to give
‘:122 - I/2(":1xx + ‘:lyy) _ A
Azz - Aperp Azz

which is equivalent to eq 35 of Griffith and Jost (1976) and
to eq 2 of Steinhoff et al. (1989) assuming that the traces of
A and A are both equal to 3a.

As noted above, our analysis does not include the relaxation
times of the internal modes. Lipariand Szabo (1982a,b) have
developed a “model-free” approach for the interpretation of
NMR relaxation data. In their model the internal motion is
characterized by a single relaxation time and an order
parameter. The external or overall tumbling of the molecule
is characterized by anisotropic rigid-body motion. From this
model, a correlation function for the effects of the dynamics
is constructed (Lipari & Szabo, 1982a). The linewidth data
are then related to the correlation function through the
associated spectral density functions. While this procedure

zZ

-a
—a =1- 3/2('1’12)total ~ S
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FIGURE 1: CW-EPR spectra of ['*N,D,;]-spin-labeled 24 base pair
DNA duplex as a function of temperature.

can be used to interpret high-resolution NMR data (Lipari
& Szabo, 1982b), it is inapplicable to the EPR data presented
here because the overall tumbling of the DNA is too slow to
cause the EPR spectra to be characterized as a series of well-
defined Lorentzian lines.

RESULTS

Spectral Responses to Temperature and DNA Duplex
Length. We have measured the EPR spectra of each of the
four different DNA duplexes (Table I) as a function of
temperature (from 0 to 40 °C) using both the naturally
abundant [14N,H;;]- and theisotopically substituted ['SN,D3]-
nitroxide spin-labels. Figure 1 shows, as a representative
example, the temperature dependence of the EPR spectrum
of the 24 base pair [1SN,D,;] spin-labeled duplex. Thechange
in temperature from 0 to 40 °C corresponds to a increase in
T/7, and thus the diffusion coefficients for uniform tumbling,
Dyperpand Dy,ra, increase by a factor of 3.14. This set of spectra
shows how the increase in the rate of motion causes the low-
field manifold to collapse into a single averaged line. The x-
and y-turning points of the high-field manifold are almost
resolved at the lower temperatures, but are averaged out at
the higher temperatures.

Figure 2 shows the EPR spectra of the four DNA duplexes
at T = 0 °C using both the [*N,H;3] and [’N,D;3] spin-
labels. These spectra clearly demonstrate that there is great
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Ficure 2: CW-EPR spectra (dotted lines) of 12, 24, 48, and 96 base o

pair DNA duplexes (from top to bottom) at 7 = 0 °C using both
the ['¥N,H;;] (right column) and the isotopically substituted [‘5N D)
(left column) spin-labels. Simulations (solid lines) are overlaid on
each spectrum.
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24-mer T= 20 C

Ag-mer T= 20 C

%
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FiGURE 3: Same as Figure 2 for T = 20 °C.

sensitivity to the duplex length. The changes in the EPR line
shapes are primarily due to the length dependence of the overall
tumbling of the DNA. Figures 3 and 4 show analogousspectra
at T=20°Cand T = 40 °C, respectively. The dashed lines,
superimposed on the experimental data, are the best fit

Hustedt et al.

12-mer T = 4@ C

24-mer T = 40 C

ag-mer T = 40 C

g9g-mer T = 40 C

FIGURE 4: Same as Figure 2 for T = 40 °C.

simulations as discussed below. To simulate these spectra
and determine the total mean-squared amplitude of internal
motion, (¢’2).l, as a function of N, T, and 9, it is first
necessary to determine the rigid-limit A- and g-tensors and
the orientation of these spin tensors to the diffusion tensor as
determined by Oy, and Wy,

The Rigid-Limit Tensors. The set of DNA duplexes
considered in this study all place the spin-label in the same
local environment, i.e., near the center of the identical 12 base
sequence. Therefore, it is reasonable to assume that there
exists a single set of rigid-limit A- and g-tensors common to
all the sequences considered in this study. However, finding
a set of tensors which truly represents the no-motion limit is
not a simple task. To determine the proper rigid-limit A- and
g-tensors, it is necessary to slow, as much as possible, the
motion of the spin-label. At the same time the conditions
under which the rigid-limit spectrum is obtained should be as
close as possible to the conditions under which all other
experiments are performed. This is because the A- and
g-tensors are somewhat solvent and environment dependent.

Figure 5 shows an overlay of the EPR spectra of the
[¥4N,H,;]-spin-labeled 24 and 48 base pair duplexes in 46%
(w/w) sucrose buffer at 0 °C. In this high-viscosity solution,
the global tumbling of the duplex is slowed to the extent that
it is insignificant on the linear CW-EPR time scale. The
estimated characteristic rotation times for the 48 base pair
duplex in 46% sucrose buffer at 0 °C are Tparg = !/6Dpara =
375 ns for motion about the helix axis and 7perp = !/6Dperp =
3950 ns for end-over-end tumbling. The two spectra are
virtually identical, indicating that the internal length-depen-
dent motions have been damped, as well, such that they have
no significant effect on the EPR spectra.

A comparison (not shown) of the EPR spectra of the
[1SN,D;3])-spin-labeled 48 base pair duplex at 0 °C in 46%
(w/w) and 51% (w/w) sucrose shows that the resulting increase
in viscosity does slightly further slow the motion (presumably
local) on the spin-label. Figure 6 shows the EPR spectrum
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FIGURE 5: EPR spectrum of ['“N,H;;]-labeled 48-mer (solid line)
overlaid with 24-mer (dashed line) both in 46% (w/w) sucrose pH
= 7 buffer at 0 °C.
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FIGURE 6: EPR spectrum (solid line) of [!SN,D;;] 48-mer in 51%
(w/w) sucrose buffer at 0 °C with the rigid-limit simulation (dashed
line) using the spin tensorsin Table I1. T, = 100ns. Thesimulation
was convolved with a 0.75-G Gaussian.

Table II: Rigid-Limit Tensor Elements for the ['SN,D,3]Spin-Label

A (G) Ay (G) A:: (G) Lxx &yy 82z
8.79 14.17 45.17 2.0076 2.00594 2.00290

of the ['*N,D,;]-spin-labeled 48 base pair duplex at 0 °C in
51% (w/w) sucrose overlaid with a rigid-limit simulation using
the spin tensors given in Table II. The fit matches the turning
points of the data quite well, although there is a some
disagreement in the high-field region. The high-field extre-
mum of the 51% sucrose spectrum has an unusually broad
line shape. One possible interpretation of this feature is that
the spin-label exists in at least two different internal confor-
mations which are interconverting slowly (if at all) on the
EPR time scale. Ifthisis the case, then the tensors have been
* chosen to favor the component with the smaller value of A4,..

To fit an EPR spectrum to a powder pattern, there are six
major parameters which can be adjusted. These are the three
components of the A-tensor (A.x, Ay, and 4;;) and the three
components of the g-tensor (gxx, gy, and g,;). However,
assuming that the isotropic value of the A-tensor (a) is
independent of the change in conditions on going from the
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near rigid limit to the fast motion limit, @ can be obtained
from spectra in the fast motion limit. From the EPR spectrum
of ['N,D3]-spin-labeled thymine in buffer at 0 °C, a value
of @ = 22.71 G is obtained (Hustedt, 1989). The EPR
spectrum of a nitroxide spin-label is relatively insensitive to
the isotropic value of the g-tensor, . Hence, a reasonable
value has been assumed, ¢ = 2.00550, and will be used
throughout. Thus, the number of independent parameters
that need to be adjusted is reduced to four. Powder pattern
simulations were performed using a program written by
Balasubramanian and Dalton (1979).

The EPR spectrum in Figure 6 was chosen as the best
estimate of the true rigid-limit spectrum. The A- and g-tensor
elements for the simulation, optimized to within £0.50 G and
£0.0001 uncertainty, respectively, are given in Table II. The
tensors used for the [!4N,H,3] label are found from these
tensors by multiplying the A-tensor elements for the ['*N,H;3]
label by the ratio of the gyromagnetic ratios for the two spins,
0.7131. The g-tensor is taken to be the same for both spin-
labels.

As the solvent polarity increases, a zwitterionic resonance
structure with the unpaired spin density on the nitrogen is
stabilized relative to a neutral resonance structure with spin
density on the (spin zero) oxygen. The higher spin density
on the nitrogen in a more polar solvent results in an increase
inthevalueof @and 4,, (Morrisett, 1976). Hydrogen-bonding
to the nitroxide oxygen also stabilizes charge on oxygen and
increases @ and A,,. Hwang et al. (1975) observed two
components in a low-temperature rigid-limit spectrum of
perdeuterated tempone in ethanol-dg. This result was inter-
preted as evidence of separate populations of hydrogen-bonded
and non-hydrogen-bonded nitroxides in slow exchange.
Johnson (1981) observed a temperature dependence of the
spectral width (the distance in gauss between the z-turning
points of the high- and low-field manifolds), 24, of both
spin-labeled hemoglobin and fatty acid spin-labels in lipid
bilayers. The temperature dependence of 24%* was attrib-
uted to an equilibrium between hydrogen-bonded and non-
hydrogen-bonded states with rapid exchange between the two
states resulting in an average value of 24

On the basis of the results of Hwang et al. (1975) and
Johnson (1981), it is expected that the nitroxide of spin-labeled
DNA may also form hydrogen-bonded cpmplexes when
immobilized. The possibility of hydrogen bond formation poses
a considerable dilemma. On the one hand, to obtain the true
rigid-limit spectrum it is desirable to lower the temperature
of the sample to eliminate motion of the spin-label. On the
other hand, reducing the temperature favors the formation of
the hydrogen-bonded structure which has a different set of
tensors. In the course of this work, EPR spectra of a sample
of lyophilized [!14N,H,3]-labeled duplex DNA were obtained.
This sample gave by far the largest 24°™ of all those studied.
It seems likely that this is a result of the nitroxide being
hydrogen bonded to residual H,O in the sample. . The measured
value of 24% ~ 72.9 G for the [14N,H;]-labeled lyophilized
sample at T = -80 °C corresponds to A,, =~ 36.4 G, which
compares quite well with the value obtained by Hwang et al.
for hydrogen-bonded tempone, 35.8 G (as compared to 33.5
G for the non-hydrogen-bonded form). Note that tempone
isa 6-membered ring nitroxide, not the 5S-membered ring used
in these studies.

The EPR spectrum of the lyophilized [14N,H,;]-labeled
duplex DNA is nearly temperature independent over the range
from 0 to —~100 °C and never shows the unusual line shapes
seen in Figure 2. The EPR spectra of spin-labeled duplex
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DNA in high-viscosity solutions do change considerably over
this temperature range. Furthermore, the lyophilized and
high-viscosity samples give nearly identical results at low
temperatures (7 < -80 °C). These results suggest that there
is an equilibrium between a hydrogen-bonded and a non-
hydrogen-bonded form in the high-viscosity solutions. The
nitroxide in the high-viscosity solution is essentilly 100%
hydrogen bonded at —80 °C, while at T = 0 °C both forms
exist and exchange between them is rather slow.

The extent to which residual motion in the spin-label in
51% sucrose at T = 0 °C or the equilibrium and exchange
dynamics of multiple nitroxide environments influence the
spectrum in Figure 6 is not yet fully resolved. Nevertheless,
the EPR spectrum of the [!N,D;3]-labeled T* 48 base pair
duplex in 51% sucrose at 0 °C has been taken as the closest
of all available data to the true rigid-limit spectrum. It is
believed that these conditions strike the best possible com-
promise between slowing the dynamics of the spin-label and
significantly changing the environment of the nitroxide.

Orientation of the Spin-Label to the Helix Axis. 1t is
necessary to establish the orientation of the coincident A- and
g-tensors of the spin-label relative to the axially symmetric
rotational diffusion tensor of the DNA duplex. The largest
splitting of the EPR spectrum in a nitroxide spin-label at X
bandisdetermined by 4,.. Asaresult, rotations whichaverage
A;; into either 4., or A4, are the most important motional
processes affecting the spectrum. The major tilt angle, Oy,
determines whether global tumbling rotates the z-axis of the
spin-label into the x—y plane at a rate governed by Dperp (Our
= 0°) or Dpara (B = 90°). As previously demonstrated
(Spaltenstein et al., 1989a; Hustedt, 1989), the EPR spectrum
of a given duplex compares reasonably well to a simulation
for a nitroxide undergoing isotropic rotation when the isotropic
rotational correlation time is given by !/sDperp. The success
of this approach indicates that the motion of the z-axis of the
nitroxide is primarily governed by Dper, and therefore Oy, is
small. The minor tilt angle, ¥y, interchanges A, and Ay,
which are approximately equal in comparison with 4;,. In
fact, if the magnetic tensors are axial (gxx = gy, Axx = Ayy)
or if 6, = 0°, then the EPR spectrum is independent of ¥y,.
In the simulation program used, O can be freely adjusted
while W, is constrained to be either 0° or 90°. Forthe reasons
cited above, the simulations (in particular 2A‘z’fs) are rela-
tively insensitive to ¥y, and only small errors are expected in
the interior regions of the spectra as a result of the inability
to freely vary ¥y

The optimal value of 8y was determined by comparing
simulations to the EPR spectrum of the [1°N,D,;]-labeled T*
48 base pairduplexat 0 °C. Thisspectrum was chosen because
of the large anisotropy of the diffusion tensor and the well-
resolved x- and y-turning points in the high-field line. Figure
7 shows the experimental spectrum overlaid with the simu-
lations for 6y, = 0°, 20°, and 40° with ¥, = 0°. The A-
and g-tensors used correspond to {¢'2).ora; = 0.0512. Larger
values of Oy;; were tried and are clearly incorrect. Focusing
on the x- and y-turning points of the high-field line, it appears
that ©,;; = 20° is the best value. 6y = 0° clearly collapses
the x- and y-turning points of the high-field manifold too
much, while Oy, = 40° does not collapse them enough.
Simulations were also performed for other values of {¢2)oal.
While both (¢’2)01a1 and Oy, determine the ZAS?S splitting of
a given simulation, the fit to the x- and y-turning points of
the high-field manifold is optimal for O, = 20° independent
of <¢/2>total-
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FIGURE 7: Simulation of the EPR spectrum of the ['*N,D;;]-spin-
labeled 48 base pair duplex in buffer. Tensors were calculated
according to eqs 12 for (¢'2) e = 0.0512. Characteristic rotational
times were 1/(6Derp) = 259 ns and 1/(6Dpara) = 24.6 ns. Values
of the two tilt angles are as follows: (a) ©u = 0 °, ¥, = 0°; (b)
ezilé(; 20°, ¥y, = 0°; (c) Oy = 40°, ¥y, = 0°; (d) Oy = 20°, Ty,

Figure 7d shows the overlay of the same experimental
spectrum with a simulation using 9y = 20° and ¥ = 90°
and can be compared to Figure 7B for which 6 = 20° and
WYy = 0°. The agreement is clearly better using ¥y, = 0°
rather than ¥, = 90°. Thus, the optimal value of ¥y, is
close to 0°, but may be somewhat larger.

Simulations. The above results complete the prescription
for simulating the EPR spectra of the spin-labeled DNA
duplexes as a function of N, T, and n. The rigid-limit tensor
values are given in Table II. Equations 12 generate, for a
given value of ($’2)101a1, the spin tensors averaged by the rapid
internal motion. The roational diffusion coefficients for the
global tumbling are determined by eqs 6 and 7. The tilt angles
were set to Oy = 20° and ¥y, = 0°. There is only one
adjustable parameter, {¢’2)1a1, Which is a direct measure of
the amplitude of internal motion. The sole criterion used to
determine (#"2)otat Was the match of the spectral width of the
simulation, 245", to that of the data, 243°. All other
parameters being held fixed, 243" is a function of 4, which
is determined, in turn, by {(¢’2)i. The best simulations of
the EPR spectra of the four duplexes in buffer are overlaid
on the data in Figures 2—4. The values of {¢'2) used to
generate the simulations of the EPR spectra of the four
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Table III: The Total Amplitude of Internal Motion, {¢2)otal

N T (°C) isotope % sucrose (9" total (rad?)
12 0 5N 0 0.0420
12 0 14N 0 0.0332
24 0 ISN 0 0.0465
24 0 14N 0 0.0377
48 0 ISN 0 0.0512
48 0 N 0 0.0512
96 0 14N 0 0.0556
12 20 ISN 0 0.0733
12 20 4N 0 0.0733
24 20 ISN 0 0.0750
24 20 14N 0 0.0733
48 20 ISN 0 0.0778
48 20 14N 0 0.0778
96 20 14N 0 0.0866
12 40 ISN 0 0.1091
12 40 14N 0 0.1091
24 40 5N 0 0.1060
24 40 4N 0 0.1091
48 40 ISN 0 0.1091
48 40 14N 0 0.1133
96 40 N 0 0.1225
24 0 ISN 20 0.0333
24 0 N 20 0.0333
48 0 ISN 20 0.0420
12 0 SN 35 0.0210
48 0 5N 35 0.0377
24 20 I5SN 20 0.0688
24 20 14N 20 0.0734
48 20 ISN 20 0.0734
12 20 SN 35 0.0377
48 20 15N 35 0.0734
24 40 ISN 20 0.0960
24 40 4N 20 0.1000
48 40 ISN 20 0.1046
12 40 ISN 35 0.0688
48 40 SN 35 0.1046

duplexes in buffer are given in Table III and plotted in Figure
8. In the case of the 12 base pair duplex in buffer at 20 and
40 °C, the uniform mode has collapsed the line shape such
that ZASL” cannot be measured. Furthermore, the simula-
tions for these two spectra are largely insensitive to the value
of (¢2)iota. The values of {@’2)oa1 given in Table III for the
12 base pair duplex in buffer at 20 and 40 °C are those used
for the simulations in Figures 3 and 4, but cannot be considered
to be best fit estimates and are not included in the following
analysis. The EPR spectra of selected spin-labeled duplexes
were also measured at elevated viscosity using 20% and 35%
(w/w) sucrose buffer solutions. The values of (¢'2)otal
obtained from the simulations of these spectra are also given
in Table III. It is apparent that (@'2)i is strongly
temperature dependent but somewhat less dependent on
viscosity, which is consistent with the interpretation of {¢"2 )1otal
as being a measure of internal motion.

In overlaying a simulation on an experimental spectrum,
a base-line shift and a scale factor have been used. These
factors account for effects which are purely instrumental and
have no physical significance. In each case the appropriate
base line, b,, and scale factor, s,, were determined by
minimizing the variance, o2, with respect to both b, and s,.

M
=) (Y,-b,-5Y)}/M (13)
n=1

where Y, are the data points, ¥, are the simulation points,
and M is the total number of points in each. The optimal
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FIGURE 8: Plot of values of (¢"2)a as a function of the number of
base pairs, N,at T=0°C, T =20 °C, and T = 40 °C for both the
[!SN,D,;] spin-label (open circles) and the [!4N,H,;]-spin-labeled
(opensquares) DNA duplexes in buffer. Thedata are givenin Table
I11, and only those for 0% sucrose are used. The solid lines of
increasing height were calculated from eq 31 using f{T) from eq 27,
g=71,and (m % 0,) = (2.27 £ 0.30) X 10~ and (b = a;) = (6.36
£0.015) X 102 rad?. The least-squares fits were obtained using all
of the data in the figure except for the 12 base pair duplex at 20 and
40 °C. The data corresponding to a given temperature lie closest to
their respective fits.

values of s, and b, are given by

s=Z(Y Ny, - Y')/Z(Y’ (v, - ¥

n=1

(14)
and
b=Y-s¥ (15)
where
1 M
7==3y,
Mn=l
and
M
==Yy

are the mean values of the data and simulation, respectively.
When the above expressions for s, and b, are substituted back
into the eq 13, then ¢2 can be written as

2 LR

— 2 -1 (16)

n=]

where the correlation coefficient (Edwards, 1969), R, is defined
as

M - -
Y F-D(,-7)
n=1

R= an

[Z(Y Y)ZZ(Y' w]

n=1

R is bounded by the Schwarz inequality, -1 £ R < +1, and
is a dimensionless way to represent the variance between the
simulation and the data. Maximizing R is equivalent to
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minimizing ¢2. In all of the simulations shown in Figures
2-4, R > 0.98 has been achieved.

DISCUSSION

Theresultsin Figure 8 show the expected trends. Thevalue
of (@) oz Clearly increases as a function of both duplex length
and temperature. Overlaid on the data in Figure 8 are fits
obtained by modeling the duplex as a weakly bending rod as
suggested by Schurr (personal communication). In general,
the mean-squared amplitudes of independent motional pro-
cesses are additive. Therefore, the total mean-squared
amplitude of internal motion is equal to the sum of the total
length-independent motion, {£2):01a1, and the length-dependent
motion, (7?)otart

<¢’2)total = (Ez)lotal + <772)total (18)

Because the z-axis of the spin-label is nearly aligned with the
helix axis, the T* probe is primarily sensitive to flexural as
opposed to torsional motions. We suggest that the length-
dependent internal motions are due exclusively tothe collective
bending motions of the DNA. Wuetal. (1987) have described
how flexural deformations of a weakly bending rod induce
local fluctuations. The mean-squared angular displacement
of the ith base pair in the y—z plane of the helix is related to
the dynamic flexural persistence length, Py, by

N
(Ind=) - m(0))*) =2)_Q,d} (19)

i22

where
=_h_

d? = Ty (20)
A, = 4sin’ {%} (21)
0= % cos® {(i—— 1/21)v(1- 1)1} @)

Here, d? is the mean-squared amplitude of /th bending mode
and Q7 gives the contribution of the /th mode to the motion
of the ith base pair.

Thesumineq 19 has an analytic solution (Allison & Schurr,
1979):

Al Nh 2i-N-1 2}
(=) - n}(0)) = Ldf=——41+3
(mi(=) = n2(0)) 2;2, =l [ ~ ]

(23)
where i = 3.4 A is the distance between base pairs. For the
duplexes studied here the spin-label is attached to the [i = (V
+ 2)/2]-th base pair, where Nis even. The length-dependent
motion is assumed to be two dimensional and isotropic with
mean-squared amplitude of (»2) in either direction.

(0o = 2007 = ([n,(=) — n0)]*)
= ([’71(°°)2 - 277i(°°)"7i(0) + 77,'(0)2] )
= 2(1,(0)%)
3

=l (n+3
=z Pdf(N+ N) (24)

Wilcoxon and Schurr (1983) have shown that the persistence
length is either independent of T if the bending angle between
two adjacent base pairs is governed by a square-well potential
or inversely proportional to Tif the bending angle is governed
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by a harmonic potential. Thusthe dynamic persistence length
can be written as

P(T) = P(T =293 K) X f(T) (25)
where
fin=1 (26)
for a square-well local bending potential and
293K
AD) = (_T_) (27
for a harmonic potential. Therefore:
2 _ h 1 ¢ 3
= N+ = 28
1)t = T =293 1) D)\ N) 28)

is nearly linear in NV and may be linear in or independent of
T.

There is no a priori reason to suspect that {£2 )0, is a simple
function of temperature. We have assumed that the length-
independent motion has a power law dependence on T:

(810 = (£ D229 g(g,T) (29)

where

gaT) = (-zg—gf)q (30)

for an unknown value of g.
The total mean-squared amplitude of internal motion is
then given by

” = .m é_
(#Mu = 7N+ 3]+ 08@D  GD
where

_ h
6P(T = 293 K)

The data in Table III corresponding to the four duplexes
in buffer (0% sucrose) were simultaneously fit by least-squares
analysis to eq 31. Both forms of AT) (eqs 26 and 27) and
various values of g were tested. The standard error of the fit
was minimized when the dynamic persistence length was taken
to be inversely proportional to temperature and ¢ = 7.1 was
used. In this case, (m % o,y) = (2.27 £0.30) X 10~* and (b
%+ gp) = (6.36 = 0.015) X 1072 rads? were obtained.

Wilcoxon and Schurr (1983) concluded that they could not
determine whether the dynamic persistence length was
independent of temperature or inversely proportional to
temperature. We have found a slight, but statistically
insignificant, preference for the model in which the dynamic
persistence length was inversely proportional to the T and
likewise conclude that we are unable to distinguish between
these two cases.

The value of m obtained corresponds to a dynamic flexural
persistence length of 2500 = 340 A at 20 °C, where the error
range is given by one standard deviation. This estimate of the
dynamic flexural persistence length is about 5 times larger
than the static persistence length, 500 A (Schurr & Schmitz,
1986), and the dynamic twisting persistence length, 640 A
(Wilcoxon & Schurr, 1983). However, there is growing
evidence that the dynamic flexural persistence length of DNA
may be considerably larger than the static persistence length.
Simulations by Allison et al. (1989) of the transient photo-
dichroism of a 209 base pair duplex required a dynamic
persistence length of atleast 1000 A. Song and Schurr (1990)
have analyzed the transient electric dichroism data for DNA

m and b= (§)ITK
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fragments with 95-250 base pairs in low-salt conditions, 2
mM Na*, and obtained a best fit using a dynamic persistence
length 2100 A. More recently, Schurr and co-workers have
proposed that 1500 A is the current best estimate of the
dynamic persistence length (Fujimoto & Schurr, 1990; Schurr
et al., 1992),

From b = 0.0636 and g = 7.1, the calculated total root-
mean-squared amplitude, ((£2)ota1)!/2, of the length-inde-
pendent motion is 11.2 £ 0.2° at T = 0 °C, 14.5 &+ 0.2° at
20°C, and 18.2 £ 0.2° at 40 °C. These values can be taken
to represent the amplitude of motion of the spin-label about
the acetylenic tether. The value of ({£2):o1)!/? increases
strongly with temperature, which presumably represents a
softening of the pocket in which the spin-label resides. On
the other hand, if the length-independent motion is taken to
be isotropic two-dimensional local wobble of the labeled base
pair, then () = (£2)x + (£%), = 2(£*) and the root-
mean-squared amplitudes about either axis are 7.9°, 10.3°,
and 12.9° at T=10,20, and 40 °C, respectively, Thisestimate
is only slightly larger than the value of 7° obtained by Shibata
et al. (1985) from the initial depolarization in FPA experi-
ments.

Typically, the spin-labeling technique will overestimate (as
opposed to underestimate) rates or amplitudes of motion
because of the possibility of independent motion of the probe
relative to the labeled molecule. It is clear from the data that
the nature of the T* probe does not allow for any large-
amplitude, independent motions of the spin-label. At T=0
°C, the change in {¢’2) o1, as a function of Nis approximately
50% of the N = 1 value over the range studied. Thus there
is considerable sensitivity to the length-dependent internal
motions of the DNA as opposed to independent motion of the
spin-label.

One possible source of systematic error is the choice of the
rigid-limit tensors. We now demonstrate that errors in the
rigid-limit tensor values do not have a large impact on the
determined value of the persistence length: For each exper-
imental spectrum, a value of 4,, was chosen such that, given
the global tumbling of the duplex, the spectral width of the
simulation, 24},", matched the spectral width of the data,
2A4%. The required value of A4, depends only on the dyna-
mics, Dperp and Dyarq, and the experimental data and does not
depend on the rigid-limit tensors. The total mean-squared
amplitude of internal motion is then determined by

(6 =P (32)
| = ——_
tota Azz - Apcrp
Fromeq 31, (¢’2)io1a1 i approximately linear in NV, the slope
being proportional to the inverse of the persistence length.
Thus

1 9 o) total _ aAzz 1

Py~ 8N 0N A,- Ay,

A 10% error in A;; — Aperp (Which would be very large) gives
a corresponding 10% error in P4. We have already noted
that the choice of A4,, — Aperp is at the small end of the range
of possible values, and an increase in A4,, — Aperp Would result
in an increase in the persistence length.

(33)

CONCLUSIONS

The purity and homogeneity of the samples are reflected
in the EPR spectra, which show neither contamination from
secondary forms of the DNA (such as single strand) nor a
broadening of the extrema of the spectra which would indicate
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a heterogeneity of spin-labeled sites. The T* probe provides
a basis for conducting EPR studies on a variety of DNA
duplexes. This work demonstrates the possibilities for the
study of dynamics of specific sequences of duplex DNA. The
ability of site-specifically label DNA allows direct comparisons
of the data to theories of DNA dynamics (Barkley & Zimm,
1979; Robinson et al., 1980a,b; Allison & Schurr, 1979; Schurr,
1984) at a level of detail not easily obtained using nonspecific
probes.

We have developed a means of approximately separating
motion into overall tumbling and internal length-independent
and internal length-dependent motions. The simulations
demonstrate the accuracy of the theory for the rotational
diffusion of a right circular cylinder and the applicability of
that theory to DNA (Pecora, 1991). This suggests the
possibility that EPR can be used to test more carefully the
assumptions about the length and hydrodynamic radius used
in the theory for the tumbling of a right circular cylinder.

The interpretation of {¢"2}1ota is clearly model dependent.
However, the assumption that mean-squared amplitudes of
statistically independent processes are summable is well
established in the statistical literature. Therefore, the sep-
aration of (¢'?)ia into length-dependent and a length-
independent contributions seems quite reasonable. Thelength-
dependent mean-squared amplitude of motion is proportional
to [V, as suggested by Wu et al. (1987). At X band, the probe
is sensitive to bending, as opposed to twisting, motions of DNA.
While our result for the dynamic persistence length is at the
high end of the range of values determined by others, it is
consistent with the notion that the dynamic persistence length
is considerably larger than static persistence length (Allison
et al., 1989; Fujimoto & Schurr, 1990; Song & Schurr, 1990;
Schurr et al.,, 1992). It may well be that the presence of the
spin-label locks out local motions of the DNA, but this would
primarily affect the length-independent dynamics.

It has been assumed that the influence of torsional dynamics
tothe EPR spectra of T*-labeled DNA duplexes is negligible.
All experiments were performed at X band (9 GHz). At this
frequency, the EPR spectra are not strongly dependent on
motions about the z-axis of the nitroxide. Since the optimum
tilt angle is Oy, = 20°, the probe is primarily sensitive to the
end-to-end uniform tumbling motion (Dper,) and internal
bending motions. At higher microwave frequencies such as
K-band (22 GHz) or Q-band (35 GHz), the influence of the
highly nonaxial g-tensor is enhanced. With the increased
x—y anisotropy there is increased sensitivity to rotations about
the z-axis of the nitroxide (Beth and Robinson, 1989).
Therefore, by scaling the frequencies at which the spectra are
recorded, one can vary the contributions of flexural and
torsional motions to the EPR spectrum of the duplex.
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APPENDIX

Averaging the A- and g-Tensors. Van et al. (1974) have
derived expressions for the effect of a limited-amplitude, rapid
motion of nitroxide spin-labels. The following is based on the
work of Van et al., but differs in that here an active, rather
than passive, interpretation of the transformations is used
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FIGURE 9: (A) Orientation of the rotational diffusion tensor (Dperp = Dyx = Dy, Dpara = D) with respect to the DNA helix (the cylinder).
(B) Orientation of the A- (and g-) tensors of the nitroxide (A,., 4,,, and A,;) with respect to the rotational diffusion tensor of the DNA as
determined by the angles Oy and ¥y (C) Internal dynamics is modeled either as a limited-amplitude rotation about a single axis (dashed
line) bisecting the x—y plane of the nitroxide or as simultaneous limited-amplitude rotations about the x- and y-axes of the nitroxide (A4,, and

Ay,

(Goldstein, 1980). In the following discussion, the A-tensor
is considered; equivalent expressions for the g-tensor can be
obtained by substituting g for A. For a nitroxide spin-label
at the orientation at which its A and g-tensors are diagonal,
let the A-tensor be given by Ay. The A-tensor at any other
orientation, A’(y,0,¢), is given by an Euler angle rotation:

A'(Y0,9) = R(¥,0,6)-A:R™(¥,0,0) (34)
where the rotation operator is defined by
R(¥/6,6) =R,RR, (35)
cosy siny 0
R,=| -siny cosy 0
0 0 1
cosf 0 —sind
R;={ O 10
sinf 0 coséd
cos¢ sing 0
R, =| —sin¢ cos¢ O
0 0 1

The rapid motions of interest here are complete or partial
rotations about a given axis. The approach used is to orient
the spin-label, via an Euler angle rotation, so that this axis of
rapid rotation is aligned with the laboratory z-axis. In this
case, the rotation corresponding to the angle ¥ commutes
with the subsequent rotation describing the rapid motion and
has no bearing on the problem. Therefore, ¥ can be set to
zero. The individual elements of A’ are given by

A’ = A, cos’ §cos’ ¢ + A, cos’ 0 sin’ ¢ + A, sin? §
Ay =A,sin* ¢+ A, cos’ ¢
A’y = A, sin* 8 cos’ ¢ + A, sin? 0 sin® ¢ + A, cos’ §
A’y = A’ =~(4,,- A,) cos 6 cos ¢ sin ¢
Ay =A% = (A, cos’ ¢+ A, sin’ ¢ - 4,) cos fsin §
Ay=A'y=—(A4,,-A4,))sinbcospsing  (36)

where Ay, A,,, and A4, are the three principal components
of Aq. The motion of the spin-label is described by a rotation
of angle ¢’ about the z-axis, which gives

L) ’. I-1
R" A R’ =

Ayycos” ¢+ , , ' , ,
24’13 co8 ¢’ sin ¢’ + [-(A“_Aﬂ)w”‘m‘*] [Answﬂ +]
Apsin?¢ A'py(cos? ¢ - sin ¢°) Apsing’

(A" - A" ‘gin g’ Ay sind ¢ - .
[ (A’ - A'p) cos ¢’ sin ¢ +] [?A'nzmﬁ'sin¢’+} [—Al,sm¢+]

A'racos? ¢ - sin? ¢") Ay cost o' A'pcos o’

[Ancose’+ Apsing ] [Musing+A'pcose ] A3

@7

and the motionally averaged A-tensor is obtained by averaging
the elements of this tensor over ¢’ through the desired range
of motion:

A’= (R, AR, "), (38)

We will consider two models, motional averaging about
one axis of rotation and motional averaging about two
perpendicular axes of rotation (see Figure 9).

Motional Averaging about One Axis of Rotation. The
necessary averages of trigonometric functions are

(cos ¢) = [~ p(¢") cos ¢/ d¢’ = 8
(sin¢) = ["p(¢) sin¢’ d¢’ =0
(cos ¢'sin ¢/ = [~ p(4') cos ¢ sin ¢/ d’ = 0
(cos* ¢') = [ 7p(¢) cos? ¢/ do/ = 1 -«
sin¢) = [Tp(#)si* ¢’ de' = (39)

where p(¢’) is a symmetric, time-independent, normalized
distribution function which characterizes the nature of the
motion. For motion in a square-well potential, p(¢’) is a
uniform distribution over a limited range, ®¢’n.x. For motion
ina harmonic potential, p(¢’) is a Guassian disitribution. The
equation for a can be expanded as a power series in ¢”:

a = (sin® ¢') = ((¢/ - ¢°/6 + ..)%) (40)

which for small amplitudes of motion can be truncated after
the first term:

a= (¢ (41)
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Thus, in the limit of a highly restricted rotation, « is equal
to the mean-squared amplitude of motion.

The motionally averaged A-tensor for an arbitrary axis of
rotation is

) (1-a)A +ad’y (1-2a)4", BA’;
A’ ={ (1-2a)4%, ad’) + (1 -a)d’, BA';
B4, BA"y; A’y
(42)

In the limit of complete unrestricted rotation, & = 1/,, 8
= 0, and the resulting motionally averaged tensor is axial:

YA+ A 10 0
- 0 A+ A 0
A= 0 éz( 11 22) A’33 (43)

It is important to note that the data presented here clearly
preclude the use of a model of internal dynamics which
produces axial tensors. The EPR spectra of the [!N,D;]-
labeled 48 base pair duplex clearly show the splitting of the
x- and y-turning points in the high-field manifold which are
characteristic of nonaxial A- and g-tensors.

The most important motions to be considered are those
which rotate A4,, into A, and 4,,. The effect of such motions
will be to reduce the z-component of the motionally averaged
A-tensor and consequently reduce the spectral width,
2A4%%. Rapid rotation about the axis defined by A4, averages
Ajxx With 4, but does not change 4,,. This produces subtle
changes in line shape, but leaves 242 unchanged. One
potentially important source of motion in T* is rotation of the
spin-label about the linear acetylenic tether independent of
the base (Kirchner et al., 1990). As is evident from the
chemical structure of T*, the acetylenic tether axis is
perpendicular to the z-axis of the nitroxide and approximately
bisects its x—y plane. The orientation required to model this
motion is achieved by setting § = 90° and ¢ = 45°. The
choice of ¢ = 45° isapproximate and is made for mathematical
convenience. Evaluating the elements of A’ at § = 90° and
¢ = 45° and substituting into eq 42 gives

((1 —a)A,, + ady, 0 0

A=\0 ad,, + (1 -a)A,,, -BA*

0 -BA* Aperp
(44)

where
Aperp = (A + A,,) and A* =1/(A,, - 4,) (45)

Now, the motionally averaged tensor is rotated back to its
original orientation, reversing the rotation of eq 34:

A= R(0,90°,45°).A’.R(0,90°,45°)

[+ 24

Aperp + E(Azz_ - E(Azz - Aperp) 0

Aperp)'i- gA*

o a

=] - E(Azz - Aperp) Aperp + E(Azz— 0
Aperp) - gA*
0 0 A, - oA~
Aperp)

(46)

Biochemistry, Vol. 32, No. 7, 1993 1785

Note that A is not diagonal, but can be diagonalized by a
subsequent rotation about the z-axis. The angle of rotation
required to diagonalize A will depend on the three elements
of the original A-tensor. If one considers the equivalent result
for the g-tensor, it becomes evident that the angle of rotation
required to diagonalize § must be different than that for A.
Thus, this motional model produces average A- and g-tensors
whose x- and y-components are no longer coincident, The
fact that the motionally averaged A- and g-tensors are not
coincident will beignored. The diagonalization does not alter
the z-components of the tensors which do remain coincident.
The three principal components of the diagonalized A’ are as
follows:

‘axx = Aperp + %(Azz - Aperp) -
fioar? +[$(4..- 40 ]}

)+

- _ a
Ay = Apery + E(Azz = Aperp

1/2

fiar + [Sd.. - 4,09]

A,=A,-a(4d,-A 47)

perp)

The value of the z-component is reduced by a(A4;; — Aperp),
while the x- and y-components of the motionally averaged
A-tensor depend on both « and 8. To calculate 4, and 4,,
requires specifying a particular motional model [ie., a
particular p(¢’) in eqs 39], so that « and 8 can be simulta-
neously determined. In practice, we have found that, for
motion in a square-well or harmonic potential, the approx-
imation A* = 4* is valid for small-amplitude motions. This
gives

A = Apery + 5( A, = Apeyy) + A
- o
A= Ay + S, — Aper) - A*
;lzz = Azz - ¢x(Azz - Aperp) (48)

With this approximation, the three components of A depend
only on the single parameter, «, and are not specific to a
particular motional model. The approximation does not alter
A;., the component which is critical to the analysis of the
internal dynamics of spin-labeled DNA.

Motional Averaging about Two Axes of Rotation. We
consider now, as a model for the internal dynamics, inde-
pendent motion about two axes, the x- and y-axes of the spin-
label. Because the DNA helix axis and the z-axis of the
nitroxide are nearly parallel, 6y, = 20°, these two motions
serve as models for bending about the x- and y-axes of the
DNA. Both are treated exactly as above with § = 90° and
¢ = 0° corresponding to motion about the x-axis and 8 = 90°
and ¢ = 90° to motion about the y-axis. The order in which
the two independent motions are considered does influence
the final results. Calculations for the two possible orders were
performed and these results averaged. Itis assumed that the
amplitude of motion about the two axes is the same.

A rotation of A4 is performed as defined in eq 34, with 6
= 90° and ¢ = 0°. The effect of motion, as defined in eq 38,
is averaged according to the results in eqs 39 and 42. The
resulting averaged tensor is then rotated back to its original



1786 Biochemistry, Vol. 32, No. 7, 1993
orientation, to give

A O 0
A=10 (1-a)4,+a4, 0

0 0 1-a)4,,+ad
( P (49)

Now A is averaged in the same manner with § = 90° and
¢ =90° toaccount for motion about the y-axis. The motionally
averaged tensor, A, is diagonal with elements

Ay =(1-a)d, + A, +a(l-a)A,,

A, =(1-a)A,+ad,
A,=(1-0a) A, +ad, +ao(l-a)4, (50)

The equivalent expression for considering the two motions
in the opposite order can be obtained by switching the x- and
y-indices in eqs 50. Averaging these two sets of results gives

(A) = Ay + ' [,2a - PN A,, - 4,) +
(1-a-a*/2)A*
(A))) = Ay + ' [,(20~ ')A, ~ Aper) =
(1-a-a?/2)4*

<Zzz) = Azz -QRa- az)(Azz - Aperp) (51)

Numerical calculations show that up to o = 0.0550, which
corresponds to the highest amplitude of internal motion used
in this work, eqs 50 and 51 give nearly identical results. The
x-and y-elements of A are equal to those of (A) to within 0.05
G; A,.isequaltothose of ( A,,) towithin 0.01 G. Thevariation
between the elements of § and (§) is 1 X 105, This
demonstrates that the order in which the independent motions
about the x- and y-axes are considered does effect the results,
but only slightly.

Unification of Averaging Models. 1tis desirable to put the
equations for the elements of (A} into a form comparable to
those of eqs 48. This can be accomplished by making the
approximation

(K*) = 1/2(<2xx> - <2yy>) = A‘ = l/2(14',\*_x_."4"‘1};) (52)

and by neglecting the terms proportional to a2 (which is valid
for small o). With these approximations:

(A) = Apery + (A, — A ) + A*
<:1)’)’) = Aperp + a(Azz - Aperp) -A4*
(Zzz> = Azz - 2’a(Azz - Aperp) (53)

A numerical comparison shows that, up to a = 0.055, the
exact results in egs 51 and the approximate expressions in egs
53 differ by 0.10 G or less for the motionally average A-tensor
elements and 1 X 1075 or less for the motionally averaged
g-tensor elements. Equations 51, derived for motion about
twoorthogonal axes, are equivalent to eqs 48, for motion about
a single axis, except for the replacement of a by 2a. This
factor of 2 is a direct consequence of going from one motional
process to two equivalent motional processes. For multiple
independent motional processes, the total mean-squared
amplitude of motion is the sum of the mean-squared amplitudes
of the individual motions. Thus for independent rotations
about two orthogonal axes (x and y):

(0 iora1 = (8™) + (¢, (54)
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If it is assumed that (¢"2), = (¢"2), and that, from eq 41, o
is approximately equal to the mean-squared amplitude of
rotation about either axis, then

() iom = (¢7), + (¢7), =~ 2ax (55)
On the other hand, for rotation about a single axis
(8o = (¢") ~ @ (56)

Thus, for either one or two-dimensional motion, the motionally
averaged hyperfine tensor elements can be written as follows:

(Zxx> = Aperp + l/2<¢,2)total(‘4u - Aperp) +4*
(;!.VY> = APGYP + 1/2<¢’2)total("4zz - Aperp) -4*

<‘:112) = Azz - <¢/2>total(Azz - Aperp) 57

The averaged tensor values given in eqs 57 have been used
to generate the simulations. These equations are reasonable
approximations to the results for both the one axis and two
axes of rotation models.
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