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The decay of the fluorescence polarization anisotropy (FPA) of etbidium bromide bound to DNA has been studied over 
a range of time-spans from 18 ns to 120 ns with the aid of a picosecond dye Iaser. These FPA data have been fitted to 
three different functional forms: (1) tbe single-exponential-decay-plus-baseline employed by Wabl et al.; (2) the Initial Es- 
ponential Decay Zone formula of a recently developed rigid-rod and torsion sprin, 0 model for the torsion dynamics of 
DNA; (3) the Intermediate Zone foimula of that same model. At any fixed experimental time-span the formulas (2) and 
(3) provide slightly better tits than formula (I), but cannot be distinguished from each other by reduced chi-squared values 
alone. However, only the Intermediate Zone formula fits the data from all different time-spans with the same set of physical 
parameters. The parameters determined for formulas (1) and (2) vary with the time-span of the aperimeni in a characferis- 
tic manner that can be rationalized in the event that the FPA actually follows the Intermediate Zone curve. The fact that the 
torsion dynamics for this DNA is well described by the Intermediate Zone formula discounts the possibility of distinct wide- 
ly spaced torsion joints in su& clean DNAs. We are able to provide the first reliable value for the torsional rigidity of DNA, 
C= 1.29 k 0.10 X lo-” dyne cm2 in 0.01 hl NacI at 25OC, 

1. Introduction 

The decay of the fluorescence polarization aniso- 
tropy (FPA) of ethidium cation bound to DNA prov- 
ides information about both the long-range torsional 
flexibility and the possible existence of lot Azed 
mechanical inhomogeneities, or elastically weak tor- 
sion ‘fjoints”, in the macromolecular filament [I ] _ 
Arguments presented earlier [I ,2] demonstrate that 
in the time range accessible using ethidium dye, which 
has a lifetime of about 22 ns when bound to DNA, 
the depolarization of the fluorescence is essentially 
completely dominated by torsional Brownian motion 
about the local symmetry axis of the filament. In a 
previous paper [I 3, hereinafter referred to as I, a 
model consir ting of a linear sequence of identical, 
rigid rods connected at their ends by torsion springs 
and undergoing coupled rotational Brownian motion 
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about their fixed symmetry ases was proposed as a 
model for the torsion dynamics of DNA. An exact, 
though rather complicated, formulation was developed 
for the complete time-course of the decay of the FPA 
of dyes rigidly bound to that model. 

The total time course of the relaxation can be divided 
into four characteristic time zones (i) the Initial Ex- 
ponential Decay Zone, (ii) the Intermediate Zone, (iii) 
the Longest Internal Mode Zone: and (iv) the Unifcrm 
Mode Zone. The physical significance of the various 
zones is as follows. In the very early moments of the 
relaxation the elementary rod units rotate virtually 
independently of one another, so the initial decay of 
the FPA in this Initial Exponential Decay Zone is es- 
sentially that expected for rotational diffusion of un- 
coupled rods. Moreover, the decay rate is inveisely 
proportional to the. rod friction factor, or rod length, 
so that the individual rods are effectively “resolved” 
in this zone. At somewhat longer times such resolu- 
‘>on of the uncoupled rod motions is no longer possible 
and the decay of the FPA is indistinguishable from 
that of an infinitely long continuum elastic filament. 
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This is the Intermediate-Zone. At still longer times 
end-effects due to the finite length of the Lament will 
become important. In other words, in this Longest 
Internal Mode Zone the extra depolarization of dyes 
attached near the free ends, where the amplitude of 
the torsional motions is much greater, will become 
important_ Finally, the Uniform Mode Zone encom- 
passes times so long that all of the higher internal 
modes have relaxed and only the uniform mode of rota- 
tion of the entire filament about its local symmetry axis 
contributes to the remaining depolarization_ Simple 
approximate formulae are applicable in zones (i), (ii) 
and (iv). 

The observed relaxations of the FPA of ethidium 
dye bound to either calf-thymus DNA (M, = 6.6 X 
106)3 or the present clean 029 DNA (M, = 11 S X 106) 
from O-l 20 ns are incompatible with relaxations in 
zones (iii) and (iv). The Uniform Mode Zones of DNA’s 
of such great length can be ruled out because their 
relaxation rates are much too slow to contribute on 
this time scale. The Longest Internal Mode Zones are 
also ruled out by an argument based on an inverse : 
mismatch between the upper bound for the torsion 
constant imposed by the observed FPA at 120 ns and 
a lower bound arising from the requirement that the 
observed relaxation lie in zone (iii), as described for 
the calf-thymus DNA in sections 4 and 5 of paper I. In 
the case of the present 929 DNA that inverse mismatch 
is even greater. Thus, the observed relaxation of the 
FPA of ethidium dye bound to these two DNA’s must 
lie in either the Initial Exponential Decay Zone or the 
Intermediate Zone_ Fortunately, for each of these zones 
a simple and accurate approximate formula is available 
for interpretation of the experimental data. 

It was subsequently found [I] that the FPA &c~J* 
data of Wahl et al. [3] for the calf-thymus DNA: 
ethidium cation complex could be equally well de- 
scribed by Initial Exponential Decay Zone behavior 
with a rod-length of 86 base-pairs, corresponding to 
widely spaced torsion joints, or by Intermediate Zone 
behavior with a rod-length of 1 -base pair, correspond- 
ing to a torsionaLly uniform continuous elastic filament 
[2] over the accessible time-range of the experiment_ 
That is, existing literature data for the relaxation of 
the FPA are inadequate to permit a distinction between 
these two possible torsion models. By employing 
steady-stare FPA data [3] for the same complex in an 
extremely viscous, highly concentrated sucrose solu- 

tion, a decision in favor of the model with torsion 
joints every 86 base-pairs could be made, assuming 
that the sucrose did not significantly~perturb the 
elastic and frictional properties of the DNA. Such a 
conclusion remains contingent upon the validity of 
the FPA relaxation curve of Wahl et al., especially at 
times below 5 ns [ I] , where it is most difficult to ob- 
tain rehable data. Our motivation to search for torsion 
joints stems from dynamic light scattering experi- 
ments described in paper I and in forthcoming publica- 
tions [4,5], wherein evidence is presented that bound 
contaminants, presumably basic proteins, present in 
commercial calf-thymus, and even some viral, DNA 
preparations profoundly influence the dynamics of 
internal Brownian motions at neutral pH, and also con- 
tribute to the titratable joint phenomenon at pH 
10.2. The possibility that the native Watson-Crick 
structure might occasionally be interrupted by stretches 
of left-handed Z-helix [17,18] is also of considerable 
interest. Such a structural inhomogeneity would be ex- 
pected to be associated with substantial alteration of 
the local torsion elastic properties, especially at the 
junctions between right- and left-handed helical do- 
mains. 

The objective of the present work is to obtain for 
a clean viral DNA experimental data of sufficient 
precision at very short times that a decision between 
the two zones, or equivalently between torsion joints 
and torsional uniformity of that DNA, can be made, 
and to obtain the long-range torsion elastic constant 
oi the filament. 

We have studied the decay of the FPA of ethidium 
dye bound to 029 DNA over a range of time spam 

from 18 ns to 120 ns at channel delays, or time resolu- 
tions, of 41 ps to 320 ps, respectively_ The viral @29 
DNA used in this study has been the subject of ex- 
tensive dynamic light scattering studies [4-73 and is 
known to possess no significant amount of adsorbed 
protein or polycation contaminants that are capable 
of inducing titratable joints of the kind mentioned 
above- The data have been analyzed using both the Ini- 
tial Exponential Decay Zone formula and the Inter- 
mediate Zone formula of our model. For completeness 
the data have also been analyzed in terms of the simple 
singleexponential plus-baseline formula employed by 
Wahl et al. [3,8]. 



2. Materials and methods 

2.1. DNA samples 

Concentrated stock solutions of DNA (-2 mg ml-’ 
DNA) were prepared in the manner described previous- 
ly [4] _ For the FPA measurements the DNA was 
simply diluted to 0.05 mg ml-’ with lo-’ M NaCl 
solution containing ethidium bromide at a concentra- 
tion ofO.lO~gml-l_ The pH of the final solution 
was 7.2. 

Under these conditions the ratio of the molar DNA 
phosphate concentration to the molar dye concentra- 
tion, the P/D ratio, is -600. This value of P/D is -5 
times larger than for any previous studies and insures 
that decay of the FPA due to the energy transfer 
between dye molecules is completely negligible [S] . 

2.2_ FIuoresceirce aniso Wopy measurements 

2.2.1. Experimemal apparatus 
These measurements were carried out using a pico- 

second pulsed dye laser and time-correlated single- 
photon-counting detection_ Fig_ 1 is a schematic of 
the experimental apparatus. The Spectra-Physics pico- 
second dye laser consists of a mode-locked Ar+ laser 
synchronously pumping a cavity-dumped dye laser. 

Operation of the system is as follows: the output 
of the dye laser passes through the beam-splitter BS, 
a W-grade prism polarizer P, , a polarization rotator 
PR and finally enters the sample cell C containing the 
fiuorophore solution_ The sample cell is enclosed in a 
housing with both entrance and exit apertures (as well 
as a side-view aperture) so that the unabsorbed Iaser 
beam can be dumped. The resulting fluorescence signal 
is viewed at right angles to the incident beam direction. 
The fluorescent light passes through the 630 nm cut-on 
fdter,F, a similar polarizer Pz, a monochromator 
(Bausch and Lomb 0.25 meter) and is finally detected 
by the photomultiplier tube PM. 

Output pulses from the photomuitiplier tube (an 
RCA 31034 operating at 2200 V in a thermoelectrical- 
ly cooled housing) are amplified and then input to an 
Ortec 934 consmrrt-fraction discriminator (CFD) the 
output of which serves as the START pulse for the 
Ortec 457 biased time-to-ampitude converted (TAC). 
The beam splitter directs a portion of the incident 
laser pulse into the photodiode PD (an HPSO82-4203 

operating at -90 V bias with a rise time <I ns). The 
output of the photodiode, after appropriate constant- 
fraction discrimination and delay is used as the STOP 
pulse for the TAC. This “inverted” mode of opera- 
tion increases the throughput rate of the TAC by en- 
suring that the TAC is only ever started when a photon 
has been detected, thus eliminating dead-time due to 
“time-out” which occurs in the conventional TAC con- 
figuration (i.e. START and STOP reversed from the 
configuration in fig. l), when no photon is detected (i-t-. 
most of the time) [9] _ 

Finally the TAC output is input to a Tracer North- 
ern TN-I 705 pulse height analyzer (PHA), which builds 
up to the histogram of photon arrival times, which, of 
course, is just the fluorescence response of the system. 
The PHA is interfaced to a TERAK/LSI-I 1 microcom- 
puter which transfers the data onto floppy disc and 
performs curve-fitting on the experimental data. 

The two polarizers and the polarization rotator are 
essential to measure the polarization components 
(vertical and horizontal) of the fluorescence intensity- 
Roth P, and Pz are aligned to be precisely parallel 
to the initial laser polarization (i.e. vertical) and the 
required polarization component is then selected by 
rotating the plant of polarization of the incident light 
with the polarization rotator; 0” rotation gives the 
vertical component and 90° rotation the horizcntal 
component. To measure “rotation-free” fluorescence 
lifetimes the initial beam polarization is rotated by 
54.7”. This scheme has the particular advantage that 
the light-incident on the monochromator always has 
the same polarization (vertical) and the well-known 
problem of the polarization dependence of the mono- 
chromator transmission coefficient is thus eliminated. 

All experiments described here were done with 
rhodamine 6G as the lasing medium for the dye-laser 
and the cavity-dumping rate was 800 kHz. All measure- 
ments were made with the dye-laser tuned in the 
range 575-585 nm and the fluorescence was monitored 
at 650 nm. In addition, to ensure single-photon statis- 
tics and eliminate distortion due to pulse pile-up, the 
monochromator slits were closed down to give a 
photon detection rate which was less than 10% (usually 
-1%) of the cavity-dumping rate [IO]. The dye-laser 
pulse width was measured to be 615 ps using the tech- 
nique of background-free correlation by second har- 
monic generation [ 1 l] and the full-width half-maxi- 
mum of the photomultiplier tube in response to these 
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Fis 1. Picosecond laser and single-photon counting system. 
ML: mode-Iocker, Ar*: argon ion laser, FSM: front surface 
mirror, DL: dye laser, CD: cavity-dumper. BS: beam splitter, 
PD: photodiode, PI, Pz: prism polarizer, PR: polarization 
rotator, F: red filter, MONO: monochromator, PM: photo- 
multiplier t\iSe, CFD: constant-fraction-discriminator, TAC: 
time-to-amplitude converter, PHA: pulse height analyzer. 

pulses was 580 ps. Ah experiments were performed 
at room temperature, 25 f l°C. 

Z-2-2. Fluorescence components 

The measured vertical and horizontal polarization 
components of the fluorescence intensity, iv(t) and 
iH(r) respectively, can be combined to form the 
following two experimental decay curves, 

s(t) = iv(t) i- 2 iH (t), d(t) = iv(r) - iH (r)_ 

s(r) and d(t) are related to the true decay curves S(t) 
and D(t) by the usual convolution relations, 

s(t) = j e(r’)S(r - r’)dt’, 
0 

f 
g(r) = 1 e(r’))(r - r’)dr’. 

(24 

D 

Here e(r) is the apparatus response function, which is 
determined by recording the decay function with a 
diffuse scatterer in place of the fhrorophore solution. 
Note that, as e(r) is measured at the excitation wave- 
length and s(r) and d(t) are measured at a different 
(longer) wave length, care must be taken that e(r) is 

not distorted by the wavelength dependence of the 
photomultiplier tube response. For jn&+rce we have 
found that for an RCA 8850 phototube itS resflonse is 
shifted to longer times and its pulse-shape changes as 
the wavelength of the incident light goes from 580 nm 
to 640 nm. However, the RCA 3 1034, which was used 
in the present experiments, has much greater red 

sensitivity and a broader spectral range than the-8850 

and has been found to be free of such wavelength- 
dependent behavior_ 

The fluorescence polarization anisotropy r(r) is 
simply the ratio of the difference and the sum of the 
two polarization components i.e. 

r(t) = JWlS(r). 

This relationshrp plus eq. (2b) gives 

(3) 

d(r) = j e(ry)r(r - r’)S(r - r’) dr’. 
0 

(4) 

The scheme for analyzing the anisotropy decay is 
then as follows: 

I ) measure iv(r), iH (t) and e(r) (for the same number 
of laser “shots”): 

2) calculate (point by point) s(t) and d(r); 
3) determine S(r) by fitting the s(r) data to a con- 

volution of e(r) and an exponential decay (or sum of 
exponential decays); 

4) using S(t) determined in 3) fit the d(r) data to 
a convolution of e(r) and the product r(t)S(r) to de- 
termine the best-fit parameter values for the particular 
model chosen for r(r)_ 

Curve-fitting is carried out on the TERAK/LSI-I 1 
using a convolute-and-compare approach with our local- 
ly written non-linear least-squares FORTRAN program 
which is based on the Marquardt algorithm [ 121. For 
the special case (i.e. S(r)) when the functional form was 
simply a convolution of the instrument response and a 
sum of exponentiak, a huge reduction in computing 
time was achieved using the recursion relations for the- 
function and its derivatives given by Grinvald and 
Skinberg [ k3]. In this casks sum of exponent& could.- 
be fitted in about 90 seconds cr less. When the fitting 
involved more complex forms for which recursion 
relations were not available, the data fitting typically 
tooh 20 minutes or more. Several (34) complete data 
sets were measured and fitted for each experimental 
time-span_ 



Z-3_ Models for r/t) 

The following expression for the fluorescence polari- 
zation anisotropy was given in paper I, 

r(r) = ru car + n&t) + a&04I, (5) 

where 

a1 = (; cos% - f)‘, a2 = 3 sin% COGE, 

a3 = +n%, 

and E = 70.5” is the constant angle between the transi- 
tion dipole moment of the ethidium cation and the 
local helix axis. The initial decay amplitude r. has a 
maximum value of 0.4. Approximate formulae for 
the correlation function g(r) E (exp C-i [4(t) 
- O(O)]}), R (where d(r) denotes the instantaneous 
torsion an&e of a rod, and the subscripts T,R denote 
averages over all trajectories (T) of the system, and 
all rods (R) to which the dye might bind) were given 
in paper I for the two relaxation zones of interest. 

g(t)= exp[qz z!?L] ; 
I +at/y dY< 1, (6) 

where (Y is the torsion spring constant between rods 
and y is the friction factor for azimuthal rotation 
about the symmetry axis of the rod. k, is the Boltz- 
mann constant and Tis the absolute temperature_ 

In this case data for the various channels II = 0, I, 
3 _, --_ of the pulse height analyzer were fitted to an ex- 
pression of the form 

wherein r 
. 0’ 

C, = y/At k&, . 30; = c&T, (8) 

were treated as adjustable parameters. The channel 
delay time At is a known experimental constant for 
any particular data set. Because the Initial Exponen- 
tial Decay Zone formula is expected to be always valid 
on some sufficiently short time-scale, it is anticipated 

that eq. (7) should provide the least satisfactory fit 
to the long time-span data, and become increasingly 
better as the time-scale is reduced, prcvided that this 
zone is actually accessible to a substantial fraction of 
the data channels at the shorter time-spans. We return 
to this point subsequently_ 

We have generally assumed that y may be computed 
for a rod of any given Iength using Perrin’s result [ 141 
for cylinders, which can be expressed in the form 

r=ygP (9) 

where y. = 4~ r&h = 5.47 X 1O-‘3 dyne cm s is the 
fraction factor of a short cylinder 3.4 A long and 13 
A in radius , -orresponding to 1 base-pair, and p is the 
number of base-pairs in one rod, or between torsion 
joints, in the model. Clearly, an experimental determi- 
nation of C, would permit evaluation of p, whereas 
D, would permit evaluation of the torsion elastic 
constant cr. 

2.3.2. Intermediare zone 

g(r) = exp [-kB 7(~/iraY)t”] ; (at/y) 2 I /4. (10) 

The peculiar fidependence of the argument of this 
exponential function is characteristic of this zone. In 
this case the data were fitted to 

r+z) = ru [CI~ + a~ exp(--C&G) + a3 exp(--4C&)] _ 
(1 I> 

wherein both r. and 

(12) 

were treated as adjustable parameters. For a given lolzg- 
rarzge torsional rigidity and friction factor per unit 
length the product ay is independent of the number 
of base pairs p in the elementary rod (which cannot be 
resolved in this zone), because y = yup and (Y = so/p, 

where Yo, a0 apply for p = 1 base-pair. Determination 
of C, then permits evaluation of ao, provided y. can 
be accurately estimated from Perrin’s formula above. 

23.3. Single exponerzrial decq plus basehe 

For the single-exponential-plus-baseline formula of 
Wahl et al. [3,S] the data were simply fitted to the 
form 
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Fig. 2. The sum fhxescence rap&e S(C) on a timescale of 0.1599 ns/channeL The Lwst-fit-kngle experiential (convoluted with 
the instrument response) gives a lifetime of 22.2 ns. The differences between the data and the fitted curve can be seen scattered 
about zero. 
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Fig_ 4. The difference fluorescence response d@) and the best-fit curve using the lntemediate Zone eq. (1 I) for r@). The Iower 
curve is the difference between the da& axid the best-fit curve. Tixnescaie: 0.1599 nsfchannef. 
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Fig.~. The difference fi~ckzxcenu? r&&se d(t) ind the best-fit cutve using the single-exponential-plus-baseline eq. (13) for r(t)_ 
The lpwq awe is thti’diffrena! between the datiand the best-fit curve. Timescale: 0.1599 ns@mnnel 
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r(i) = A 1 exp [-C,n] + A2 ,. (13) 

-whert5nAl,A2 and 

CB s At/r (14) 

were treated as adjustable parameters, and 7 is the 
relaxation time. 

3. Results and discussion 

Fig. 2 is a representative plot of the sum data s(t) 
along with the best-lit single exponential (convoluted 
with the instrument response) on a time scale of 
0.1599 ns/channel. The figure is simply a bit-mapped 
facsimile of the computer display and due to the 
limited resolution of the graphics system (320 X 240) 
only every second datum point appears on the figure. 
Note that, for the same reason, the data are substan- 
tially smoother than it would appear from the graph 
(this is particularly true out on the “tail” of the curve). 
The differences between the experimental data and 
the fitted curve are also shown on the figure and it 
can be seen that they are reasonably evenly scattered 
around zero indicating a good fit to the experimental 
data. The exponential relaxation time, which is just 
the fluorescence lifetime of the ethidium bromide dye, 
is 22.2 ns. Furthermore, over the entire range of time- 
spans (O-18 us to O-120 ns), or respective channel 
delays (41-320 ps), investigated the sum data gave 
relaxation times that were within 7% of this value. 

The xz values obtained were:generally comparable 
for eqs. (7), (11) and (13). However, except for the 
shortest time-span, lower valueswere consistently ob- 
served for eqs. (7) and (11) than for eq. (13). For. 
example, the x,” values in figs. 3,4, and 5 are S-0,6.2, 
and 9.7, respectively. This indicates that the Initial 
Exponential Decay Zone and Intermediate Zone for- 
mulae actually provide a superior fit to the data. Al- 
though the xz values for eqs. (7) and (11) were general- 
ly quite close on all time scales, it must be noted that 
the former Initial Exponential Decay_ Zone formula 
contains 3 adjustable parameters, whereas the latter 
Intermediate Zone formula contains only 2. 

A plot of the corresponding difference data d(t) is 

presented in figs_ 3,4 and 5 along with the best fits 
to those data using eq. (4) with r(t) described by eqs. 
(7), (1 l), and (13) respectively. Evidently, all three 
formulae represent this particular data set rather well, 
although it is notable that the singleexponential-plus- 
baseline equation (13) does not give quite as good a 
lit at short times. The question now arises as to which 
representation of r(t) most faithfully describes the 
decay of the FPA. The question is answered by con- 
sidering: 

It is notable that these reduced &i-squared values 
are much larger than that oc,” = 1.0) expected when 
the functional form is a good representation of the 
data, and when the standard deviation of the data is 
independently known, as we believe it is in this case 
of simple Poisson photon statistics [ 12]_ However it is 
obvious that the fits to the data are much better than 
the x,” values imply, except for the aforementioned 
significant deviations in the first few channels, 
which evidently are the source of these anomalously 
large x,’ values. We believe that this systematic devia- 
tion in the very early channels is due to a very small 
intermittent timing jitter (<40 ps) in the TAC/PHA 
combination and to the detection of both stray light 
and Raman scattered light that are transmitted through 
the monochromator- Such light is not convoluted with 
the response of the dye, and is therefore not properly 
accounted for in the curve-fitting procedure. 

3.2. Variktion of model parameters with experimental 
time-span 

i) the “goodness-of-fit” for each formula, as mea- 
sured by the reduced &i-squared values (x,2): 

ii) the variation of the best-fit model parameters 
with the time-span of the experiment_ 

Figs. 6,7 and 8 summarize the results of experi- 
ments performed over the different time-spans, which 
were varied simply by changing the indicated channel 
delay. Each point is the average of three to four mea- 
surements. In fig. 6 the two parameters C, and r. of 
the Intermediate Zone eq. (11) are plotted against the 
square-root of the-channel delay (A?)v_ Two things 
are immediately apparent from this figure. 

i) C, is very nearly proportional to (&)lp in con- 
cordance with eq. (12). 

ii) The initial anisotropy is in the range 0.32> 2 r. 
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Fig. 6. Variation of the best-fit parameters Ca (A) and ro (+) 
for the Intermediate Zone eq. (11) with experimental time- 
span. Note that the parameters are plotted against the square- 
?oof of delay time per channel (ie. A?"')_ Each point repre- 
smts the average value obtained from 3-4 experiments at a 
given channel delay-rime. 

5 0.345 and changes very little as the experimental 
time-scale is varied from 18 ns to I20 ns, in accord 
with eq. (1.1). 

The three best-fit parameters ro, CK and y of the 
Initial Exponential Decay Zone eqs. (7) and (8) are 
plotted versus channel delay At in fig. 7. It is immedi- 
ately apparent that y and a are not constant, as re- 
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Fig. 7. The three best-fit parameters ro, Q and 1 for the Initial 
Exponential Decay Zone eqs. (7) and (8) as a function of de- 
lay time per channel. or equivalently the experimental time- 
span. Note that in this case the abscissa is simply A?. Each 
point represents the average value obtained from 34 experi- 
ments at a given @mnnel delay time. 
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Fig_ 8. The three-best-fit paramercrs A, (5). AZ(X) and i(e) 
for the sin_gle-exponential-plus-baseline eq. (13) as a function 
of delay time per channel. or equivalently the experimental 
time-span. Note that in this case the abscissa is simply Af. 
Each point represents the average value obtained from 3-4 
experiments at a given channel delay time. 

quired by the physical model. Specifically, CY increases 
and 7 decreases, both in a pronounced and progressive- 
ly steepening manner, as the time-span of the experi- 
ment is decreased, Evidently, the Initial Exponential 
Decay Zone formula cannot adequately describe the 
decay of the FPA data over the complete range of 
time-spans with a fied set of parameters Q’ and y. 
Moreover, this failure is obviously exacerbated by 
decreasing the time-span of the experiment, which 
would have been expected to improve the validity of 
the Initial Exponential Decay Zone, if that zone were 
actually accessible to a substantial fraction of the data 
channels, as noted above. 

The three best-fit parameters A 1, A z and r for the 
single-exponential-plus-baseline eq. (13) are shown as 
a function of 4t in fig. 8. It is seen that these param- 
eters a!1 vary markedly in a non-linear way with the 
time-span of the experiment. Specifically, as the experi- 
mental time-span is reduced, the exponential decay 
time r and amplitude A 1 decrease dramatically, whilst 
the baseline undergoes a complementary increase. 
Evidently, this formula cannot adequately describe 
the decay of the FPA data over the complete range of 
time-spans with a faed set of the parameters A 1 ~ A2 
and 7. 

The success of the Intermediate Zone formula and 
the failure of both Initial Exponential Decay Zone and 
single-exponential-plus-baseline formulas are demon- 



Fig_ 9. Predicted behavioi of r(f) for the3ntermediate Zone 

eq. 11. r(r) is reconstructed from the best-fit parameters ob- 
tained from the two extreme time-spans (O-18 ns and O-120 
ns). The broken line is the extrapolation of the 18 11s curve 
to 120 ns. Note the close agreement between the two curves. 

strated conclusively in figs. 9, 10 and 11. Here we 
have reconstructed r(r) using the- best-fit parameters 
of all three formulae for the two extreme experimen- 
tal time-spans, viz_ 0-l 8 ns and O-l 20 ns. The broken 
lines are obtained by extrapolating the 18 ns curves 
out to 120 ns. For the hrtermediate Zone essentially 
the same T(Z) curve is obtained using the best-fit 
parameters from either the short or long time span 
data (fig_ 9), whereas for both the Initial Exponential 
Decay Zone and singleexponential-plus-baseline for- 
mulae the short and long time-span parameters give 
radically different decay curves (figs. IO and 11). 

The limiting slope of the Intermediate Zone for- 
mula (eq. (11)) rises to inftity at t = 0, and its curva- 
ture likewise diverges at t = 0. Clearly, when the data 
actually fall in the Intermediate Zone, the best-fit 
single-exponential-plus-baseline curves would be ex- 
pected to show-decreasing relaxation times and ampli- 
tudes, and also increasing base-lines with any decrease 
in experimental time-span, and these trend should 
accelerate at the shorter time-spans, as observed in 
fig. 8. Likewise, the failure of the Initial Exponential 
Decay Zone formula would be expected to become 
progressively more severe, in the sense that the best- 
fit 7, which governs the initial exponential relaxation 
time, would undergo an accelerating decrease, and a, 
which governs the apparent plateau at long times, 
should undergo an accelerating increase with decreas- 

Fig. 10. Predicted behavior of r(t) for the Initial Exponential 
Decay Zone eq. (7). r(r) is reconstructed from the best-fit 
parametersro. IX and y obtained from the two extreme time- 
spans (O-18 ns and O-120 ns). The broken line is the extra- 
polation of the 18 ns curve to 120 ns Note the large disparity 
between the two curves. 

ing experimental time-span, as observed in fig. 7. Thus, 
the variation of the fitting “results” for all of the for- 
mulas (7) (11) and (13) with the experimental time- 
span can be rationalized under the premise that the 
data fall in the Intermediate Zone. 
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Fig. 11. Predicted behavior of r(r) for the singleexponential- 
plus-baseline es. (13). r(r) isreconstructed from the best-fit 
parameters obtained from the two extreme time-spans (O-18 
N and O-120 ns). The broken line is the extrapolation of the 
18 ns curve to.120 ns. Note the large disparity between the 
two curves. 
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3.3. DNA t.zsion constant 

The~sloPe of the C, versus (Af)‘” plot ln fig. 6 
gives a very reliable value for the torsion constant a of 
the Hookean springs connecting the rods in the DNA_ 
The broken curve depicts the best-fit straight line to 
the data whilst the solid curve is a similar fit, but in 
this case the straight line is constrained to pass through 
the origin. The slop& of these two curves, 0.055 and 
0.05 1, respectively, differ by less than 8%. 

Squaring both sides and rearranging eq. (I 2) gives 

a_k$T2 At 

xy $2 

(15) 

Using the value r. = 5.5 X 1O-23 dyne cm s for a rod 
of length 1 base-pair (c-f. eq. (9)) and the smaller 
value of the slope (C2/(&)“2) obtained above gives 

Q = (3.8 2 0.3) X 10-l’ dyne cm (16) 

at 25O. Making use of the relation C= c&p [l ] , where 
h = 3.4 X 1 O-’ cm is the rise per base-pair along the 
DNA, and p = 1 = 1 base-pair per rod, as assumed in 
computing ro, there results 

C= 1.29 2 0.10 X 10-l’ dyne cm2 (17) 

for the long-range torsional rigidity of this (p29 viral 
DNA in 10e2 M NaCl at 25°C. This value is the first 
accurate experimental estimate of the torsion elasric 
constant for DNA, or indeed for any macromolecule_ 

The twist energy parameter is given in paper I as 
U(2rrr, N)ZV/(k, TT~) = C2s2/(hkg ~7, where 
U(2nr.N) is the torsion energy required to introduce 
r complete twists into an axially fiied DNA segment 
of N base-pairs_ In the present case it has the value 

U(%r, IV)IV/(kB 2-G) = 182 I, (18) 

which lies significantly below the value 2541 estimat- 
ed using the Intermediate Zone torsional rigidity C= 
1.77 X IO-” obtained from the data of Wahl et al. 
for calf-thymus DNA at 20°C in paper I. Whether this 
discrepancy is attributable to a real difference in the 
DNA’s studied, or to errors inherent in the data of 
Wahl et al. is not known at the present time. ln any 
event the value in eq. (18) still exceeds all of the mea- 
sured [ 15,161 free-energy parameters F(T, IV)ZV/(kBT?) 
where F(T, iV) is the free-energy required to introduce 
7 superhelical coils (actually topological twists) into a 

DNA segment of N base-pairs, which parameters general- 
ly lie in the range 1070 I 150, except for one plasmid 
DNA that gives anomalously high values from 139% 
I560 1151. It may be concluded that the axial bend- 
ing deformation associated with the tertiary turns acts 
to substantially relieve the torsion strain energy that 
would otherwise be required to introduce these topolo- 
gical twists into a given segment of DNA. 

3.4. Pil_vsical sig?zifica?zce of the intenlzediate zone 

Our conclusion that the data fall in the Intermediate 
Zone implies that this DNA behaves essentially as a 
torsionally smooth continuous elastic fiiament. It is 
obvious, however, that sufficiently closeIy spaced 
torsion joints could have escaped detection, and like- 
wise that very widely spaced torsion joints also would 
not have been detected, so it is worthwhile to com- 
ment on the probable limits placed on joint spacing, 
or rod-length, by these experiments_ 

The best-fit value of 7 for the Initial Exponential 
Decay Zone at the shortest time-span is y = 0.79 X 1 Ozl 
dyne cm s, which in view of eq. (9) gives p = 15 base- 
pairs for the apparent elementary rod-length. If, in 
fact, the rod-length were p = 20 base-pairs, or greater, 
then the 7 and Q values should have begun to flatten 
out on the shortest time-span, rather than continuing 
their accelerating trends. Rod lengths much shorter 
than p = 20 base-pairs would probabIy not have pro- 
duced sufficient Initial Exponential &cay Zone beha- 
vior to alter these trends even at the shortest time-span_ 
The long-time limit of the Initial Exponential Decay 
Zone is determined (from at/; C I ) to be r < 4 ns. 
Thus, rod-lengths much less than about p =S 20 base- 
pairs would not have been detected in these experi- 
ments_ 

The maximum distance between torsion joints that 
could have been detected in these experiments is more 
difficult to estimate with precision, because ihe answer 
obviously depends on how weak is the torsion constant 
at the joint in comparison to the a that we have just 
measured, which presumably applies only to the uniform 
region between jqints. If the joints were to exhibit 
torsion constants that are negligibly small compared to 
Q, then the torsion dynamics would be essentially just 
that of unconnected uniform segments of DNA of a 
length equal to the intejoint spacing. As shown in paper 
I, the observations should begin to deviate from Inter- 



mediate Zone behavior when t_=~ 120 ns > rtl, the relax- 

ation time of the 11 th normal mode of the interjoint 
DNA-segment, which is given approximately by rI1 = 

+yn(n + l)‘/lOOnrr* (c-f. eq. (28) of I), where m + 1 

is-the number of base-pairs between jotits. Using y. 
from eq. (9) and (II from eq. (16) one finds the criter- 

ion (rz + 1)s 2870 for the onset of significant 

end-effects in the short segments between joints, 

which would be expected to produce downward devia- 

tions of the FPA from the Intermediate Zone curve. 

Allowing for a finite o at the torsion joints, a more 

conservative figure of (72 + 1) 5 1000 base-pairs is 
probably justified_ That is, joints farther apart than 

1000 base pairs would likely have escaped detection, 

while those closer than 1000 base-pairs should have 

produced significant deviations from the Intermediate 

Zone formula. 
In summary, the present data indicate that the 

linear density of torsion joints cannot lie in the range 
from 1 in every 20 base-pairs to roughly 1 in every 
1000 base-pairs This indicates that the present clean 
@29 DNA does not contain locally denatured regions 

within this linear density range, nor does it within 

the same limits bear bound protein contaminants that 

substantially alter its local elastic properties, in general 
agreement with the dynamic light scattering results’ 
[4,53 _ The present data also provide a strong, but not 

absolutely conclusive, argument that regions of Z-helix 

do not occur within the stated range of linear densities 

in the present 029 DNA. Only if torsional rigidity 
could be maintained at the junctions between right- 

and left-handed helix would such structures be allow- 

ed by the present data. 
The question of the existence of torsion joints in 

DNA’s that have bound basic proteins and polycations . 
is currently under investigation; as is the variation of 
then torsion elastic constant with temperature, pH, salt, 

and adsorbed polycations. 

4. Conclusion 

Neither the initial Exponential Decay Zone formula 

nor the single-exponential-plus-baseline employed by 
Wahl et al. is capable of fitting the present data for a 
clean @29 DNA over the full range of experimental 

time-spans with the same fixed set of parameters_ 
The present data are very well fit on all experimen- 

tal time-spans by the.Irrtermediate.Zone formula with 
essentially the same set of parameters in every Case. In 
addition, the variation in fitting parametkrs of the other 

formulas with experimental time-span can be rational- 

ized in terms of Intermediate Zone relaxation of- the 

FPA. 
Evidently, this DNA is indistinguishable from a tor- 

sionally uniform elastic filament at the resolution of the 

present experiment, which is sufficient to guarantee 

that the linear density of torsion joints, if present, 

cannot he in the. range from 1 in every 20 base-pairs 

to about 1 in every 1000 base-pairs. 
The torsional rigidity of this DNA is C= 1.29 + 

0.10 X lo-” cm2 in 0.01 M NaCl at 25”C, somewhat 

smaller than previous estimates. 

[I] S.A. Allison and J.M. Schurr, Chem. Phys. 41 (1979) 35. 
[2] M.D. Barkley and B.H. Zimm, J. Chem. Phyr 70 (1979) 

2991. 
[3] Ph. Wahl. J. Paoletti and J.-B. LePecq, Proc. Natl. Acad. 

Sci. USA (1970) 41’7. 
[4] J-C. Thomas, R.D. Holder, Sk Allison and J.M. Schurr, 

Dynamic light scattering studies of internal motions in 
DNA. II. Clean viral DNA’s, Biopolymers. in press. 

[S] S-C Lin, Sk ABison, J-C. Thomas and J-hi. Schurr, 
Dynamic light scattering studies of internal motions in 
DNA. HI. Evidence for titratable joints associated with 
bound polycations, Biopolymers, in press. 

[6] J.C. Thomas and J.M. Schurr, Optics Lett. 4 (1979) 222. 
[7] J-C. Thomas and J.‘.k Schurr, Dynamic light scattering 

studies of DNA. II. Effect of ionic strength on the struc- 
ture and internal dynamics of viral 029 DNA, Biopoly- 
mers 19 (1980) 215. 

[8] D. Genest and Ph. Wahl, Biophys Chem. 7 (1978) 317. 
[9] G-R. Haugen. B.W. Wallin and F.E. Lytle, Rev_ Sci. In- 

strum. 50 (1979) 64. 
[lo] SK_ Poultney, in: Advances in electronics and electron 

physics, cd. L. Marton (Academic, NY 1972) Chap. 2, 
p_ 86. 

Ill] M. Maier, W. Kaiser and J.A. Giordmaine, Phys Rev. 
_Lett. 17 (1966) 1275. 

1121 P.R. Bevington, Data reduction and error analysis for 
the physical sciences (M&raw-Hill, NY 1969). 

1131 A. Grinvald and LZ. Steinberg, Analytical Biochem. 59 
(1974) 583. 

[ 141 F. Perrin, J. Phys Rad. 5 (1934) 497: 7 (1936) 1. 
1151 R-E. De Pew and J.C. Wang, Proc. Natl. Acad. Sci USA 

72 (1975) 4275. 
[16] D.E. Pulleybank, hi. Shure.. D. Tang, J. Vmograd and 

H.P. Vosberg. Proc. Natl. Acad. Sci. USA 72 (1975) _~ 
4280. 

(171 A-H.-J. Wang, G.J. Quigley, F. J. Kolpak. J-I__ Crawford, 
J-H. van Boom, G. vander Mare1 and A. Rich, Nature 
282 (1979) 680. 

[IS] S Arnott, R Chandrasekharan, D-L. Birdsall, AG_W. 
Leslie and R.L. Ratliffe, Nature 283 (1980) 743. 


