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ABSTRACT Field-free decays of N4 DNA (71 kb) in buffer solution have been studied by transient elec- 
tric birefringence (TEB) both at high and low electric field strengths. At relatively high field strengths 
(0.30 kV/cm < E < 4.0 kV/cm), bimodal field-free decays were observed, in agreement with the results 
from the literature. The bimodal characteristics were determined by means of a regularized method of 
Laplace inversion (CONTIN) which did not require an a priori knowledge on the form of the decay time 
distribution. Our main aims in the high field strength TEB studies were (1) to show that the field-free 
birefringence decays for such a large DNA fragment could be nonsingle exponential and (2) to provide a 
reference for our low field strength TEB studies which were the main thrust of this paper. At  high field 
strengths, both the fast and slow field-free decay times decreased slightly with increasing field strength. 
The faster decay time with larger amplitude reached a steady-state value whereas the slower one kept 
increasing with increasing pulse width. At low field strengths ( E  5 100 V/cm), a unimodal and extremely 
slow field-free decay time of the order of 10 s was observed. To our knowledge, this represents first such 
report on slow field-free decays of a large DNA fragment in solution. We observed that the field-free decay 
time increased with the pulse width and approached a steady-state value independent of the field config- 
uration (square pulse and sinusoidal pulse) and of frequency. The steady-state field-free decay time increased 
with decreasing ionic strength. The higher the field strength, the shorter the pulse width needed to achieve 
a steady-state field-free decay time. The relaxation process at high electric field strengths might be dom- 
inated by internal motions, such as segmental orientation and internal bending, while the very long unimo- 
dal field-free decay time obtained at low field strengths might be attributed to the restoration of an entire 
deformed DNA molecule to its isotropic equilibrium conformation. 

I. Introduction 
O'Konski and Zimm' showed in 1950 that rotational 

diffusion constants of optically anisotropic molecules in 
solutions could be determined by transient electric bire- 
fringence (TEB) measurements. A large number of inves- 
tigations on electric orientation and relaxation processes 
of DNA have since been reporteda2-lg At high electric 
field strengths (E L 1 kV/cm) and short pulse widths 
(Ims),  short DNA molecules (size < 300 bp) showed a 
single exponential field-free birefringence decay. How- 
ever, multiexponential decays were found for longer 
DNAs."-"*'9 The slowest relaxation time among the mul- 
tidecays was mostly identified as the transverse rota- 
tional motion of the DNA molecular helix, while the faster 
ones might be associated with several mechansms, includ- 
ing segmental orienting, internal bending and twisting, 
and rotation of a semistiff chain.2"'.1s'16-19 The average 
relaxation time decreased with increasing field 
~ t rength""~* '~  or with increasing frequency by means of 
an applied pulsed sine-wave electric field.4 Such relax- 
ation time changes were attributed to the increase in the 
contribution of shorter segmental motions as the field 
strength was increased and the decrease in the contribu- 
tion of longer segmental motions as the sine-wave fre- 
quency in the pulsed electric field was increased. The 
effect of ulse width on the relaxation time was also ex- 
amined.' ,l7 It was shown that a longer pulse excited 
slower decay modes to a larger extent relative to faster 
decay modes. A field-induced structural transition was 
observed at  very high field strengths ( E  1 10 kV/cm).*' 

Hagerman'l pointed out that  the general conditions 
such as pulse width and field strength, which were needed 
for a whole molecule to reach orientation equilibrium, 
might cause substantial Joule heating. Thus, at  high field 
strengths, TEB measurements of biological polyelectro- 
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lyte systems were restricted to short pulse widths and 
fluids with very low ionic strengths (- 1 mM). Unfortu- 
nately, a short pulse width may not provide sufficient 
time to produce a steady-state orientation of an entire 
DNA chain. However, at a much lower field strength, 
the use of longer pulse widths in fluids with relatively 
low ionic strengths may provide sufficient time for the 
orientation of an entire DNA chain in buffer solution 
without appreciable Joule heating. Until now, few TEB 
works on DNA solutions have been reported at low field 
~ t r e n g t h s . ~ ~ ~ * ' ~  Rau and Bloomfieldg conducted TEB exper- 
iments of T7 DNA at low field strengths and observed 
the Kerr behavior a t  E C 40 V/cm. The longest relax- 
ation time they obtained was 37 ms in 0.5 mM Na+. A 
French g r o ~ p ~ , ' ~  observed a relatively longer relaxation 
time (-50 ms) at low field strengths on calf thymus DNA; 
but, their decay curves contained several short relax- 
ation modes. 

Theoretically, several models have been developed for 
calculating the rotational diffusion constant of stiff- 
chain macromolecules in solution. BroersmaZ2 sug- 
gested an expression of the rotational diffusion coeffi- 
cient for a straight cylinder. Broersma's expression is 
quite satisfactory at large axial ratios (110). However, 
DNA molecules can be modeled as rigid cylinders only 
when their sizes are very small. Hearst= derived an expres- 
sion for the rotational diffusion coefficient of stiff chains 
on the basis of the Kirkwood formalism. More recently, 
Hagerman and Zimm (HZ)24 suggested a relationship 
between the rotational diffusion coefficient and the flex- 
ibility of weakly to moderately flexible chains based on 
the Monte Carlo analysis. The HZ approach has been 
applied successfully to wormlike chains with sizes up to 
five persistence lengths. Thus for short DNA frag- 
ments, birefringence measurements have yielded defini- 
tive information about DNA molecular structure through 
comparison with theoretical models for rigid or bend rods 
and wormlike chains. For large DNA fragments, how- 
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ever, the dynamic behavior cannot yet be predicted by 
current theoretical models. 

In this study, we have examined the dynamic behav- 
ior of N4 DNA (71 kb) in buffer solution by using the 
TEB technique at low ionic strength, low experimental 
temperature, and both high and low electric field strengths 
with corresponding short and long pulse widths, respec- 
tively, and with either square-wave or sine-wave pulse 
fields. Field-free decay rates were obtained under the 
above conditions where the heating effect was negligi- 
ble. At high field strengths and short pulse widths, the 
field-free decay was non single exponential and the results 
were in good agreement with those reported in the liter- 
ature.'l-13 However, unimodal and significantly slower 
field-free decay times were observed when a square or 
sinusoidal pulse at low field strengths but over a much 
longer pulse duration was used. At low field strengths, 
we observed that the field-free decay time was able to 
reach a steady-state value with a long enough pulse width. 
We believe that the long relaxation time obtained a t  low 
field strengths is related to the restoration of anisotro- 
pic deformed DNA chain to its isotropic equilibrium con- 
formation, not just localized segmental orientations. 

This paper is organized as follows. First, we briefly 
introduce the TEB theory and the data analysis meth- 
ods including the methods of cumulants and double expo- 
nential (DEXP) fitting as well as the CONTIN method. 
Second, the experimental details are discussed which 
include material, instrumentation, and measurement con- 
ditions. Then we present the experimental results and 
discussions. Finally the conclusions are given. 

11. Theoretical Background 
The principles of TEB have been extensively dis- 

cussed by Fredericq and H o ~ s s i e r . ~ ~  For a monodis- 
perse solution of rigid axially symmetric particles, the 
disorientation process takes a single exponential form26 

= ~ n ~ e - ~ / '  (1) 
where An(t )  is the birefringence a t  time t after removal 
of the field, Ano is the birefringence when the field is 
removed, and 7 is the relaxation time of the particle. For 
a polydisperse solution or for a monodisperse solution 
with several modes of internal motions 
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For a continuous distribution, the expression becomes 

An(t )  = JmG(7)e-'lr d7 (3) 

where G(7)  is the normalized decay time distribution func- 
tion. 

In the present study, we have used mainly the cumu- 
lants and the DEXP fitting methods for analyzing our 
low field and high field field-free decay curves, respec- 
tively. In the cumulants m e t h ~ d , ~ '  the cumulant expan- 
sion is given by 

(4) 
where 7-1 is the average decay rate and p i  is the ith moment 
of the decay rate with the variance Var = p,?. The DEXP 
fitting2' assumes that there are two decay rates. An(t )  
is then represented by 

(5) 
with A ,  + A ,  = 1 and the average decay rate T-' = A1rl-l + A27Z-l. The CONTIN method2' uses a regularization 

an(t) = ~ , ~ ( ~ - t / ' + ( ' z / 2 ! ) t * - ( ' ~ / 3 ! ) t ~ +  ... 1 

An(t )  = Ano(Ale-t/rl + A2e-t/rz) 

Table I 
Average Decay Times and Amplitudes of N4 DNA at 

E = 0.59 kV/cm and Pulse Width = 1.12 ms Using Different 
Methods of Data Analysis' 

method T,, ms ' A1 T,, ms A ,  
DEXP 5.8 0.29 0.59 0.71 
CONTIN 5.7 0.32 0.56 0.68 

a For DEXP, T ~ ,  T ,  and A,, A, are based on eq 5. For CONTIN, 
T~ and T ,  are  the average decay times as defined by 
T , - ~  = J,,, r-I'G(I') d r  where rmlu,i and rminSi are the two lim- 
its of the tth peak in G(r). A ,  and A,  are the average areas under 
the peaks as defined by Ai = I,.-:-G(r) dr. 

technique to seek a smooth solution for the decay rate 
distribution G(r) with r being the characteristic line width 
and r = 7-1 without an a priori assumption on the form 
of the distribution. 

111. Experimental Section 
1. Materials. A monodisperse N4 DNA fragment (71 kb) 

kindly provided by Dr. M. Lalande (Department of Pediatrics, 
Howard Hughes Medical Institute, Genetics Division, Chil- 
dren's Hospital, Harvard Medical School) was used in this study. 
The DNA stock solution (concentration = 500 pg/mL) was stored 
at -20 "C in Tris buffer (10 mM Tris, 1 mM EDTA, and pH 
8.0). The samples used in TEB measurements were prepared 
by diluting the stock DNA solution with distilled deionized water 
to the desired concentrations. The final DNA concentration 
was 25 pg/mL in 0.5 mM Tris buffer and 0.05 mM EDTA or in 
0.25 mM Tris buffer and 0.025 mM EDTA. The samples for 
TEB measurements were prepared on the day of the experi- 
ment. The overlap concentration C* is defined as the concen- 
tration at which polymer coils begin to touch each other. For 
wormlike chains, C* can be expressed by3' 

(6) 

with NA, M, p, and L, being Avogadro's number, the molecular 
weight, the persistence length, and the contour length, respec- 
tively. The influence of chain flexibility (i.e., persistence length) 
on the effective volume of wormlike chains has been taken into 
account. For N4 DNA, the value of C* would be 160 pg/mL if 
a persistence length p of 50 nm were used. At a low ionic strength 
of 0.25 mM which we used, p was estimated to be -100 nm 
from Figure 4 in ref 13. Thus C* = 58 pg/mL. We chose the 
experimental concentration C < C* in order to keep the DNA 
molecules apart from one another and to alleviate intermolec- 
ular interactions of neighboring DNA chains. Our experimen- 
tal temperature was 13.5 "C which was far away from the DNA 
melting temperature. 

2. Instrumentation. A schematic diagram of our electric 
birefringence apparatus is shown in Figure 1. The following is 
a brief description of its components. 

A 15-mW Spectra-Physics Model 124A He-Ne laser oper- 
ated at X, = 632.8 nm, with vertically polarized light was used 
as the light source. The light was focused and then polarized 
45O with respect to the horizon by two Glan-Thompson polar- 
izers. The polarizability of the light after the two polarizers 
can reach 99.999%. The cell assembly was composed of a 1 
cm2 Beckman cell with two platinum electrodes (0.9 cm X 0.2 
cm X 5.1 cm) held by a Teflon spacer and a giant brass water- 
jacket whose temperature could be controlled by a Brinkmann 
Lauda K-2/R thermostat to *0.05 "C. The spacing between 
the two electrodes was 0.3 cm. The temperature of the sample 
was monitored by a fast response thermistor that was embed- 
ded in the cell. After the cell, the transmitted light beam went 
through a quarter wave plate whose fast axis was at 45" with 
respect to the horizon and then through a Glan-Thompson polar- 
izer whose axis was perpendicular to the first two polarizers. 

An RCA 1P28 photomultiplier tube (PMT) and an EM1 A1 
preamplifier were used to convert the light signal into an elec- 
tical signal which was then amplified. The resulting signal was 
recorded by a Gould Biomation Model 8100 dual channel recorder, 

c* = 2't2M 
N ~ P L , ) ~ / ~  
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Figure 1. A schematic diagram of the TEB apparatus used in 
the present study: P, pinhole; L, lens; PO, polarizer; W, water 
jacket; C, cell; Q, X/4 plate; A, analyzer; PMT, photomultiplier 
tube; AMP, amplifier. The birefringence signals could be dis- 
played on the oscilloscope for viewing and sent to a Morrow 
Designs microprocessor simultaneously. 

one for the electric pulse and the other for the PMT signal. 
The recorded data were transferred to a Morrow Designs micro- 
processor and then to a PDP 11-73 minicomputer for final data 
analysis. The data could also be displayed online on an HP 
1220A oscilloscope. 

For high electric fields, we used a Cober Electronics Model 
605P high power pulse generator to generate high-voltage and 
short-pulse width square pulses. For low fields, we used a Lambda 
Model LL-901-OV regulated power supply and an Exact Elec- 
tronics Model 120 wave form generator to generate low voltage 
square-wave and sine-wave pulses, respectively. The pulse width 
was controlled by a homemade simple circuit. 

Thedepolarized transmittedlight intensityZ(t) from theabove 
set-up is derived by26 

(7) 
4 t )  - 1, - sin2 ((Y + ~ ( t ) / 2 )  

where ZB is the instrumental stray light intensity, I, the light 
intensity transmitted by the analyzer in the absence of an elec- 
tic field, a an angle through which the analyzer is turned from 
the cross position to increase the signal-to-noise ratio and to 
distinguish the sign of birefringence, and 6 ( t )  the optical retar- 
dation which is related to the birefringence by 

-- 
1, - 4 sin2 (a )  

2 d A n ( t )  
6 ( t )  = - 

A0 
(8) 

with 1 and A, being the path length through the solution and 
the wavelength of the light in vacuo, respectively. Typically, a 
= 0.1" and Za/Zs - lo3. 

A GCA/McPherson 700 Series spectrophotometer was used 
to monitor the denaturation of the samples. 

IV. Results and Discussion 
1. Hypochromicity. The melting profile of N4 DNA 

with a solution composition of CDNA = 25 pg/mL, C,,, 
= 0.25 mM, and C,,,, = 0.025 mM is displayed in Fig- 
ure 2. The characteristic transition temperature, also 
referred to as the melting temperature T,, was about 34 
"C under this condition. Since the melting temperature 
increases with the logarithm of the ionic strength in so- 
l ~ t i o n , ~ '  Tm a t  0.5 mM Tris buffer must be higher than 
34 OC. Thus, the DNA must have retained its native 
structure a t  the experiment temperature of 13.5 "C. More- 
over, the UV absorbance (at A, = 260 nm) remained 
unchanged even after a series of long pulses, indicating 
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Figure 2. Melting curve of N4 DNA. DNA concentration was 
25 pg/mL in 0.25 mM Tris buffer and 0.025 mM EDTA (pH 
7.5). The relative absorbance was defined as the ratio of the 
absorbance at a temperature t to that at 25 "C. The melting 
temperature was determined to be about 34 "C. The DNA solu- 
tion (starting at 13 "C) was brought to each (higher) tempera- 
ture for about 5 min and then kept at the new temperature for 
about 15 min in order to establish thermal equilibrium. The 
whole melting curve took about 5 h. 

that the pulsed electric field did not induce appreciable 
denaturation of the DNA double helices under our exper- 
imental conditions. 

2. High Electric Field Strength. The high electric 
field strength covered a range of 0.30-3.8 kV/cm with 
corresponding short pulse widths of varying lengths from 
0.03 to 3 ms. Under this condition, we observed that the 
field-free decay was not a single exponential, which was 
in agreement with other literature  result^.'^ It is known 
that even for rigid bodies the birefringence decay curves 
may contain up to five exponential relaxation times.32 
Furthermore, the orientation of different DNA seg- 
ments could be coupled to the overall internal motions 
making the birefringence decay curve more complex. A 
typical high field birefringence signal is shown in Figure 
3a. Our high field data could be well-fitted to a double 
exponential form as shown in Figure 3b. However, we 
did not assume the bimodal characteristics of our observed 
decay curves. First, the CONTIN yielded a bimodal decay 
rate distribution whose average decay rates and ampli- 
tudes agreed with those determined by the DEXP fit- 
ting procedures as shown typically in Figure 3c. Thus, 
we took the bimodal characteristics of our birefringence 
curve as confirmed experimentally by using the CON- 
TIN method. 

Figure 4 shows the field strength dependence of field- 
free relaxation times, T~ and r2, extracted from the DEXP 
fitting with a constant pulse width of 0.3 ms. The appar- 
ent relaxation times decrease with increasing field strength, 
in agreement with earlier  finding^.^.^'^^"' The relax- 
ation time which reflects the orientation of an entire DNA 
chain should be independent of the electric field strength 
if the macromolecular conformation were to  remain con- 
stant. Stellwagen" and Hagerman13 observed that the 
rotational relaxation time for short DNAs (size < 250 
bp) could be independent of applied field strengths. The 
high field, associated with only short pulse widths due 
to the limitation of the Joule heating effect, could ini- 
tiate the orientation of entire short DNA chains which 
already reached a steady-state deformation under those 
applied field strengths. However, the high field strengths/ 
short pulse width arrangements were not able to orient 
an entire large DNA chain to a steady-state value dur- 
ing the orientation process. There were various interpre- 
tations on the multiexponential decay modes observed 
in birefringence decay curves of flexible DNAs. Golub2 
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Figure 4. The field strength dependence of relaxation times 
of N4 DNA at high field strengths. The pulse width was 0.30 
ms. The solution composition was the same as that in Figure 
3a. The hollow squares and diamonds denote the two relax- 
ation times i1 and r2 from the DEXP fitting, respectively. 
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Figure 5. The dependence of relaxation times on the pulse 
width. The hollow squares, diamonds, and inverse triangles 
denote i l ,  i2! and 7-l (= All<' + A,iL1)  from the DEXP fit- 
ting, respectively. The conditions were the same as those in 
Figure 3a. 
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Figure 3. a. A typical high field birefringence trace for N4 
DNA. The field strength was 0.59 kV/cm, and the pulse width 
was 1.12 ms, with a DNA concentration C,,, of 25 rg/mL in 
0.5 mM Tris buffer and 0.05 mM EDTA, at 13.5 O C .  b. The 
same field-free birefringence decay curve (dots) of N4 DNA in 
a high field as in a. The solid curve represents a DEXP fit 
with the parameters listed in Table I. c. A bimodal decay rate 
distribution C(r) from the CONTIN analysis of N4 DNA using 
the same high field field-free decay curve as in b. The results 
of the CONTIN fit are also listed in Table I. Two vertical arrow 
lines represent two decay rates from the DEXP fitting. 

suggested that the relaxation pocesses were due to the 
orientation of molecular segments, not due to the rota- 
tion of the entire molecule because the sections of the 
molecule, which were sufficiently apart for a flexible DNA, 
would orient independently in an electric field. 
Stellwagen" attributed the observed short relaxation com- 
ponents to the internal bending or twisting motion or 
the motions associated with the return of the stretched 
DNA molecules to their equilibrium conformations. She 
also attributed the long relaxation mode that were inde- 
pendent of the field strength to the motion of the whole 
DNA chain. Hagerman13 indicated that the average relax- 
ation time could represent a weight average of the seg- 
mental motions and overall orientation. More recently, 
Lewis et al.'6*17 demonstrated that they could separate 
the multidecay process by the same CONTIN analysis 
which we used. They designated the slowest decay mode 

as the rotational motion of the molecule, the next faster 
mode as the rotation of a semistiff polymer chain equiv- 
alent to half of the overall length of the DNA chain and 
the even faster modes as the internal bending of the DNA 
chain. Furthermore they pointed out that the slowest 
mode might involve a coupling of rotational and bend- 
ing motions for flexible DNAs. Also, Diekmann et al.Ig 
postulated that the coupling between orientation and bend- 
ing might exist for large DNAs. According to our exper- 
iments, a bimodal decay process was observed for a very 
long DNA fragment with monodisperse size a t  high field 
strengths. Both relaxation modes depended on the field 
strength. We performed the TEB measurements a t  high 
field strengths in order to establish a reference for our 
experiments at low field strengths; Le., with our experi- 
mental setups we obtained similar results as those reported 
in the literature. 

Figure 5 shows the dependence of the relaxation times 
upon pulse width a t  a high field strength (E = 0.59 kV/ 
cm). The average relaxation time T is (A17;' + A272-l)-' 
from the DEXP fitting. The fast component T 2  domi- 
nated the whole relaxation process. As the pulse width 
was increased, both the short relaxation time 72 and the 
average one T seemed to approach plateau values but the 
slower relaxation time (7') kept increasing. Thus a t  high 
field strengths, a short pulse width was able to activate 
the overall orientation even though it was not enough to 
fully orient and deform the entire large DNA chain to 
some steady-state value. The longer pulse width could 
initiate larger segmental orientations and cause the relax- 
ation time to increase if this relaxation process was dom- 
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Table I1 
Relaxation Times of N4 DNA in Pulsed Sine-Wave Fields. 
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Figure 6. a. A typical pulsed sine-wave low field birefrin- 
gence trace of N4 DNA. The field strength was 36 V/cm with 
a frequency of 10 kHz and a pulse width of 51 s. The solution 
composition was the same as that in Figure 3a. b. The noisy 
birefringence signal in a square-wave pulse field. The field 
strength was 36 V/cm with a pulse width of 41.2 s. The solu- 
tion composition was the same as that in Figure 3a. 

inated by segmental orientation. The relaxation time never 
reached a plateau value due to the limitation of applied 
pulse widths, which implied that we were not observing 
the overall chain relaxation. To the best of our knowl- 
edge, there are few reported TEB experiments on large 
DNAs (171 kb) in solution. Furthermore, the experi- 
mental conditions, such as ionic strength, field strength, 
pulse width, concentration, and temperature, etc., were 
very different. Thus, it is not practical to compare our 
results exactly with the literature results. But the range 
of our field-free relaxation time (ems) is consistent with 
those in r e f e r e n ~ e s . ~ ? ~ , ~ ~  

3. Low Electric Field Strength. Our low field TEB 
measurements were conducted a t  electric field strengths 
E I 100 V/cm with pulse widths up to 77 s. Both square- 
wave and sine-wave pulses were applied. Two frequen- 
cies, 10 kHz and 100 Hz, were used in the case of sinu- 
soidal fields. Two ionic strengths, about 0.5 and 0.25 mM, 
were tested. The resistance of the sample solution was 
about 1 MQ. The low ionic strength and the low field 
strength allow longer pulse width without perturbation 
of the Joule heating effect. For the long pulsewidth exper- 
iments, the temperature rise due to Joule heating was 
measured to be 50.1 "C by using the low ionic strength 
buffer solutions of the present study. Blank tests were 
also made; Le., low field strengths and long pulse widths 
were applied to buffer solutions without DNAs, and no 
birefringence signals were observed. At low field strengths, 
the observed field-free decay appeared to be unimodal. 
Thus, the field-free decay was analyzed by the cumu- 
lants fitting procedure. Very long relaxation times (of 
the order of ten seconds) with small variances were 
observed. The rise curve had a similar behavior as shown 
in Figure 6a. 

freq pulse width, s 7 ,  s 
10 kHz 77.0 14.0 

51.0 14.3* 
36.8 14.2 
18.3 11.6 
3.6 6.1 
2.0 2.7 

100 Hz 77.0 14.4 
54.0 13.9 
35.8 13.0 
17.2 11.1 

,, DNA concentration was 25 pg/mL in 0.5 mM Tris buffer and 
0.05 mM EDTA. The electric field strength E was 36 V/cm, and 
the temperature was 13.5 "C. The field-free decay time (T = 14.3 
s) and the rise time (7,. = 13.5 s) are comparable as shown in Fig- 
ure 6a. The variance (p2rz )  from a second-order cumulant fit are 
Var (field-free decay) = 0.04 and Var (rise curve) = 0.02. Thus, 'sin- 
gle" exponential behavior dominates both the rise and decay curves 
at E = 36 V/cm. 

3.1. Square-Wave and Sine-Wave Pulse Electric 
Field. At very low field strengths (E 5 36 V/cm), we 
found that the signal-to-noise ratio was much higher by 
using a pulsed sine-wave field than that by using a pulsed 
square-wave field. Parts a and b of Figure 6 show the 
observed birefringence signals by using a sinusoidal pulse 
field and by using a square pulse field, respectively. In 
the case of sine waves, neither signal averaging nor curve 
smoothing, the common methods used in birefringence 
experiments for treating noisy data, was needed. We ana- 
lyzed the field-free decay directly by the cumulants fit- 
ting procedure. In the case of square waves, the noisy 
data was pretreated by a software low-frequency pass- 
filtering technique33 and then analyzed by means of the 
cumulants method. By comparing the fitting results from 
raw data with those from pretreated data, we found that 
the high-frequency noise resulted in only a large appar- 
ent variance but did not affect the relaxation time. Com- 
parable results were obtained from both sinusoidal and 
square pulse field birefringence measurements. We have 
used a very fast frequency, 10 kHz, and a much slower 
one, 100 Hz, in the pulsed sine-wave field. The obtained 
birefringence amplitudes and field-free relaxation times 
were identical a t  these two frequencies. The relaxation 
times of varying pulse widths at these two frequencies 
are listed in Table 11. 

We had to apply the pulse for quite a long time (-tens 
of seconds) in order to achieve a steady-state amplitude 
of the birefringence at low fields. Therefore, the effects 
due to the polarization of electrodes should be consid- 
ered. The use of a train of sine waves or of pulses of 
alternating signs should reveal the existence of the polar- 
ization effect. I t  is well-known that the counterion atmo- 
sphere has a severe effect on the static and dynamic prop- 
erties of polyions. I t  has been proposed that the induced 
polarized counterion atmosphere contributes signifi- 
cantly to the overall orientation of the DNA 
However, a t  much higher frequencies, the counterion atmo- 
sphere polarization is expected to be less imp~r tan t .~ '  
Under the present conditions of very low field strengths 
and high frequency (10 kHz), the counterion atmo- 
sphere polarization cannot follow the rapid alternating 
field. As the observed birefringence relaxation time was 
independent of the field configuration (square pulse or 
sinusoidal pulse) and frequency, the electrode and coun- 
terion atmosphere polarization could not have an appre- 
ciable effect on the relaxation process. 
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Figure 7. The pulse width dependence of relaxation times in 
a low field with E = 36 V/cm. The hollow squares denote the 
T in a square-wave pulse field. The hollow and filled diamonds 
denote the T in a pulsed sine-wave field with frequencies of 10 
kHz and 100 Hz, respectively. The relaxation time 7 was from 
the cumulants fitting. The solution composition was the same 
as that in Figure 3a. 

3.2. Pulse Width Dependence and  Field Strength 
Dependence. Figure 7 shows the pulse width depen- 
dence of the birefringence relaxation times from the field- 
free decays of the pulsed sine-wave (two frequencies) field 
and the pulsed square-wave field. The relaxation time 
increased with increasing pulse width and finally reached 
a plateau value of -14 s. I t  should be noted that when 
the pulse width is long enough to yield a steady-state 
field-free relaxation time, the amplitude of birefrin- 
gence has also reached its steady state. To our knowl- 
edge, such a long birefringence relaxation time has not 
been reported before. First of all, we used large mono- 
disperse DNA (size - 71 kb) chains that were suffi- 
ciently flexible for its segments to be oriented indepen- 
dently in addition to its overall deformation in an elec- 
tric field. When a large DNA molecule is subjected to a 
short pulse width at high field strengths, the pulse dura- 
tion would be too short to deform appreciably the con- 
formation of an entire chain, or even if the deformation 
of the overall chain conformation did occur, the overall 
deformation could not reach a steady-state anisotropic 
conformation. However, at low field strengths, the pulse 
width could be applied sufficiently long to induce a steady- 
state deformation for the whole DNA chain. Segmental 
and rotational motions could also occur during this pulse 
time, and they should be coupled to the overall chain 
deformation. For example, we used a very long pulse 
width (up to -77 s) a t  a low pulsed sine-wave field with 
E - 36 V/cm. We observed a steady-state birefrin- 
gence value of a very long relaxation time (- 14 s) with 
a small variance (<0.05). Furthermore, the steady-state 
relaxation time is relatively independent of the applied 
electric field strength over the range of 36 and 100 V/ 
cm. We suggest that the field-free decay is due to the 
restoration of deformed anisotropic DNA chain to its equi- 
librium, isotropic conformation. 

We have carried out the experiments a t  three rela- 
tively low field strengths in order to examine the field 
strength effect. The relaxation times at different elec- 
tric field strengths with different pulse widths are listed 
in Table 111. The higher the electric field strength, the 
shorter the pulse width needed for obtaining the steady- 
state relaxation time. We observed that the steady- 
state relaxation times were the same a t  different field 
strengths. 

3.3. The  Effect of Ionic Strength. A double-heli- 
cal DNA molecule becomes a wormlike chain a t  suffi- 
ciently long chain length. I t  has been suggested that over 

Transient Electric Birefringence of N4 DNA (71 kb) 

Table I11 
Relaxation Times of N4 DNA in Square-Wave Pulse Fields' 
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field strength, V/cm pulse width, 8 7, 8 

36 41.2 14.0 
33.0 12.9 
18.8 11.5 
14.0 10.9 

68 7.2 12.5 
100 8.2 14.4 

6.2 13.6 
5.0 9.8 

DNA concentration was 25 pg/mL in 0.5 mM Tris buffer and 
0.05 mM EDTA. The experimental temperature was 13.5 O C .  

a short range of lengths DNAs are rodlike, but over the 
entire length of the molecule, they curve and bend in 
arbitrary dire~tions.~' The persistence length p repre- 
sents the stiffness of the wormlike chain. The persis- 
tence length increases with decreasing ionic strength. Thus, 
the electrooptical properties of DNA are sensitive to ionic 
strength. When the ionic strength is above 1 mM, the 
dependence of the persistence length upon the ionic 
strength is not so evident. But when the ionic strength 
is below 1 mM, this effect is quite pron~unced.'~ Great 
chain expansion and thus large persistence lengths have 
been reported a t  various salt  concentration^.^^ We con- 
ducted another set of birefringence experiments a t  0.25 
mM Tris buffer under a pulsed sine-wave field of the 
field strength 100 V/cm and frequency 10 kHz. The 
observed field-free steady-state relaxation time was 21 s 
which was longer when compared with the 7 value of 14 
s a t  0.5 mM Tris buffer. The decrease in the ionic strength 
causes a decrease in the flexibility of the DNA chain and, 
therefore, an increase in the disorientation time. 
3.4. Comparison with Theoretical Models. Accord- 

ing to Broersma,22 the rotational diffusion coefficient D R  
of a straight cylinder is given by 

DR,, = -{ln (L /b )  - 1.43 + 7[1/ln (L/b)  - 0.27121 (9) 

with k,, T, oo, L,  and b being the Boltzmann constant, 
the absolute temperature, the viscosity of the solvent, 
the axial length, and the radius of the cylinder, respec- 
tively. The decay time for noninteracting rigid particles 
of cylindrical symmetry is related to the rotational dif- 
fusion constant by3' 

3kBT 

m&3 

T = 1/(6DR) (10) 
If we assume that the DNA molecule was fully extended 
to a rod with b = 1.3 nm,36 L = L, = 24 pm; and L,, the 
contour length, we obtained the transverse rotational relax- 
ation time of a straight cylinder T~ = 71 s according to 
eq 9 and eq 10. 

derived an expres- 
sion for the rotationary constant of a long wormlike chain. 
In a bead 

As an alternative model, 

DR,H = ~(~)a(-$0.253(Xn)1/2+ 0.159 In ( l / X )  - 

0.2271 (11) 
where X = a/(2p) and n = ( N  - 1)/2, with a and N being 
the distance between the frictional elements and the num- 
ber of elements, respectively. If we took p = 100 nm and 
a = 3.2 nm,39 we obtained T~ = 0.51 s. 

In the HZ approach,24 a pertinent quantity R (= rW/ 
7B with T~ being the longest rotational relaxation time 
of a wormlike chain and TB = 1/(6DRa) determined from 
eq 9) was introduced. The relationship between R and 
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the reduced contour length L J p  was derived on the basis 
of the equilibrium-ensemble approach. Without assum- 
ing configuration preaveraging, the HZ model provides 
a more precise information about the hydrodynamic prop- 
erties of flexible polymers. Within the valid range of their 
model (0.1 C L,/p < 5), the R value (1.0 > R > 0.3) from 
their analysis is larger than the R calculated from the 
Hearst long wormlike chain model, indicating that the 
relaxation time T of a wormlike chain from the more pre- 
cise HZ model should be larger than that from the Hearst 
wormlike chain model. On the basis of our experimen- 
tal observation, our T = 14 s is much larger than TH = 
0.51 s calculated from the Hearst wormlike chain model. 
Since our L,/p value is out of the valid range of the HZ 
model, it is difficult to compare our R value with that 
from their model exactly. However, our R is smaller than 
the lower limit of R N 0.3 of the HZ model; since our 
LJp  is larger than the upper limit of L,/p - 5 and is 
larger than RH, the tendency is consistent with the HZ 
model. 

Doi and Edwards have predicted that the rotational 
diffusion coefficient of rodlike polymers in the semidu- 
lute regime has a C-' dependence?l Hence, the relax- 
ation time 7 is proportional to C2. This dependence has 
been demonstrated by other  experiment^.^^ In order to 
check whether the observed long relaxation time was due 
to intermolecular interactions, especially as a result of 
extended coil entanglement, we also made measure- 
ments at two other DNA concentrations, 20 and 30 pg/ 
mL. The measured relaxation times were independent 
of DNA concentrations. Therefore, we concluded that 
our experiments were performed in the dilute solution 
regime. 

Yanagida et al.40 reported their observation of DNA 
conformation in solution by fluorescence microscopy. In 
the absence of external forces, DNA molecules in solu- 
tion fluctuated among three conformations, i.e., sphere, 
ellipsoid, and flexible rod, rapidly. However, the DNA 
chains were extended to thick filaments and aligned by 
external force (water stream). The thick filaments could 
be further elongated into thin filaments by solvent flow. 
The filaments shortened back when the external force 
was removed. The transition time was in the second range. 
Here, we have TH (= 0.51 s) < T (= 14 s) C T g  (= 71 s), 
indicating that the DNA conformation is closer to an 
extended chain under the present experimental condi- 
tions of low electric fields and long pulse widths. Our 
long field-free decay should represent the restoration of 
an elongated chain to its equilibrium conformation. 

V. Conclusions 
In summary, the high field strength TEB experiments 

of very large DNAs demonstrate that the field-free decay 
time is nonunimodal. At  high field strengths and short 
pulse widths, it seems quite reasonable to use the dou- 
ble exponential method for N4 DNA in buffer solution, 
as supported by experimental observations and con- 
firmed by the CONTIN analysis. The field strength and 
pulse width dependences of the relaxation times indi- 
cate that the internal motions, such as segmental orien- 
tations and internal bending, may be dominant instead 
of the overall DNA molecular orientation, as the pulse 
width is too short to orient a whole large DNA molecule. 
However, at low field strengths with long pulse widths 
unimodal field-free decays were observed. The relax- 
ation time could achieve a steady-state value which 
increases with decreasing ionic strength. The steady- 
state relaxation time shows no field configuration (square 
pulse or sinusoidal pulse) and frequency dependences. 
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In comparison with theoretical models, this kind of relax- 
ation time is closer to that of a deformed anisotropic DNA 
chain instead of a unperturbed wormlike chain. The obser- 
vation is consistent with the fluorescence microscope obser- 
vation of DNA thick filament conformations under an 
external force. The elongation of the DNA chain by the 
electric field takes place during the long pulse duration. 
Therefore the observed long relaxation time could be rea- 
sonably attributed to the restoration of an entire deformed 
DNA chain to its isotropic equilibrium conformation. 
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