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Can reliable torsion elastic constants be determined from FPA data on

24 and 27 base-pair DNAs?
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Abstract

Torsion elastic constants obtained from fluorescence polarization anisotropy (FPA) measurements on fifty-three 24 and 27 base-pair

(bp) DNAs were recently reported [1,2] [F. Pedone, F. Mazzei, D. Santoni, Sequence-dependent DNA torsional rigidity: a

tetranucleotide code, Biophys. Chem. 112 (2004) 77–88; F. Pedone, F. Mazzei, M. Matzeu, F. Barone, Torsional constant of 27-mer

DNA oligomers of different sequences, Biophys. Chem. 94 (2001) 175–184]. The problem of extracting reliable torsion elastic constants

(a) from FPA measurements on such short DNAs is examined in detail. The difficulty is illustrated by two (fictitious) 24 bp DNAs with

~5-fold different torsion elastic constants and 10% different initial anisotropies (r0), which exhibit practically indistinguishable

anisotropy decays for all tN1 ns. FPA data were simulated for 24 bp DNAs with different input values of a and r0 in the presence and

absence of Poisson noise, and were fitted using different choices of the adjustable and fixed parameters. Experimental data for a 24 bp

DNA were fitted in a similar manner. For either the simulated or experimental FPA data, it was not possible to determine both the

initial anisotropy, r0, and the torsion elastic constant, a, in a reliable (i.e. statistically significant) manner in the presence of Poisson

noise. When r0 is assumed to be fixed at any particular value in the fitting protocol, a unique best-fit value of a is obtained, but that

best-fit a is extremely sensitive to small deviations of the assumed fixed value of r0 away from the input r0-value of the simulated

data. Pedone et al. fitted their FPA data by assuming that r0=0.360, and adjusting a, the hydrodynamic radius (RH), and effective length

(L). In fact, the reported best-fit values of RH and L lay significantly outside their expected ranges. When this same fitting protocol is

applied to simulated data for 27 bp DNAs, better overall agreement with the reported experimental values (a, RH, and L) is obtained

for a model, wherein all DNAs have the same typical input a=5.9�10�12 dyn cm, RH=10.0 2, and L=27 (3.4)+2.7=94.5 2, but a 1.00-

to 1.13-fold range of r0-values, than for the model of Pedone et al., wherein all DNAs have the same input r0=0.360, RH=10.0 2, and
L=94.5 2, but a ~3-fold range of a-values. It is concluded that, in the absence of reliable independent estimates of r0 for every DNA,

the a-values reported for 24 and 27 bp DNAs cannot be regarded as experimentally justified. The reliability of the torsion elastic

constants reported for the 136 distinct tetranucleotide steps, which are inferred from the values reported for the fifty-three 24 and 27 bp

DNAs, is also briefly discussed.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Recently torsion elastic constants were reported for

43 different duplex DNAs, each of which contained only

24 bp [1]. Those were combined with ten additional
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values reported previously for 27 bp oligomers [2] to

create a data set containing 53 torsion elastic constants.

In earlier studies, the same group of Pedone, Barone,

Mazzei and coworkers also reported torsion elastic

constants for other 27 bp DNA, RNA, and DNA–

RNA hybrid duplexes and also for a 30 bp DNA

containing a lesion [3–6]. Prior investigations of

duplexes containing V36 bp by other groups were

unable to obtain reliable estimates of the torsion elastic
116 (2005) 41–55
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constants, and no values were reported [7–10]. Even for

longer duplexes in the range of 43–50 bp, where the

torsion modes relax a much larger fraction of the total

anisotropy on a considerably longer and more accessible

time-scale, the extraction of reliable values of the torsion

elastic constant was marginal, so values were not always

reported, and the relative statistical errors (standard

deviation/average) in the few reported values were

substantial (15–43%) [7,9–14]. In many studies of

duplex oligonucleotides, investigators have elected to

fix the torsion elastic constant at a typical value, or at

each of several values spanning a 2- or 3-fold range, in

order to extract some other desired quantity, such as the

effective hydrodynamic cylinder radius, with greater

precision [7,9–14].

In references [1–14], the hydrodynamic properties and

in some cases also the torsion elastic constant were

assessed by measuring the temporal decay of the fluo-

rescence polarization anisotropy (FPA) of intercalated

ethidium in short DNA duplexes. In our laboratory these

measurements were performed by time-correlated single-

photon counting using an apparatus with an instrumental

width (full width at half maximum (FWHM))] 80 ps,

which defines its effective time-resolution. In certain other

laboratories, including that of Pedone et al., the FPA

measurements were performed in the frequency domain

using a series of modulation frequencies up to 40 MHz for

the intensity of the exciting light [1,2,7–9], which limits

the effective time resolution to 7–8 ns. Their frequency

domain instrument is similar to that employed by Chirico

and coworkers [10,13,14], and has considerably lower time

resolution than typical time-correlated single-photon count-

ing instruments like that in our laboratory [7,8,11,12,15].

There arises the question of how Pedone and coworkers

managed to extract torsion elastic constants from such

short DNAs. The principal difference between the studies

of Pedone and coworkers [1–6] and those of other workers

[7–15] is a different choice of assumed fixed parameters in

fitting the data.

The number of potentially adjustable parameters in the

theory, which is detailed in Appendix A, is much too large

to enable determination of all of them for any given DNA,

especially a DNA with NV36 bp. These parameters are: (1)

the initial anisotropy r0=(0.4)ARF, where ARF is the

amplitude reduction factor (0VARFV1.0) due to rapid (~50

ps) isotropic wobble of the dye in its binding site [15,16];

(2) the torsion elastic constant (a), which governs both the

dynamics of twisting deformations and also the anisotropy

amplitude carried by the uniform azimuthal spinning mode

[15]; (3) the hydrodynamic radius (RH), to which the friction

coefficient (c~R2
H) and diffusion coefficient (Dt) for the

azimuthal rotation are very sensitive, and to which the

diffusion coefficient for end-over-end tumbling (D8) is

much less sensitive [7,8,15], especially for long DNAs; (4)

the dynamic bending elastic constant (jd) (or equivalently

the dynamic persistence length, Pd=hjd/kT, where h is the
rise per base-pair, and k is Boltzman’s constant), which

governs both the dynamics of bending deformations and the

anisotropy amplitude carried by the uniform tumbling

mode; (5) the contour length of a DNA containing N

base-pairs and a single intercalated ethidium, L=Nh+2.7 2,
where 2.7 2 is the rise per intercalated ethidium; and (6) the

equilibrium persistence length, which governs the root-

mean-squared curvature and average end-to-end distance, to

which D8 is sensitive.

In deciding which parameters to fix and which to adjust,

some general criteria apply. Normally, a parameter should

be fixed only when (a) it is known to the required level of

precision from independent experiments or theory; (b) it is

not expected to vary with certain sample properties, such as

DNA sequence, length, or extent of dimerization; (c) the

quantity of interest, in this case the torsion elastic constant,

is insensitive to small errors or changes in value of the fixed

parameter, and (d) other adjustable parameters, such as RH

and L, or D8, which are reasonably well-known, and are not

expected to vary significantly from one 24 bp sequence to

the next (in the absence of substantial intrinsic curvature),

should not be found well outside their known ranges and

should not be found to vary significantly among the

different samples, when the chosen parameter is fixed.

Pedone and coworkers have elected to fix the initial

anisotropy at r0=0.360 (or equivalently ARF=0.90), inde-

pendent of DNA sequence. It will be shown that this choice

satisfies none of the criteria (a)–(d) above, and leads to a

very large apparent variation of the torsion elastic constant

with DNA sequence for 24 and 27 bp duplexes, as well as

values of RH and either h (or L) for 27 bp duplexes that lie

outside expected limits, as well as unexpectedly large

variations of those same quantities among the different

DNAs.

The objectives of the present study are (1) to show that

two 24 bp DNAs with a ~5-fold ratio of torsion elastic

constants and a 10% difference in r0 can exhibit anisotropy

decays that are practically indistinguishable for all times,

tN1 ns; (2) to show that a and r0 cannot be both be

determined from FPA data for a 24 or 27 bp DNA using

instruments like that of Pedone et al. or that in our

laboratory; (3) to note that for much longer DNAs, where

a and r0 can be simultaneously determined, the best-fit r0
does not always exhibit the same value, 0.360, but instead

varies over a range from 0.31 to 0.38, and is sensitive to

Poisson noise and other variations in the experimental data;

(4) to show that a rather small error in the assumed fixed

value of r0 can cause an extremely large error in the best-fit

value of a; (5) to note that the values of RH and L reported

by Pedone et al. [2] for ten 27 bp duplexes differ from their

expected values, and also among each other, by more than

would be expected; and (6) to show that the 4.4-fold span of

a-values reported by Pedone et al. can be obtained by fitting

FPA data that are simulated using a single value of a and

modestly different r0 values within the previously observed

range of such values. The likelihood of validity of the 53
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values reported by Pedone et al. [1] is discussed in detail.

We also address briefly the reported determination of the

effective torsion elastic constants of 136 tetranucleotide

steps from these, or any other, set of 53 torsion elastic

constants obtained for different DNAs that collectively

contain all 136 tetranucleotide sequences.
2. Analysis of the problem

In the course of this discussion, we shall often refer to the

relevant theory for the anisotropy function (r(t)) [8,15],

which is used to simulate FPA data and also to fit both

simulated and experimental data. That theory, which was

employed in one way or another in references [1–16], is

presented in Appendix A, where its various parameters are

also defined.

For a 24 bp DNA with an intercalated ethidium, the

relaxation time of the longest torsion normal mode, s2, is
reckoned from Eq. (A10) in Appendix A using N+1=25, a

typical torsion elastic constant, a=5.9�10�12 dyn cm, a

typical hydrodynamic radius RH=10.0 2, a contour length,

L=Nd (3.4)+2.7=84.3 2, and the fixed parameters in Table

1, which yields the friction factor for azimuthal rotation,

c=4.70�10�23 dyn cm s, and s2=0.50 ns. Similarly, the

longest bending time (T1) is reckoned from Eq. (A17) in

Appendix A, using the same fixed parameters in Table 1,

including, Pd=1800 2 cm for the dynamic persistence

length, which yields T1=0.14 ns. (The latest studies indicate

that Pd lies in the range 1800 (�200, +400) 2 [17–19].)

These times are much too short to be resolved by a

frequency domain instrument that reaches only to m=40
MHz, which can only bfullyQ resolve exponential decays

with relaxation times sk2/(2p/m)~8 ns. Such an instrument

can resolve only the uniform mode decays of the twisting

and tumbling correlation functions that are indicated in Eqs.

(A13) and (A19). For the same 24 bp DNA in aqueous

buffer at 293 K, Dt and D8 are reckoned from Eqs. (A1)

and (A3) [20], which yield D8=6.493�106 s�1 and

Dt=3.446�107 s�1. The time constants for the n=2, 1,

and 0 terms in Eq. (A6) are, respectively, (4Dt+2D8)
�1=

6.6 ns, (Dt+5D8)
�1=14.9 ns, and (6D8)

�1=25.7 ns, all of

which should be (nearly) satisfactorily resolved by the

frequency domain instrument. An essential point is that any

information regarding the torsion elastic constant comes not

from resolving the time course of the torsional deformation

modes, but only from the reduced amplitude, Bn(l),

carried by the uniform spinning modes in the n=2 and

n=1 terms in Eqs. (A6) and (A13). Unfortunately, these

amplitude reductions due the (relaxed) twisting deforma-
Table 1

Common input parameters

T (K) e0 (8) g (P) Pd (2)

293 70.5 0.001002 1800
tions cannot be reliably distinguished from the amplitude

reduction due to dye wobble (i.e. ARF=r0/0.4) for such

short DNAs, as will be seen. The situation is fundamen-

tally different for longer DNAs with Nk50 bp, where the

temporal decay of the torsion modes is at least partially

resolved, and the torsion elastic constant in favorable

cases can be separated from ARF or r0, although its

precision is low for DNAs as short as 50 bp [10,13,14].

For a 43 bp DNA the relative error (F43%) was unaccept-

ably large [11].

In our laboratory, the best-fit value of r0 for a given

sample of long DNA with Nz181 bp typically varies from

one data set to the next, which indicates that it is sensitive to

Poisson noise. Moreover, after averaging over many data

sets, the best-fit r0-values for different long DNA samples

are not always 0.36, but span the range, 0.31 to 0.38. The

average best-fit r0-values for short duplexes with 12–36 bp

exhibit a similar range, 0.33–0.38, when a is assumed to be

fixed at the same (typical) value, 5.9�10�12 dyn cm, for

every DNA examined, and higher values in the range

r0=0.365 to 0.380 are relatively more common (60%) than

in the case of long DNAs (unpublished data). A number of

experimental factors appear to contribute to small systematic

variations in r0, such as (i) sample-to-sample variations in

the Rayleigh scattered light or any short-lived fluorescence

from the filter, a very small percentage of which could reach

the detector; (ii) variations in the ratio of non-intercalated to

intercalated ethidium coupled with uncertainty regarding

how much of the non-intercalated dye is free and how much

is outside bound to the DNA in some unknown orientation

[15]; (iii) temporal fluctuations in laser power or photo-

multiplier gain; (iv) temporal shifts of the instrument

function; or (v) polarization artifacts arising from depolari-

zation in the polarizers and/or different detection efficien-

cies for the parallel and perpendicular polarization

configurations; and (vi) small amounts of unsuspected

dimerization, which can occur for 12 bp duplexes at

concentrations k15 mg/mL. The point is that the best-fit

value of r0 is by no means always 0.360, and is sensitive to

Poisson noise, as well as to small systematic experimental

errors and inaccurate fitting functions.

Using a frequency domain instrument similar to that of

Pedone and coworkers, Collini et al. obtained r0=0.34 to

0.345 for a 50 bp straight duplex, and r0=0.325 to 0.335 for

a 50 bp bent duplex [13], when both r0 and a were adjusted,

and Chirico et al. found best-fit values, r0=0.37 to 0.39 for

straight and intrinsically curved DNAs containing 31–111

bp, when the torsion elastic constant was fixed at 8�10�12

dyn cm [10]. In short, there is no evidence to suggest that r0
is always 0.36 or any other single value. Nor is there any

theoretical reason to expect that r0 should be the same for

every sequence.

Ethidium binds to duplex DNAs with Nz7 bp in a nearly

random fashion, apart from neighbor exclusion, with a

binding constant that is largely independent of DNA

composition [21–32]. The torsion elastic constant is also



Table 2

Standard input parameters for the r(t) curves in Fig. 1

Parameter set r0 a (dyn cm) RH (2) L (2)

1 0.335 11.96�10�12 10.04 83.52

2 0.345 5.86 10.04 83.52

3 0.370 2.41 10.04 83.52
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largely independent of base composition [15,33]. Hence,

some modest variation of r0 (or ARF) with sequence is á

priori just as likely as some variation of the torsion elastic

constant with sequence. The assumption that r0=0.36 for

every measurement on every DNA sample fails to satisfy

criteria (a) and (b) of the previous section for choice of

adjustable parameter.

2.1. Indistinguishability of r(t) curves with very different a

Fig. 1 presents the theoretical anisotropy function, r(t)

vs. t, for three rather different pairs of r0 and a values, but

identical values of the standard parameters in Table 1. The

similarity of these curves is so striking that it suffices to

discuss just the two curves with the greatest differences in r0
and a. The r(t) curves for r0=0.335, a=11.96�10�12 and for

r0=0.37, a=2.41�10�12 (Table 2), lie so close to one

another, especially for tN1 ns, that it would be practically

impossible to distinguish between them in the presence of

any realistic level of noise. This demonstrates that a very

large (~5-fold) reduction in a can be almost completely

compensated by a ~10% increase in r0 to obtain essentially

the same anisotropy decay curve. Conversely, a very large

(~5-fold) variation in a is required to compensate a rather

small (~10%) change in r0. Thus, fixing r0 at an even

slightly erroneous value would introduce very large errors

into the best-fit value of a.
The corresponding frequency domain spectra for the

modulation ratios and phase differences of the three r(t)

curves in Fig. 2 were computed from the theoretical

intensities in the absence of noise, It(t)=2(t)(1+2r(t))/3

and I8(t)=S(t)(1�r(t))/3, where S(t)=S0exp[�t/sE], and

sE=22�10�9 s is the lifetime of intercalated ethidium.

These computations followed the protocol of Chirico and

coworkers [10,13,14]. Specifically, a 0.2 ns sampling time

was employed and a fast Fourier transform of 4096 data

points was performed for It(t) and I8(t) in each case, and

the demodulation ratios and phase shifts were calculated at
Fig. 1. Calculated noise-free r(t) vs. t for the three sets of parameters in

Table 1. The thin line comes from set 1, the dashed line from set 2, and the

dotted line from set 3. The instrumental width is assumed to vanish,

corresponding to a delta function exciting pulse and an instantaneous

response of the detection electronics.
each frequency according to the equations in Refs. [13,14].

The resulting noise-free frequency-domain spectra in Fig. 2

are virtually indistinguishable except for the phase differ-

ences above 30 MHz, where a very small difference is

visible between the curve with r0=0.335, a=11.96�10�12

dyn cm and that with r0=0.37, a=2.41�10�12 dyn cm. The

largest difference between these two D/ curves, 0.48,
occurs at 40 MHz. At the next lowest of the 20 frequencies

sampled, namely 34.2 MHz, the difference is approximately

0.28, and at all 18 lower sampled frequencies the difference

between the two curves is considerably less than 0.28.
Pedone et al. state that the statistical berrorQ of a phase

measurement (/t or /8) is 0.28. Since two such measure-

ments are combined to obtain the phase difference

(D/=/8�/t), the statistical error in that quantity would

be 0.288c0.38. However, that value may be overly

optimistic for the highest frequencies. Although Pedone et

al. report no D/ vs. frequency data [1,2], such data were

published in earlier communications from the same labo-

ratory [3,4]. From the roughness of the consecutive data at

the four highest frequencies it would appear that those errors
Fig. 2. Simulated noise-free modulation ratio and phase difference vs.

frequency for the three sets of parameters in Table 2. The thin line comes

from set 1, the dashed line from set 2, and the dotted line from set 3. The

electronic detection response is assumed to be instantaneous.
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in D/ are closer to 0.4–0.58. The same conclusion is

reached by examining the D/ vs. frequency curves reported

by Chirico and coworkers, who employed a similar instru-

ment [10,13,14]. The difference between the two noise-free

theoretical D/ curves in Fig. 2 is either comparable to or

less than the experimental error at 40 MHz, and is

considerably less than the experimental error at all lower

sampled frequencies. In the presence of realistic noise, these

two curves could not be distinguished at any useful

confidence level (or significant difference in vr
2, defined

below) by the instrument and protocol employed. This will

be shown explicitly in the next section.

2.2. Inability of least-squares fitting to retrieve a and r0 in

the presence of Poisson noise

Is it possible to reliably determine the correct value of a
by fitting simulated FPA data containing Poisson noise with

different assumed fixed values of r0, and comparing the

resulting vr
2-values to determine the best choice of r0 and its

corresponding best-fit value of a? In order to address this

question, FPA data were simulated for r0=0.360 and 17

different input a-values spanning the interval, (1.5 to

9.0)�10�12 dyn cm, in steps of about 0.5�10�12 dyn cm,

while holding constant RH=10.0 2, L=84.3 2, and the

standard parameters in Table 1. The intensities of fluo-

rescence with polarizations parallel and perpendicular to

that of the exciting pulse are given by [15]

it tð Þ ¼ 1=3ð Þ
Z t

0

dt Ve t Vð ÞS0exp � t � t Vð Þ=sE½ �

d 1þ 2r t � t Vð Þð Þ ð1Þ

i? tð Þ ¼ 1=3ð Þ
Z t

0

dt Ve t Vð Þdt Ve t Vð ÞS0exp � t � t Vð Þ=sE½ �

d 1� r t � t Vð Þð Þ ð2Þ

wherein e(t) is the instrument function, S0 is the amplitude

of the fluorescence intensity, sE=22 ns is the fluorescence

lifetime of intercalated ethidium, and r(t) is calculated from

Eq. (A6). The instrument function was taken to be an

unnormalized Gaussian function centered at t0=13.6 ns in a

total time interval that runs from 0 to 148 ns. The FWHM of

the instrument function was taken to be 7 ns, to represent the

time resolution of a 40 MHz frequency domain instrument.

This can be seen by noting that the in- and out-of-phase

frequency domain signals at a particular frequency are just

the real and imaginary parts of the (one-sided) Fourier

transform of either it(t) or i8(t). Under the convolution

theorem, such a Fourier transform is just the Fourier

transform of e(t) times that of S0exp[�t/sE](1+2r(t�t V))
or that of S0exp[�t/sE](1�r(t�t V)). The Fourier transform

of the Gaussian, e(t)=(2prt
2)�1/2exp[�(t�t0)

2/2r t
2], is

E(x)=exp[�xrt)
2/2], where x=2pm, so the contributions

of frequencies above m=40 MHz, where xrtk1.0, are very

strongly attenuated. The height of the Gaussian was chosen
so that
R 148�10�9

0
e tð Þdt ¼ 9:3� 104 photon counts, and S0

was then chosen so that
R 148�10�9

0
itðtÞdt¼ 3:3� 106 counts

and
R 148�10�9

0
i? tð Þdt ¼ 2:4� 106 counts. The integrated

numbers of counts in e(t), it(t), and i8(t) are more than

twice what we usually collect in a single data set before

fitting. The time was divided into 0.16 ns intervals to

perform the convolutions. The final synthetic it(t) and i8(t)

values were obtained by adding the appropriate Poisson

noise to each bchannel,Q it(t) and i8(t), using the POIDEV

function [34]. A different random number seed was used for

each set of simulated FPA data. From it(t) and i8(t), the

simulated sum (s(t)) and difference (d(t)) functions were

reckoned according to [15]

s tð Þ ¼ it tð Þ þ 2i? tð Þ ¼
Z t

0

dt Ve t Vð ÞS0exp � t � t Vð Þ=sE½ �

ð3Þ

d tð Þ¼ it tð Þ�i? tð Þ¼
Z t

0

dt Ve t Vð ÞS0exp � t� t Vð Þ=sE½ �r t � t Vð Þ

ð4Þ

The anisotropy function used to fit d(t) is given by Eq.

(A6) with r0 fixed at each of a series of values (0.33, 0.34,

0.35, 0.36, 0.37, 0.38) with adjustable a, RH, and L, and

with other parameters fixed at the standard values in Table 1.

To simulate the FPA data, D8was computed using Eq. (A1)

in Appendix A with n=1.017. However, in the fitting

process for this example, no account was taken of any

shortening of the effective length due to spontaneous

curvature, which corresponds to the protocol employed by

Pedone et al., wherein the adjusted L should be regarded

as an effective contour length. The instrument function used

in the fitting procedure to deconvolute the simulated data

was the same Gaussian function used to calculate the

simulated data, except that now Poisson noise was added to

mimic the experimental instrument function. The fitting of

Eqs. (3) and (4) to their respective synthetic data was carried

out by a standard convolute and compare approach, im-

plemented via the Marquardt algorithm [35], to minimize

the reduced chi-squared (vr
2), as described previously [15].

(v2r ¼ 1=Nð Þ
PN

j¼1 ðdðtjÞth � dðtjÞexpÞ2=r2
dj
, where r2

dj
is the

variance (due to Poisson noise) of the bexperimentalQ
measurement, N is the number of data channels, and the

superscripts, bthQ and bexpQ denote theoretical and

bexperimentalQ values, respectively).
The questions addressed here are whether there exists a

significant minimum in a plot of vr
2 vs. assumed fixed value

of r0, when the assumed fixed value of r0 exactly matches

the input value, r0=0.36, and whether the best-fit value of a
for that bcorrectQ choice of fixed r0=0.36 also matches its

input value.

Seventeen simulated data sets with different input

a-values, but the same input r0=0.360, were fitted by using

each of six different fixed values of r0. For purposes of

comparison, vr
2 values were reckoned to the second place to



Fig. 3. vr
0 and best-fit a-value from fits to three sets of simulated FPA data

(with Poisson noise) vs. r0-value assumed in the fit. The three sets of

simulated data differ only in the value of a used to create them. o:

a=1.7�10�12 dyn cm; 5: a=4.5�10�12 dyn cm; .: a=8.0�10�12 dyn cm.

The other parameters used to create the simulated data were r0=0.36,

RH=10.0 2, L=84.3 2, D8=6.493�106 s�1, Pd=1800 2, e=70.58, T=293
K, and g=0.01002 P. The instrument function was a Gaussian with 7 ns

width, and Poisson noise was added to the calculated it(t) and i8(t). The

adjustable parameters in each fit are a, RH, and L, while all other

parameters except r0 are held fixed at their input values. Three of the best-

fit values of a are too large to be plotted on this figure. For the simulated

data with a=4.5�10�12, the best-fit a for assumed r0=0.33 is 1.2�10�3

dyn cm. For the data simulated with a=8.0�10�12, the best-fit a-values are
1.3�10+3 dyn cm for assumed r0=0.33, and 1.1�10�2 dyn cm for assumed

r0=0.34.
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the right of the decimal, which suffices for discrimination at

the ~1% level, well below the ~10%-level required for

statistical significance. In no case did a unique minimum in

vr
2 occur at r0=0.360, and in 4 of the 17 cases, the vr

2 value for

the assumed fixed r0=0.360 exceeded the lowest vr
2 value(s)

for other choice(s) of r0 by 0.01. Generally, there was no

significant variation of vr
2 with the assumed fixed value of r0,

except for the choice r0=0.33, where vr
2 values exceeding 1.1

were obtained for certain input a-values, namely for a=(5.5
to 9.0)�10�12 dyn cm, for whichvr

2-values from 1.12 to 1.26

were observed. In all of these cases, unphysically large best-

fit values, az2.1�10�2 dyn cm, were obtained. In fact, when

r0=0.33, unphysically large values, az1.4�10�9 dyn cm,

were obtained for all of the larger input a-values,
az3.50�10�12 dyn cm. Likewise, for the choice r0=0.34,

unphysically large best-fit values, az1.1�10�2 dyn cm,

were also obtained for all of the larger input values,

az6.50�10�12 dyn cm. However, in all of these latter

cases, vr
2V1.05. Unphysically large best-fit a-values are

always found for the larger input a-values and smaller

assumed fixed r0-values, simply because the simulated r(t)

curves with r0=0.360 and one of the larger input a-values
exhibit such high values that, when r0 is assumed to be fixed

at too low a value in the fitting protocol, it is no longer

possible to compensate by increasing a within any reason-

able bounds, so a diverges.

Fig. 3 presents plots of vr
2 vs. assumed fixed r0 for fits to

three simulated data sets, which were created using

r0=0.360 and very different values of a, specifically (1.7,

4.5 and 8.0)�10�12 dyn cm). These vr
2 are essentially flat

over the entire range of assumed fixed r0, except for the case

where synthetic data were created using a=8.0�10�12 dyn

cm and fitted using an assumed fixed r0=0.330, for which

vr
2=1.26. That value lies significantly above the other

vr
2-values. Apart from this one point, there is no statistical

basis for selecting any one value of r0 in the range 0.33 to

0.38 over any other. The best-fit values of a are also plotted

vs. assumed fixed value of r0 in the upper part of Fig. 3.

When the assumed fixed value of r0 matches the input value,

0.360, the best-fit values of a compare with their respective

input values as follows: a=(2.23 vs. 1.70)�10�12; a=(4.17
vs. 4.50)�10�12; a=(8.44 vs. 8.0)�10�12 dyn cm. The 31%

error in best-fit a for the case when input a=1.70�10�12

dyn cm, indicates that, even when r0 is fixed at the correct

input value, 0.360, there are still too many parameters (a,
RH, and L) that can be traded off against one another to

produce fits of nearly equivalent vr
2 with significantly

different values of the best-fit parameters. In that particular

example, the best-fit L=89.75 2 significantly exceeds the

expected value 83.53 2 (obtained from fits to noise-free

data), and the best-fit RH=9.19 2 lies significantly below

the input RH=10.0 2. For the other two cases, a=(4.5,
8.0)�10�12 dyn cm, where closer agreement between the

best-fit and input a-values prevails, the best-fit L-values

(82.08, 85.25 2) and RH-values (10.19, 9.91 2) lie much

closer to their expected values.
It is evident from Fig. 3 that errors in the best-fit a-values
can be extremely large, when the assumed fixed value of r0
differs from the input r0-value by as little as 0.01, especially

when the input a-value exceeds 5.5�10�12 dyn cm. As the

assumed fixed r0-value varies from r0=0.38 to 0.33, the

best-fit a-value ranges from (i) (1.25 to 8.72)�10�12 dyn

cm, a span of 7-fold, for input, a=1.70�10�12 dyn cm; (ii)

(2.05�10�12 to 1.2�10�3) dyn cm, a span of 5.9�108-fold,

for input a=4.50�10�12 dyn cm; and (iii) (3.36�10�12 to

1.3�10+3) dyn cm, a span of 3.9�1014-fold, for input

a=8.0�10�12 dyn cm. Clearly, the best-fit a is inordinately

sensitive to relatively small (F0.01) variations in the

assumed fixed value of r0! Thus adoption of r0 as an

assumed fixed parameter in fitting the FPA data strongly

violates criterion (c), as well as (a) and (b), of Introduction.

The explanation for the unphysically large best-fit a-
values was stated above. Suffice it to say here that the

assumed fixed value of r0 must be known with exceptional

precision, much better than F0.01, in order to prevent

extremely large errors in the best-fit a-values, when proper

account is taken of dynamic bending, as was done here.

Next, one might inquire whether fixing also the values of

L and RH at their expected values, in addition to fixing r0,

during the fitting of simulated data would enable a statisti-

cally significant minimum to be found in the plot of vr
2 vs.
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assumed fixed r0-value, and thereby allow a determination

of both r0 and a for a 24 bp DNA. Such fitting of the same

simulated FPA data described above was performed with

fixed L=84.3 2, RH=10.0 2 and D8=6.493�106 s�1 (the

input value), and r0 fixed at 0.33, 0.34, 0.35, 0.36, 0.37 or

0.38. All other parameters, except a, were fixed at the same

standard values as for the previous fits. In this case, a is the

only parameter adjusted in the fitting process. Fig. 4

presents vr
2 vs. assumed fixed value of r0 for fits of the

same FPA data as in Fig. 3, but now with a as the only

adjustable parameter. The results for vr
2 vs. r0, and a vs. r0

are very similar to those in Fig. 3, and the conclusions are

the same. Specifically, there is no significant variation of vr
2

above 1.10, except when r0=0.33 and input a=8.0�10�12

dyn cm. Again, the best-fit value of a varies strongly with

the assumed fixed r0 in the fitting protocol in a manner very

similar to that in Fig. 3. It is inferred from these results that

fixing L, RH and D8 at their correct input values still does

not make it possible to determine both r0 and a in a

statistically significant manner for a 24 bp DNA, and that

without an independent and rather accurate knowledge (or

guess) of the pertinent value of r0 for the particular DNA

studied, the error in the best-fit value of a is likely to be

rather large.

The preceding conclusions are based on data acquired

with a perfect instrument comprising perfect and perfectly

aligned polarizers with perfectly calibrated relative efficien-
Fig. 4. vr
2 and best-fit a-value from fits to three sets of simulated FPA data

(with Poisson noise) vs. r0-value assumed in the fit. The three sets of

simulated data are the same as in Fig. 3, and differ only in the value of a
used to create them. In the fit, a is the only adjustable parameter, while RH,

L, and all other parameters except r0 are held fixed at their input values.

Four of the best-fit values of a are too large to be plotted on this figure. For

the data simulated with a=4.5�10�12, the best-fit a for an assumed r0=0.33

is 6.0�10�1 dyn cm. For the simulated data with a=8.0�10�12, the best-fit

a-values are 1.3�10+4 dyn cm for assumed r0=0.33, 3.4�10+1 dyn cm for

assumed r0=0.34, and 2.58�10�11 dyn cm for assumed r0=0.35.
cies of the detection channels for parallel and perpendicu-

larly polarized light, a negligibly small aperture, a perfect

monochromator, a complete absence of any stray Rayleigh

or Raman scattered light from the sample, or fast fluo-

rescence from any filters used, and perfect electronics. In

addition, the bsampleQ exhibits no non-intercalated dye of

any kind, and no dimerization or other aggregation.

Imperfections in real instruments and real samples will

make the task of determining both r0 and a for a 24 (or 27)

bp DNA with an instrument like that of Pedone et al. [1,2]

even more difficult. This difficulty persists even for an

instrument with much higher time-resolution, as indicated

below.

2.3. Fitting FPA data for a real 24 bp DNA

Attempts to determine both r0 and a for a real 24 bp DNA

with the sequence GCCGTCGG CAGCGACCGGCTCGGC

by fitting FPA data taken in our laboratory were generally

unsuccessful in ways already seen with the synthetic data.

The sample contained 3.15�10�5 M duplexes and 1

ethidium per 500 bp in 100/10/1 NaCl/Tris/EDTA, pH 8.5,

293 K. Excess single strands and incomplete duplexes were

removed by hydroxyapatite chromatography, and analytical

gels gave no evidence of either failure sequences (in

bdenaturingQ gels) or incomplete duplex structures (in

bnativeQ gels). Twelve measurements were performed, four

at each of three time spans (36, 71, and 120 ns). The FWHM

of the instrument function, e(t), was b80 ps. The exper-

imental sum function s(t) in Eq. (3) is the convolution of e(t)

with the theoretical sum function (S(t)), which in this case

was taken to be a delta function (d(t)) with adjustable

amplitude. As, to account for stray light, plus two

exponentials with adjustable amplitudes and time constants

to account for intercalated and non-intercalated dye. The

latter accounted for less than 0.5% of the total light

contributed by the two exponentials. Similarly, the exper-

imental difference function in Eq. (4) is the convolution of

e(t) with the product of S(t) and the theoretical difference

function (D(t)), which in this case is taken to be D(t)=

S(t)d r(t)+rsAsd(t), where rs is the adjustable anisotropy of

the stray light.

When r(t) was fitted to the experimental data by

adjusting r0, RH, and rs for different assumed fixed values

of a, while holding constant all other parameters (L=84.3 2,
D8=6.493�106 s�1, and the standard parameters in Table 1),

the vr
2 value was found to vary insignificantly from

(1.00F0.05 to 1.01F0.05 to 1.02F0.05), as the assumed

fixed value of a was increased from (3.00 to 5.90 to

9.00)�10�12 dyn cm, respectively. The notation, 1.01F0.05,

means that the average of the 12 vr
2-values (one for each data

set), is 1.01, and that the standard deviation among those

same 12 values is 0.05. Results of this fitting protocol

(denoted by A) are listed in Table 3. Again, we find no

statistically significant preference for any one value of a
over any other within this 3-fold range. The corresponding



Table 3

Results of fitting experimental FPA for a 24 bp DNA by using protocols A, B, and C

Protocol vr
2 r0 RH (2) a (dyn cm) L (2) rs

A 1.00F0.05 0.393F0.004 10.1F0.1 3.0�10�12 (fixed) 84.3 (fixed) 0.33F0.06

1.01F0.05 0.376F0.004 10.1F0.1 5.9�10�12 (fixed) 84.3 (fixed) 0.38F0.05

1.02F0.05 0.368F0.004 10.1F0.1 9.0�10�12 (fixed) 84.3 (fixed) 0.39F0.05

B 1.00F0.05 0.387F0.009 10.1F0.1 3.8F1.0�10�12 84.3 (fixed) 0.35F0.06

C 1.00F0.05 0.390 (fixed) 10.3F0.6 3.3F0.7�10�12 82F6 0.34F0.05

1.00F0.05 0.380 (fixed) 10.1F0.6 4.9F1.2�10�12 84F6 0.36F0.05

1.01F0.05 0.375 (fixed) 10.0F0.6 6.0F1.7�10�12 85F6 0.38F0.05

1.01F0.05 0.370 (fixed) 9.9F0.6 8.9F3.4�10�12 87F7 0.30F0.05

1.01F0.06 0.365 (fixed) 9.8F0.6 1.6F1.1�10�11 88F7 0.40F0.05

1.02F0.05 0.360 (fixed) 9.7F0.6 7.9�10�12 to 2.8�10�4a 89F7 0.41F0.05

Protocols A, B, and C are described in the text. Fits were also performed for protocol C using r0 fixed at 0.355 and 0.350, for which some data sets yielded

enormously unphysical torsion constants greater than 1.0 dyn cm for those fits.
a The distribution of results was highly skewed, so the range of extracted values is given instead of the average (3.48�10�5 dyn cm) and standard deviation

(which exceeds the average).
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best-fit values of RH (10.14F0.12, 10.08F0.11, and 10.08F
0.11) are identical to one another within experimental

error. Thus, RH can be determined accurately by fixing a
anywhere in the range (3.0 to 9.0)�10�12 dyn cm!

When r0, RH, and a were all taken as adjustable, the

optimum value of vr
2 remained in the range 1.00F0.05,

indicating that no significant improvement in the fit could

be obtained by adjusting a in addition to r0 and RH. The

best-fit RH also remained practically unchanged at

10.11F0.13, as expected. The relative statistical error in

the best-fit a is F26% for this particular data set, but the

reproducibility error (difference in best-fit a) from one set

of data to the next is often much greater (data not

shown). Results of this fitting protocol (denoted by B) are

indicated in Table 3. Almost every set of experimental

data for DNAs of a comparable size admits a unique

least-squares solution for both r0 and a, but the optimum

values of these parameters vary greatly from one data set

(with its particular Poisson noise) to another for the same

system (data not shown). However, the variation in vr
2

among the fits is not statistically significant, as implied

by the results for fitting protocol A, so there is no

statistical basis to favor one set of optimum values over

any other.

When r(t) was fitted to the same experimental data by

adjusting a, RH, L and rs (and calculating D8 by Eq.

(A1) with n=1) for different assumed fixed values of r0
(0.360, 0.365, 0.370, 0.375, 0.380, 0.390) and the same

standard parameters in Table 1, the average vr
2 again varied

insignificantly within the range from 1.00F0.05 to

1.02F0.05, as the assumed fixed r0 was varied from

0.360 to 0.390. Results of this fitting protocol (denoted by

C) are indicated in Table 3. For assumed fixed r0=0.360, the

average of the best-fit a-values, 3.48�10�5 dyn cm, for the

12 data sets is unphysically large. Even for assumed fixed

r0=0.365, the average of the best-fit a-values, 16.1�10�12

dyn cm, significantly exceeds the largest value obtained for

any DNA by FPA (11.8�10�12 dyn cm [36]) or by any

other method (14.1�10�12 dyn cm [37]), and is surely too

large [38–41]. However, for assumed fixed r0-values in the
range (0.370 to 0.390) the best-fit a-values lie in the range

((8.88 to 3.34)�10�12 dyn cm) as expected from the above

results for protocol A in Table 3. These observations suggest

that r0z0.370 for this DNA, and that use of fixed r0=0.360

most likely substantially overestimates a for some of the

data sets.

We conclude that, for DNAs as short as 24 bp, r0 and a
cannot both be reliably retrieved by fitting data acquired

with an instrument whose time resolution is comparable to

that of Pedone et al., even when all model parameters

except for r0 and a are known accurately in advance. Even

with much superior time resolution, b80 ps, and a more

highly purified sample that is 19-fold more dilute, and

correspondingly less prone to dimerization, it was not

possible to determine unique values for both r0 and a.
However, it was possible to rule out certain values of r0,

as indicated below.

2.4. Values of r0V0.365 are ruled out for our 24 bp DNA

The assumed fixed value, r0=0.360, could be ruled out,

because best-fit a-values for 8 of the 12 data sets analyzed

exceed 15�10�12 dyn cm, which exceeds the largest a-
value obtained previously for any DNA by any method.

Moreover, four of those eight values exceed 72�10�12 dyn

cm, which is absurdly large, and three of those exceed

8970�10�12 dyn cm, which is much larger still. The

slightly higher assumed fixed value, r0=0.365, can most

probably also be ruled out, because the corresponding best-

fit a-values for 5 of the 12 data sets also exceed 15�10�12

dyn cm. By applying this criterion (that best-fit a-values
should not exceed 15�10�12 dyn cm) the acceptable range

of assumed fixed r0 is 0.370–0.39. This example provides

an instructive demonstration that r0 is not precisely 0.360

for all 24 bp DNAs, contrary to the assumption of Pedone et

al. [1,2]. It also shows that the choice of assumed fixed

r0=0.360 in this case causes half of the best-fit a-values to
be too large, some of them by several orders of magnitude.

Additional fits of the same FPA data were performed for

assumed fixed r0=0.355 and 0.350. In those cases, some of
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the data sets yielded grossly unphysical best-fit a-values
greater than 1.0 dyn cm.

2.5. Why no absurdly large values were observed by

Pedone et al.

There arises the question of why Pedone et al. apparently

observed no absurdly large values of a by fitting their data

with the assumed fixed r0=0.360 [1,2]. The primary reason

is that the effects of dynamic bending were neglected in

their fitting protocol. In order to compensate for this neglect

of depolarization due to dynamic bending, either the best-fit

ARF must lie below its actual value, so as to provide an

extra amplitude of dye wobble, or the best-fit value of a
must be only about 2/3 (or less) of its actual value to provide

an extra amplitude of twisting. As the assumed fixed ARF-

value is decreased below its actual value, corresponding to a

larger amplitude of dye wobble, then a smaller excess

amplitude of twisting is required, and the best-fit a-value
rises, at first from about 2/3 of its actual value toward its

actual value. Finally for still greater decreases in the

assumed fixed ARF-value, the best-fit a-value rises above

its actual value. In contrast, when the effects of dynamic

bending are taken into account in the fitting protocol by

assuming fixed Pd=1800 2, the best-fit a-value rises above
its actual value as soon as the assumed fixed ARF-value is

decreased below its actual value, and reaches much higher

values for the same decrease in assumed fixed ARF-value

than is the case when no account is taken of dynamic

bending. If a slightly lower r0 value, such as r0=0.350 , had

been selected by Pedone et al. [1,2], then absurdly large

best-fit a-values would likely have been observed for some

samples, despite their neglect of dynamic bending.

2.6. Variations in RH and L

Our usual protocol (denoted by A in Table 3) for fitting

FPA data from DNAs containing 12 to 36 bp is to fix a at

one or more suitable values in the range (3 to 9)�10�12 dyn

cm, to fix L=Nh+2.7 2, and to fix all other parameters at

appropriate standard values like those in Table 1, and to

adjust r0 and RH. The values of RH obtained in this way are

very insensitive to the choice of a, as seen for protocol A in

Table 3.

For a collection of eight different experimental DNAs

containing 12(3x), 16, 24, and 36(3x) bp, all of the average

best-fit RH-values lie in the range 10.0F0.2 2 [7], as

observed for the 24-mer in Table 3 (protocol A). This, we

believe, is the correct range for such short DNAs.

Pedone et al. employed a different protocol, wherein r0
was fixed at 0.36, while a, RH, and L were all taken as

adjustable [1,2]. They did not report the RH and L values in

their recent study of forty-three 24 bp DNAs [1], but in their

earlier study of ten 27 bp DNAs, the best-fit RH- and L-

values (obtained from the rise per bp, h) were reported for

each DNA [2]. The RH-values ranged from 10.8 to 11.8 2
and are not obviously correlated with a. It appears that the
best-fit RH values are all significantly (1.08- to 1.13-fold)

too large and that the spread among them (~1 2) is also too

great. Both of these results are well outside the ranges that

we have found for such short DNAs via protocol A. Best-fit

experimental L-values are reckoned from the reported best-

fit rises per base pair (h) [2] according to L=(27)h 2. These
L-values span the range from 78.3 (for h=2.9 2) to 91.8 (for

h=3.4 2), and are not obviously correlated with a. It appears
that the reductions in effective length below 94.5 2 are

much too great for many of these DNAs, and that the spread

in effective lengths among these DNAs is also too great. The

effect of equilibrium rms curvature is to decrease the

effective length of such short DNAs by only ~1%

(determined by fits to noise-free data), yet the observed

range of reductions (from 94.5 2) extends from 0.97- to

0.85-fold. The overestimation of RH and underestimation of

L, and also the unanticipated spreads among both RH and L

appear to be incompatible with the model of Pedone et al.,

as discussed in the following section. Evidently, the choice

of r0 as a fixed parameter in the fit violates criterion (d) of

Introduction. Together with the foregoing analyses, this

demonstrates that fixing r0 violates all of the stated criteria

for a reasonable choice of such a fixed parameter.

2.7. Comparison of the model of Pedone et al. with the

reported values of RH and L

According to the model of Pedone et al., the 53 DNAs

all exhibit precisely the same value r0 (0.360), but a range

of a-values. FPA data for 27 bp DNAs were simulated

using r0=0.360 and each of a series of a-values spanning

the range from (1.5 to 9.0)�10�12 dyn cm in steps of

0.5�10�12 dyn cm. The other input values were RH=10.0

2, L=94.5 2, and the standard parameters in Table 1. The

instrument function was taken to be a Gaussian with 7 ns

FWHM to represent the time-resolution of the 40 MHz

frequency domain instrument. Poisson noise was added to

the computed FPA data as before. In the fitting protocol,

we fix r0=0.360, and adjust a, RH, and L, while holding

all other parameters at their input values, except for Pd,

which is assumed to be Pd=l. Also, no account is taken of

the slight reduction in effective length due to the equilibrium

persistence length, Peq=500 2. Because this effect is

incorporated into the simulated FPA data, the best-fit

effective length in the absence of noise is L=93.6 2, about
1% less than the input value. This fitting protocol corre-

sponds to that of Pedone et al. [1,2].

The best-fit-values of RH and L typically lie within one

standard deviation of their expected input values, but the

best-fit a is only about 2/3 of its input value in nearly all

cases, except for the particular input value of 2.0�10�12

dyn cm. The results for input a=(2.0 to 5.9)�10�12 dyn cm

are shown in Table 4. This ~0.66-fold discrepancy between

typical best-fit and input values of a is due primarily to

neglecting the effects of dynamic bending in the fitting



Table 4

Summary of best-fit values extracted from FPA data simulated according to

the model of Pedone et al., and from experimental phase and modulation

data

a (10�12 dyn cm) RH (2) L (2)

Extracted from simulated

FPA dataa
1.71 to 3.96 10.2F0.1 91.4F1.3

Extracted from phase

and modulation

measurements [2]b

2.3 to 5.3 11.0F0.3 85.1F4.2

a The first row presents average best-fit values obtained from FPA data

that were simulated using input a-values in the range (2.0 to 5.9)�10�12

dyn cm, and input values of the other parameters: r0=0.360, N+1=28,

RH=10.0 2, L=94.5 2, Pd=1800 2, e=70.58, T=293 K, g=0.01002 P, and

D8=6.493�106 s�1. The instrument function was a Gaussian with 7 ns

width. For each choice of simulated parameters (i.e. for each input value of

a), three different FPA data sets were generated by the addition of Poisson

noise to the calculated it(t) and i8(t). For the least squares fits, r0 was held

fixed at 0.360 and Pd was assumed to be infinite, while a, RH, and L were

varied, as described in the text. On each iteration of the fitting protocol, D8

was calculated from the current trial values of RH, and L according to Eq.

(A1) with n=1.0. The table shows the range of average best-fit a-values,
and the average best-fit values and standard deviations of RH and L for the

simulated data sets.
b The second row indicates the range of best-fit a-values and the average

best-fit values and standard deviations of RH and L reported by Pedone et al.

for ten 27 bp DNAs [2].
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protocol [1,2]. One consequence of this reduction in a is that

an input a-value as high as 9.0�10�12 dyn cm barely suffices

to yield the maximum experimental value, a=5.3�10�12 dyn

cm, obtained for the set of ten 27 bp DNAs, and fails to yield

the maximum experimental value, 7.9�10�12 dyn cm,

obtained for the forty-three 24 bp DNAs. The relative

statistical errors are ~2% in RH and L and ~5–10% in a.
The 0.66-fold systematic discrepancy clearly dominates the

statistical error in a.
The average experimental values reported by Pedone et

al. [2] are also indicated in Table 4. The average of the

experimental RH-values, hRHi=11.05F0.33 2, exceeds

what we believe to be the correct value (10.00F0.2 2)
by ~10% [2]. The spread of the best-fit experimental

RH-values among the different samples is taken to be the

standard deviation about the mean of those same values.

The ratio of spreads of the RH-values for the experimental

and simulated samples is ~0.33/0.13=2.54, which signifi-

cantly exceeds 1.0. The experimental values of Pedone et al.

for the rise per bp yield an average length for a 27 bp DNA,

hLi=85.1F4.2 2. This hLi lies below the expected value,

L=0.99((27)(3.4)+2.7)=93.6 2 by ~9%, and the ratio of the

spreads of the experimental and synthetic values, 4.2/

1.5=2.8, also significantly exceeds 1.0. Unless these short

DNAs are all very highly curved, there is no plausible

reason for the experimental RH to systematically exceed its

expected value by so much, or for L to systematically

underlie its expected value by so much. Also, the spreads

among the experimental RH- and L-values are also much

greater than predicted by the model. It may be concluded

that the model of Pedone et al. (wherein all DNAs exhibit
r0=0.360, but different values of a) does not adequately

mimic the experimental results for RH and L.

2.8. Comparison of an alternative model with the reported

RH and L

We now consider an alternative model, wherein all

DNAs possess the same value of a, but different values of
r0. This model lies at the opposite extreme from that of

Pedone et al., wherein all DNAs possess the same r0, but

different a. Although real DNAs surely lie between these

two extremes, it is instructive to ask which extreme model

best accounts for the experimental results of Pedone et al. It

is important to ascertain the origins of the peculiar results

reported for RH and L.

FPA data were simulated using a single input value,

a=5.9�10�12 dyn cm, for all DNAs, but different input

r0-values, which span the range from 0.325 to 0.380 in

steps of 0.005. The simulation protocol and all other input

parameters are precisely the same as in the preceding

section, and the fitting protocol with assumed fixed

r0=0.360 and adjustable a, RH, and L is also identical.

This model provides ranges of best-fit a-values, RH-

values, and L-values that overlap the corresponding

experimental data for both 27 bp and 24 bp DNAs (data

not shown). In that sense, it provides better agreement

with the experimental results for RH and L. However, it

also predicts a significant correlation of the larger best-fit

RH-values with the smaller L-values and a-values, which
is not reflected in the experimental data. Although this

model provides a better overall match to the experimental

results, neither this model nor that of Pedone et al.

captures the fact that the best-fit reported RH-values all

exceed 10.7 2. This circumstance suggests the presence

of some additional systematic error. One possibility is that

the detection efficiency of the b8Q channel of the

frequency-domain instrument exceeds that of the btQ
channel by ~0.6%. Factory calibration of the so-called g-

factor, which characterizes the ratio of detection efficien-

cies of the two channels is stated to be accurate to within

F0.8%. We can simulate the effects of such a small

systematic error simply by scaling It(t) by 0.994 prior to

fitting. This corresponds to a 0.6% error, within the

allowed range.

This systematic error is incorporated into the simulated

FPA data for the model of Pedone et al., and those data are

fitted in the same way as before with assumed fixed

r0=0.360 (data not shown). This slight downscaling of it(t)

(relative to i8(t)) causes a (further) reduction in the best-fit

a-values by (0.83F0.12)-fold. Consequently, even for a

rather large input value, a=9.0�10�12 dyn cm, the

corresponding best-fit a-value, 4.40�10�12 dyn cm, lies

significantly below the maximum experimental values, ((5.3

and 7.9)�10�12) dyn cm, obtained for the 27 and 24 bp

DNAs, respectively [1,2]. Also, for input aV2.5�10�12 dyn

cm, the best-fit a-values lie well below the lowest
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experimental values, (2.3 and 1.8)�10�12 dyn cm, reported

for 27 and 24 bp DNAs, respectively.

For input a-values in the range (9.0 to 3.0)�10�12 dyn

cm, the best-fit RH-values lie in the range 10.4 to 10.9 2,
which contains 5 of the 10 experimental values. However, in

order to attain RH-values as high as the other five

experimental values (11.0 to 11.8 2), the best-fit a-values
would have to lie significantly below the lowest exper-

imental value (2.3�10�12 dyn cm) reported for any of the

ten 27 bp DNAs.

Best-fit L-values lie in the narrow range 87.2 to 82.9 2
for all input a-values from (9.0 to 3.0)�10�12 dyn cm. In

particular, no L-values are found to be as high as the 91.8 2
found for 2 of the 10 experimental DNAs, or as low as the 3

lowest values (78.3, 81.0 and 81.0 2) among those 10

DNAs.

We conclude that downscaling It(t) actually worsens the

overall agreement between the model of Pedone et al. and

the experimental data.

The same systematic error is incorporated into the

simulated FPA data for the alternative model, and those

data are fitted in the same way as before with assumed fixed

r0=0.360 to obtain the results in Table 5. This slight

downscaling of It(t) causes (0.82F0.07)-fold reductions in

best-fit a, virtually the same as for the model of Pedone et al.

Now, as the input r0 is decreased from 0.370 to 0.350, a
declines monotonically from (5.3 to 2.25)�10�12 dyn cm,

which closely matches the experimental span (5.3 to

2.3)�10�12 dyn cm for the ten 27 bp DNAs. Over the

range of input r0 from 0.365 to 0.340, the best-fit RH

precisely covers the experimental range, 10.7 to 11.8 2, and
over the range of input r0 from 0.37 to 0.335, the best-fit L-
Table 5

Results of fitting simulated FPA data for 27 bp DNAs plus one intercalated

ethidium with different input r0-values, and with 0.994 scaling of it(t), but

fitted with fixed r0=0.360

Simulated r0 a (10�12 dyn cm) RH (2) L (2)

0.335 1.49F0.14 11.7F0.7 78.6F4.2

0.340 1.66F0.08 11.8F0.2 77.1F1.1

0.345 2.09F0.14 11.2F0.1 81.0F0.5

0.350 2.25F0.14 11.2F0.4 81.2F3.1

0.355 2.82F0.20 10.8F0.3 84.0F1.7

0.360 3.56F0.37 10.7F0.2 85.0F1.4

0.365 3.82F0.08 10.8F0.2 84.4F1.8

0.370 5.29F0.48 10.2F0.2 89.4F2.4

Each line is obtained by fitting three different sets of FPA data that were

simulated with the indicated value of r0. The other parameters used to

simulate the FPA data were: (N+1)=28, a=5.9�10�12 dyn cm, RH=10.0 2,
L=94.5 2, D8=6.493�10�3 ns�1, Pd=1800 2, e=70.58, T=293 K , and

g=0.01002 P. The instrument function was a Gaussian with 7 ns width. The

theoretical it(t) was scaled by 0.994. Poisson noise was included in the

simulated data, and three different simulated data sets were generated for

each value of r0. For the least squares fits, r0 was held fixed at 0.360 and Pd

was assumed to be infinite, while a, RH, and L were varied, as described in

the text. On each iteration of the fitting protocol, D8 was calculated from

the current trial values of RH and L according to Eq. (A1) with n=1.0. The
table shows the average and standard deviations of the best-fit values of a,
RH, and L for each simulated data set.
values extend from 89.4 to 77.1 2, which also nearly covers

the experimental span (91.8 to 78.3 2). Thus, this

alternative model with the single input a=5.9�10�12 dyn

cm and a range of input r0-values within the previously

observed range, together with a slight error in the factory

calibrated g-factor within its allowed range, is capable of

producing nearly all of the experimental values of a, RH,

and L. There still is predicted a significant correlation

between larger RH values and smaller a- and L-values that is
not evident in the experimental data for the ten 27 bp DNAs.

This may indicate that other sources of variability in the

data, or other factors, including some modest variation in

the actual a-values among the different DNAs, are also

involved.

Although this comparison with the experimental data by

no means proves that any error in the g-factor prevails in the

experiments of Pedone et al., it is consistent with that

possibility.

The ~0.82-fold reductions in best-fit a for either model,

which arise from a 0.6% error in g-factor, provide another

example of the extreme sensitivity of best-fit a to spurious

factors in the case of such short DNAs, whenever r0 is

assumed fixed at 0.360. In contrast, for much longer DNAs,

where both r0 and a can be determined reliably, a 0.994

downscaling of It(t) causes only a ~2% reduction in the

best-fit a and a ~0.5% decrease in r0.

2.9. Conclusions regarding the reported a-values

The foregoing considerations and analyses indicate that:

(1) DNAs with very (~5-fold) different a-values and slightly
(~10%) different r0-values can have r(t) curves that are very

nearly identical for all tz1 ns; (2) for DNAs containing 24

bp, a and r0 cannot be simultaneously assessed using an

instrument with a time resolution of 7 ns, or even b80 ps; (3)

r0 is not always 0.360, but varies over a considerable range

(0.31 to 0.38); (4) small relative errors (]10%) in r0 can

cause enormous (several-fold) errors in the best-fit a-values;
(5) the 4.4-fold span of experimental a-values reported by

Pedone et al. can be obtained from data that are simulated

using a single typical input a-value and various input r0-

values within the reasonable range, 0.370 to 0.340, by

fitting those data according to the protocol of Pedone et al.

(i.e. with assumed fixed r0=0.360); and (6) when the

simulated It(t) are systematically downscaled by 0.994, this

latter model provides much better overall agreement with

the experimental results for RH and L than does the model of

Pedone et al. [1,2]. This suggests that variations in r0 among

the different DNAs are more significant than variations in a,
but does not preclude modest variations in a. We conclude

that many, if not all, of the 53 a-values reported by Pedone

et al. are likely to contain substantial systematic errors. Such

systematic errors vary from one sample to another in both

magnitude and direction, depending upon their unknown r0-

values, so neither the relative values, nor the 4.4-fold spread

among those, nor the average of all 53 such values would be
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expected to remain unaffected, in the event that such errors

could be corrected.

Superimposed on the preceding variable systematic

errors is a more uniform systematic error that stems from

neglecting the effects of dynamic bending, and which acts to

reduce the best-fit a by ~0.66-fold below what it would be

otherwise.

In the absence of precise independent measurements of

r0 in each case, none of the 53 reported a-values for 24 and

27 bp DNAs [1,2] can be regarded as experimentally

justified. In particular, the relative variations in a among the

different sequences almost certainly contain substantial, if

not dominant, contributions from modest variations in their

actual r0-values, so the 4.4-fold spread among the reported

a-values is most likely much too large. For those 24 or 27

bp sequences, whose actual r0-values lie below 0.360, the

reported a-values are 0.66-fold too low or lower, due to the

failure to account for effects of dynamic bending. For the

longer calf-thymus DNA, the reported a-value is about

0.76-fold too low for the same reason [33].

It is not only conceivable but likely that variations among

the reported best-fit a-values of Pedone et al. arise more

from variations among the actual r0-values of the different

DNAs than from variations among their actual a-values. In
other words, the reported a-values may be better correlated

with stiffness against libration of the intercalated dye than

with stiffness against twisting.

2.10. Validity of the elastic constants for reported for 136

tetranucleotide steps

The 53 DNAs were reported to contain collectively all

136 distinct tetranucleotide steps. The measured torsion

elastic constant of each DNA was expressed in terms of the

torsion elastic constants of the central dinucleotide steps of

each of its overlapping interior tetranucleotide sequences

plus the dinucleotide steps at its ends, all of which are

assumed to be independent of any longer range sequence

context. The end-step values were fixed by assumption. A

genetic algorithm was employed to determine the value of

the torsion elastic constant associated with the central

dinucleotide step of each of the 136 possible tetranucleotide

steps. This algorithm varied the 136 trial torsion elastic

constants, so as to reduce the sum of squared differences

between the calculated and measured values for the 53

DNAs below some unspecified target value. This problem is

equally well formulated as a least-squares minimization

problem, wherein a set of 53 measured values is fitted by

adjusting 136 parameters. Because this problem is enor-

mously underdetermined, a unique solution normally does

not exist. Instead, there are usually infinitely many choices of

the parameters that yield the same minimum value of the sum

of squared differences. Because the minimum value was not

reached, there are likely even more possible solutions

compatible with the data. The only circumstance, wherein

a unique least-squares solution could result is one, wherein
the system actually follows a simpler model, such as a

dinucleotide model, that is subsumed by the tetranucleotide

model, but which is characterized by nV53 parameters. Thus,

any claim to have determined a unique solution for all 136

tetranucleotide sequences by fitting only 53 measured values

for different DNA sequences necessarily also implies that the

system does not follow the full tetranucleotide model, but

instead follows a subsumed simpler model with sufficient

redundancy among the torsion elastic constants of different

tetranucleotides to reduce the number of relevant adjustable

parameters from 136 to 53 or less.

Serious objections can be raised against the torsion

elastic constants reported by Pedone et al. for the 136

tetranucleotide sequences [1]. First, the 53 reported torsion

elastic constants, from which the 136 tetranucleotide values

were extracted, are themselves unreliable, and most likely

contain large and variable systematic errors, as noted above.

Indeed, variations among those 53 reported torsion elastic

constants are more likely to be correlated with variations

among the actual r0-values than with variations among the

actual a-values of those 53 DNAs. In such a case, Eq. (3) of

Pedone et al. would not apply, and the genetic algorithm

would have fitted an inapplicable relation to the exper-

imental data. Second, it is highly doubtful that the torsion

elastic constants obtained for the 136 tetranucleotide steps

constitute a unique solution to the least-squares problem. No

evidence is presented that the genetic algorithm has reached

any kind of a minimum in the sum of squared differences,

much less the true minimum. On three successive runs of

the genetic algorithm beginning with uniform trial values

(a=2 or 5 or 8)�10�12 dyn cm, about 116 of the

tetranucleotide a-values came to nearly the same final

values but about 20 came to significantly different values

[1]. Moreover, upon adding the measured torsion elastic

constants of 10 additional sequences to the set of 53, the

genetic algorithm became bunstable.Q These observations

are particularly difficult to reconcile with any notion that the

136 reported values constitute a unique solution to the least-

squares problem. If no unique solution exists, then the

problem is underdetermined and infinitely many equally

probable solutions must exist. Finally, substantial evidence

for long range effects of certain sequences, especially

alternating (CG)n, on the structure and torsion elastic

constant of their flanking DNA has been reported [42,43].

Such behavior indicates a failure of simple dinucleotide or

tetranucleotide models for certain sequences. In the absence

of any more substantial supporting evidence, the 136

reported values of the torsion elastic constants for the

different tetranucleotide sequences [1] cannot be taken

seriously.
Acknowledgement

This work was supported in part by a grant R01

GM61685 from the National Institutes of Health.



B.S. Fujimoto, J.M. Schurr / Biophysical Chemistry 116 (2005) 41–55 53
Appendix A

The diffusion coefficient for uniform rigid body rotation

around a transverse axis perpendicular to the symmetry axis

is given by [20]

D? ¼ n3kBT lnpþ d?ð Þ= pL3g
� �

ðA1Þ

where kB is Boltzman’s constant, L=Nh+2.7 2 is the

contour length of an N bp DNA with rise per bp h that

contains one intercalated ethidium, p=L/(2RH) is the axial

ratio, g is the solvent viscosity, d8 is given by [17]

d? ¼ � 0:662þ 0:917=pð Þ � 0:050=p2 ðA2Þ

and n is a scale factor that takes into account the slight

reduction in end-to-end distance due to spontaneous

curvature appropriate for an equilibrium persistence length,

Peq=500 2. This scale factor is reckoned by the method of

Hagerman and Zimm for DNAs of different length and

extrapolated to the length, L=(N+1)h. For N+1=25, it is

found that n=1.017 [44]. In the present application this scale

factor is practically inconsequential, and is included mainly

for completeness, and to maintain consistency with our

treatment of somewhat longer DNAs [17,36].

The diffusion coefficient for uniform rigid body rotation

around the symmetry axis is given by

Dt ¼ kBT= 3:841ð Þ 1þ dt
� �

pR2
HLg

� �
ðA3Þ

where

dt ¼ 1:119� 10�4 þ 0:6884=pð Þ � 0:2019=p2
� �

: ðA4Þ

The friction factor per bp for aximuthal rotation about the

symmetry axis is

c ¼ ft= N þ 1ð Þ ¼ 3:841ð Þ 1þ dt
� �

pR2
Hhg ðA5Þ

The theoretical anisotropy function is given by [16]

r tð Þ ¼ r0
X2
n¼0

InCn tð ÞFn tð Þ ðA6Þ

wherein r0=(0.4)(ARF), the amplitude reduction factor is

ARF ¼ hP2 cosbFð Þi ðA7Þ

and bF is the angle between the transition dipole and its

minimum energy position which in turn makes an angle

e0=70.58 with the helix-axis.

I0 ¼ 3=2ð Þcos2e0 � 1=2
� �2 ðA8aÞ

I1 ¼ 3cos2e0sin
2e0 ðA8bÞ

I2 ¼ 3=4ð Þsin4e0 ðA8cÞ
The twisting correlation function is given by

Cn tð Þ ¼ N þ 1ð Þ�1
XNþ1

m¼1

exp � n2
XNþ1

S ¼2

d2S Q
2
mS 1� e�t=sS
	 
" #

� exp � n2Dtt
� �

ðA9Þ

where

sS ¼ c= 4asin2 S � 1ð Þp= 2 N þ 1ð Þð Þ½ �
� �

ðA10Þ

is the relaxation time of the S th normal mode, and a is the

torsion elastic constant between bp.

d2S ¼ kBT= 4asin2 S � 1ð Þp= 2 N þ 1ð Þð Þ½ �
� �

ðA11Þ

is the mean squared amplitude of the S th normal mode.

QmS ¼ 1� dS 1ð Þ 2= N þ 1ð Þ½ �1=2cos m� 1=2ð Þ S � 1ð Þp½
= N þ 1ð Þ� þ dS 1 1= N þ 1ð Þ½ �1=2 ðA12Þ

is the projection of the S th normal mode onto the mth

subunit (either bp or intercalated dye). The residual

amplitude of Cn(t) at times tNs2, after the torsional

deformations have decayed always, is given by

Cn tð Þ ¼ Bn lð Þexp � n2Dtt
� �

ðA13Þ

where

Bn lð Þ ¼ N þ 1ð Þ�1
XNþ1

m�1

exp � n2
XNþ1

S ¼2

d2S QmS
2

" #
ðA14Þ

In the present study, the Cn(t) are evaluated numerically

by completing the sums in Eq. (A9) and/or Eq. (A14). The

tumbling correlation function is given by

Fn tð Þ ¼ exp

"
� 6� n2
� �

D?t � 6� n2
� �

An

�
Xkmax

k¼1

1� e�t=Tk
	 


= 2k þ 1ð Þ2
#

ðA15Þ

where

An ¼ � ln Dn lð Þ= 6� n2
� � Xkmax

k¼1

1= 2k þ 1ð Þ2
" #

ðA16Þ

and the bending times are given by

1=Tk ¼ kBTPdj
4
k= 4pgð Þ

� �
K0 jkRHð Þ þ jkRH

2


 �
K1 jkRHð Þ

� �
k ¼ 1; 2; N ðA17Þ

wherein jku(2k+1)p/2L, Pd is the dynamic persistence

length, and K0(x) and K1(x) are modified Bessel functions,

and

Dn lð Þ ¼ Znð Þ�1=2
exp � Zn=3ð Þ p1=2=2

	 

erf Z1=2

n

	 

ðA18Þ
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and Zn=(6�n2)L/4Pd. The mode index kmax is the largest

integer beyond which the Tk begin to decrease (unphysi-

cally) with increasing k, and the sum is truncated at that

point [16]. At long times, tHT1, after the bending modes

have decayed away, the tumbling correlation function

becomes

Fn tð Þ ¼ Dn lð Þexp � 6� n2
� �

D?t
� �

ðA19Þ
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