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ABSTRACT Brownian dynamics simulation is used to study the electric dichroism (ED) and birefringence 
(EB) off-field decay of short DNA fragments 100-367 base pairs in length. The simulation results are compared 
to the ED experiments of Diekmann and co-workers (Diekmann, S.; et al. Biophys. Chem. 1982,15,263) and 
EB experiments of Lewis and co-workers (Lewis, R. J.; et al. Macromolecules 1986,19,134). It is found that 
a simple flexible wormlike chain model with a persistence length slightly larger than 50 nm is entirely consistent 
with the ED/EB decay of all fragments. Although rigid ensemble models are able to account reasonably well 
for the longest relaxation time, the faster decay process, which is particularly sensitive to chain flexibility, 
cannot be reproduced by such models. Averages appropriate for ED/EB decay are derived in an appendix 
(strictly valid at low field strengths) for an induced dipole and a saturation-induced dipole orienting mech- 
anism, respectively. These averages are based on a simple form for the electric polarizability tensor which 
scales, in the case of a rodlike polyion, as the square of the molecular weight. ED/EB decays are compared 
for both cases and shown to be similar. 

I. Introduction 

Over the last 20 years, there has been a great deal of 
interest in the flexibility of DNA because of its importance 
in controlling expression, replication, and This 
flexibility is undoubtedly correlated with equilibrium 
conformation. If, for example, DNA is modeled as a 
uniform elastic tube with the unbent (straight-rod) con- 
formation corresponding to the lowest energy state, 
thermal activation forces the molecule to adopt a wormlike 
chain conf~rmation.~.~ Under these conditions, the per- 
sistence length, P, can be related to the bending rigidity, 
K ,  by the relation K = kBTP where k g  is Boltzmann's 
constant and T is the absolute temperature. P for DNA 
has been determined from equilibrium conformation by 
a number of different techniques, and these results are 
reviewed elsewhere.6 Despite differences there is now a 
consensus that Plies around 50 nm for native DNA under 
physiological salt conditions. Below an ionic strength of 
I = 0.01 M somewhat higher Ps have been reported which 
is presumably due to electrostatic repulsions along the 
DNA backbone. (At I = 0.002 My P =  58-75 nm.7 Electric 
birefringence (EB)&" and dichroism (ED)12-'5 are two 
physical methods that have been used to estimate P. The 
longest lifetime component of EB/ED off-field decay has 
been attributed to the end-over-end rotational diffusion 
constant, DI, of the DNA fragment. I t  is possible to 
determine DI for rigid ensembles of wormlike chains.16 
Assuming internal motion does not contribute to DI (or, 
more precisely, the longest lifetime component, TO = 
(6DJ1, from EB or ED off-field decays), it is possible 
to to infer P from these measurements for monodisperse 
fragments of known contour length.'O 

The measurements discussed in the previous paragraph 
are based on equilibrium conformation or at  least are 
interpreted in terms of models which depend only on static 
conformation. Dynamical interpretations such as the 
direct determination of K have been impeded due to the 
complexity of stiff-chain dynamical model~.'~-~8 These 
models may work well under certain limiting conditions 
for certain types of experiments but not for others. For 
example, general Gaussian modelslg work well for chains 
with little stiffness while the normal-mode theory of Schurr 
and co-workers is limited to stiff chains and short times.28 
Perhaps the most promising general analytic theory of 
wormlike chains is that of Aragon and co-workers26927 which 
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is still in the developmental stages. Nonetheless, inter- 
pretation of experiments like EB and ED decay in terms 
of dynamical models is important for several reasons. First, 
it has not been firmly established whether or not rigid 
models accurately predict DI for flexible wormlike chains. 
Preliminary studies indicate such models underestimate 
D1,29 Second, there is no a priori reason to expect the 
apparent bendingrigidity, Kapp = kBTP, to equal the actual 
bending rigidity since this is strictly valid only for a simple 
elastic model for bending. It has been well established 
that statically bent regions of DNA are associated with 
specific base pair sequences,30--34 and in these cases at  least 
the simple elastic model is inappropriate. In an extreme 
case, it is conceivable that a macromolecule could be highly 
curved due to static bends but at  the same time have a 
very high bending rigidity. In fact recent analyses of 
transient photodichr~ism~~ electric dichroism,36 and elec- 
tron spin resonance (Bruce Robinson, University of 
Washington, personal correspondence) of DNA indicate 
that K may be from 2 to 4 times larger than Kapp 

In this work fairly realistic dynamical modeling studies 
of ED and EB decay experiments on monodisperse DNA 
fragments in the size range of 100-367 base pairs (bp) are 
carried out. In doing so, we shall correlate TO with P and 
assess previous analyses involving rigid ensembles. In 
addition, the simple elastic bending model shall be studied 
thoroughly in order to determine how well it accounts for 
the actual decays observed experimentally. These studies 
are carried out using the technique of Brownian dynamics 
simulation, which has proven very useful in the study of 
polymer motion in s o l ~ t i o n . ~ ~ - ~ ~  Briefly, a time correlation 
function is obtained by carrying out a large number of 
dynamical trajectories of individual chains and calculating 
the necessary averages corresponding to the experimental 
observable. The chain model used is general enough to 
account for hydrodynamic interaction, bending and stretch- 
ing flexibility, and finite chain length. In order to 
determine how sensitive ED/EB decay is to dynamical 
flexibility, parallel simulations of flexible and rigid chains 
(frozen in their starting configurations) are carried out. 
The resultant EB/ED decays are analyzed with CONTIN, 
which estimates the distribution of relaxation times that 
comprise the correlation function.43 This sophisticated 
and readily available program is rapidly becoming a 
"standard" data analysis method which requires only 
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modest assumptions about the correlation functions being 
analyzed such as the range of possible lifetimes present 
and that the amplitude components of these lifetimes are 

CONTIN analysis of ED/EB decays usually 
yields two relaxation processes with lifetimes TO and T ~ ,  
and their associated amplitudes a0 and al ,  where the 0 
subscript refers to the longest lifetime component. We 
shall be particularly interested in the faster decay time rl, 
which will be referred to as the first internal time in this 
work. 

The mechanism by which polyions are oriented in an 
applied external field is a complicating feature in the 
interpretation of both EB and ED measurements. Field 
reversal experiments have shown that DNA is oriented 
entirely by induced moments.45 Furthermore, Kerr law 
behavior is exhibited by shorter fragments (less than 400 
bp) at  low fields (E less than about 5 kV/cm) which is also 
consistent with an induced dipole mechani~m.~v~J~ In this 
work, however, we are particularly interested in electric 
dichroism experiments carried out by Diekmann and co- 
workers at  high electric fie1ds.l2J3 At  high fields, the 
steady-state dichroism varies linearly with 1/E, which 
indicates the induced dipole  saturate^.^^^^^^^ An empirical 
model which has been used with some success is the 
saturation-induced dipole (SID) mode115,4&50 which as- 
sumes the induced moment of the polyion saturates to a 
field-independent value above some critical field strength. 
The SID model is qualitatively consistent with the 
observed high field strength dependence of steady-state 
birefringence and d i ~ h r o i s m . ~ ~  However, Rau and Char- 
neP2 and CharneP3 have pointed out inconsistencies in 
this model with regards to both high-field experiments 
and their own microscopic theory.52 In particular, this 
theory, which models the polyion as an immobile charged 
rod surrounded by a DebyeHiickel ion atmosphere, 
predicts that the dipole moment attains a maximum value 
and then actually decreases as the field is increased further. 
Although the Rau and Charney theory is approximate in 
a number of important respects such as modeling the poly- 
ion as a rod, treating the ion atmosphere at  the level of 
the Debye-Hiickel approximation, and neglecting poly- 
ion transport, it represents the most realistic microscopic 
treatment of rodlike polyion polarization in external fields 
that is currently available. 

The orientation mechanism is important in the present 
work since it influences the correlation function that needs 
to be computed in making a comparison between theory 
and experiment. On the other hand, it is clear from the 
previous paragraph that the orienting mechanism is 
complex and not well understood at  the present time. An 
additional problem concerns the functional form of the 
electric polarizability tensor, x,  for a charged linear 
macromolecule. In previous work, it was simply assumed 
that x could be modeled as the tensor sum over the 
individual virtual bond polari~abilities.2~ If this were true, 
however, the molecular polarizability tensor should vary 
linearly with molecular weight, M, for nearly rodlike poly- 
ions. For DNA, a nearly W dependence is observed for 
fragments in the size range 150-2500 base p a i r s . * ~ ~ . ~ ~  In 
Appendix A, a simple modeP4 is considered which leads 
to a double-sum formula for x (eq A7) which has the correct 
length dependence. In Appendix B, this result is used to 
derive an expression (eq B24) for the low-field transient 
electric birefringence decay for an induced dipole (ID) 
orienting mechanism. A somewhat different expression 
is obtained if an SID model is assumed (eq B16). In the 
case of the high-field dichroism experiments,13 eq B16 is 
more appropriate because of dipole saturation. (Inciden- 
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tally, eq B16 has the same functional form as the correlation 
function used in previous studies based on a purely induced 
electric dipole However, in the present work 
account is taken of the more realistic form of x as well as 
dipole saturation.) 

In this work, interpretational problems which arise as 
a consequence of the complex nature of polyion alignment 
in electric fieIds are approached by analyzing the Brown- 
ian dynamics trajectories for both SID (eq B16) and ID 
(eq B24) orienting mechanisms. Although our starting 
models are crude, a comparison of the two will show how 
sensitive transient electrooptical behavior is to dipole 
saturation. Furthermore, the ED measurements on short 
DNA fragments of Diekmann and co-workers13 show that 
the first internal time, 71 (but not all, is essentially 
independent of field strength. This suggests that ED/EB 
lifetimes, which are of primary interest in this work, are 
insensitive to field strength. Consequently, it is reasonable 
to compare lifetimes obtained from experiments at  high 
electric fields to values obtained from model studies that 
are strictly valid only at  low fields. 

11. Methods 
Basic Chain Model. Unless the polymer length or the 

simulation time of interest is extremely short, it is necessary 
to resort to models that contain less detail than “atomic” 
models currently used in molecular dynamics. This is 
certainly true in this work, where DNA fragments in the 
100-370 base pair size range are modeled and trajectory 
times out to a maximum of about 100 ps are needed. 
Furthermore, in order to obtain birefringence or dichro- 
ism decay curves with high signal to noise ratios, several 
hundred independent trajectories per simulation must be 
carried out and the results averaged. In this work, a 
“trajectory” refers to the dynamical evolution of a single 
chain initially selected a t  random from an equilibrium 
ensemble. 

A model used to represent a linear macromolecule in 
Brownian dynamics simulation has been described in detail 
p rev i~us ly .~~  Briefly, the polymer is modeled as a string 
of N identical beads of radius a held together by bending 
(ub) and stretching (Us) potentials 

where 0 = l/kBT,g and c are dimensionless force constants 
for bending and stretching, respectively, 8j is the angle 
between virtual bonds j and j + 1, bj is the length of bond 
j ,  and bo corresponds to the minimum in the stretching 
potential of an individual virtual bond. Overall, five 
parameters need to be specified: N, c, a, bo, andg. Amore 
general model which also includes torsion and (optionally) 
anisotropic bending has been described p rev i~us ly .~~  The 
effect of torsion is briefly discussed in the Conclusion. 

In order to parametrize the chain following the procedure 
discussed below, it is important to have a means of 
estimating overall transport properties. In the equilib- 
rium ensemble simulation (EES) method, a chain is selected 
from an equilibrium distribution and treated as a rigid 
structure.16 The algorithm of Garcia de la Torre and co- 
workers” is then used to calculate the rotational diffusion 
tensor, D,, of the structure. (The algorithm can also be 
used to calculate the translational diffusion tensor and 
the center of diffusion. In the present application, 
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however, these are unnecessary.) It is then straightforward 
to diagonalize Dr, and obtain rotational eigenvalues X,i 
where Xr1 I A,’ I hr3. This procedure is repeated on an 
ensemble of chains (typically several hundred) in order to 
obtain averaged eigenvalues (Xri). 

Selection of Chain Parameters. In this work, we are 
primarily interested in the contribution of internal motion 
to electric birefringence (EB) and dichroism (ED) decay. 
As shown in the first subsection of the Results portion of 
this paper as well as in previous the EB or ED 
decays of different rigid chains are very similar if the ( Xri)’S 
match. In other words, a relatively crude 10 subunit chain, 
for example, can be found which mimics the EB decay of 
a more realistic 40 subunit Hagermann-Zimm (HZ) chain 
if they behave as rigid bodies and their rotational eigen- 
values match. A Hagermann-Zimm chain consists of a 
string of touching beads with parameters N and a chosen 
to yield transport properties appropriate for a wormlike 
chain of contour length L, persistence length P, and 
diameter d.16 Hence, our chains will be parametrized such 
that they match the (h,i)’s of the appropriate HZ or 
wormlike chain. 

The parameters Nand c are chosen and the remaining 
three determined by iteration. In most cases, we set N = 
10 (for reasons of computational efficiency) and c = 100. 
This choice of c yields a root-mean-square (rms) fluctuation 
in virtual bond length of about bo/lO with ( b )  = 1.0194bo 
and (b2)l/’ = 1.0246b0.~~ As a first estimate, we choose 
bo (call it bo’) so that (b )  = L/(N - 1). For a wormlike 
chain, the mean-square end-to-end distance is 

For our model chain, we find thatg’ which gives the correct 
(R2) using the equation55 

where 

It  is straightforward to integrate eq 5 and construct atable 
of a! versus g. In the limit of large g, a! = 1 - l/g. Our first 
estimate of a (call it a’) can then be determined by using 
the EES approach to determine that a’ gives the correct 
(Ar1).  At this point, we have achain with the correct ( h , ~ )  
as well as ( Xr2), but ( Xr3) is probably incorrect. Consider 
now the equation 

(Ar1) - (Ar1)’  

(&) - (42)’ = 
(&) - ( 4 3 ) ’  

a ( A r 1 )  ‘(A,,) a ( x r , )  

0 

which can be written in compact notation as 

A =  A6 (7) 
where unpiimedlprimed quantities correspond to correct/ 
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approximate values. The A matrix is determined by using 
the EES method on three additional chains (with a’ + Aa, 
b’,g’, and so on) and then evaluating the partial derivatives. 
What we actually need to determine is 6 which requires 
straightforward inversion of a 3 X 3 matrix 

6 = A - ~ A  (8) 
If fairly large changes in the initial chain parameters are 
required, it may be necessary to reevaluate A since the 
elements depend on a, bo, and g. In summary, one first 
derives an approximate chain with parameters a’, bo’, and 
g’. Then A and its inverse are computed and the new 
parameters calculated according to eq 8. The new 
parameters, in turn, are checked by application of the 
EES method to the reparametrized chain. 

Simulation of Electric Birefringence or Dichro- 
ism. In order to simulate a particular dynamics exper- 
iment, it is necessary to average some appropriate quantity 
over an ensemble of different structures as they evolve in 
time. The Brownian dynamics approach based on the 
Ermak-McCammon algorithm?’ which carries out a single 
trajectory, has been described in detail p r e ~ i o u s l y . ~ ~ ~ ~ ~  In 
this work, a dynamics time step, At, between 0.10 ns (for 
HZ chains) and 2.5 ns (for a 10 subunit chain model of 367 
bp DNA) is used depending on the system. Basically, At 
must be chosen sufficiently small so that position-depend- 
ent quantities like stretching and bending forces do not 
change significantly during At. At regular time intervals 
during a trajectory, t’, which can be called the sampling 
interval, a reduced birefringence or dichroism decay is 
computed. At  sample time lt’, we compute for a range of 
m 

H,(lt’,mt’) = - 

1 

(N- 1) 
Hi(lt’,mt’) = - P, [cos (ui(mt’).uj(mt’))l PJcos 

where P, is the Legendre polynomial of rank x and ui(mt’) 
is the unit vector along the ith virtual bond at  time t’. The 
s and i subscripts on H refer to saturation-induced (eq 
B16) and induced (eq B24) electric dipole orienting mech- 
anisms. In eqs 9 and 10, I is an integer which ranges from 
1 to n where n is the final sampling interval (usually set 
to 200-1000) of a particular trajectory. The total number 
of intervals considered in computing EB or ED decays, 
n*, isless than or equal to n (set to 100 in this work). The 
range of m in eqs 9 and 10 is from 0 (if 1 < n*) or 1 - n* 
(I 1 n*) to 1. Assuming the applied field is small enough 
that it does not distort the macromolecule, then EB or ED 
decay can be evaluated as a stationary quantitf7 and the 
following average is computed 

. n-“ 

where x refers to s or i, the t subscript denotes a time 
average over a single trajectory, and q ranges from 0 to n* 
- 1. This procedure is repeated for an “ensemble” of 30- 
300 trajectories in the present work depending on n. The 
final EB or ED reduced decay, which has an initial 
amplitude of 1, can be written as 

where the e subscript refers to an ensemble average. A 
g,(qt’) = ( (Hx(qt’))Je (12) 
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major advantage in setting n >> n* is that the noise level 
in eq 12 is more uniform over the entire q range. Despite 
the fact that a long trajectory requires more CPU than a 
shorter one, more configurations are sampled at  the long 
time end and, hence, fewer trajectories per simulation must 
be carried out. The reproducibility of g,(t) is checked by 
examining variations in four equivalent but independent 
subsimulations which, taken together, comprise the overall 
simulation. 

The reduced decays are analyzed using CONTIN developed 
by Provencher and c o - ~ o r k e r s . ~ ~  This is a versatile, model- 
independent data analysis program which fits gJt) to a 
continuous distribution of relaxation times 

where G,(T) is a normalized distribution function and T 

is arelaxation time. In general, this is an ill-posed problem 
since many possible solutions exist that fit the data within 
experimental error. In CONTIN, the problem is formulated 
as a weighted least-squares fit with an added quadratic 
term called the regularizer which favors simpler, 
“smoother” solutions. The application of this program to 
dynamic light ~cattering5~ and electric birefringencell~~~ 
has been discussed before. In this work, reproducibility 
of the G,(t)’s is checked by (1) adding different Gaussian 
random noise backgrounds (with standard deviations 
comparable to those between subsimulations) tog,(t) and 
seeing how this affects G=(T) and (2) comparing Gx(7)’s for 
identical but independent simulations. The GAT)% re- 
ported here represent CONTIN “chosen solutions”. 

In addition to flexible chains, ED/EB decays from rigid 
chains are also of interest. Although these could be 
obtained from by Brownian dynamics simulation using a 
rigid-body it is more efficient in the present 
work to use the equations of Wegener and c o - w ~ r k e r s ~ ~  
for the ED/EB decay of arbitrary rigid bodies. As discussed 
p re~ ious ly ,~~  the EES approach and Wegener’s equations 
are used to calculate birefringence decays from an ensemble 
of rigid chains. This algorithm offers the additional 
advantage that the distribution of relaxation times can be 
obtained explicitly. 

111. Results 
Evaluation of the Equivalent Chain Approach and 

Analysis by CONTIN. The ability of a simple “equivalent” 
chain to mimic the actual birefringence decay of a more 
realistic HZ model chain can be directly demonstrated for 
rigid ensembles. Briefly, a structure is selected from an 
equilibrium ensemble and its transport properties are 
determined. Using rigid-body equations,sg the birefrin- 
gence decay is computed as a sum of exponentials. For 
194bpDNAwithP= 50nm,thereduceddecayofasample 
chain consists of three relaxation times; T = 0.48,1.25, and 
3.70 ~ s ,  with amplitudes 0.09,0.02, and 0.89, respectively. 
Different chains have different amplitudes and lifetimes 
because of variation in conformation. In general, the decay 
consists of up to five relaxation times for arbitrary rigid 
bodies, but this simplifies to three distinct ones in the 
present case since the smallest two rotational eigenvalues 
are nearly equal (X,l Ar2 DJ. The largest lifetime 
component has 70 = 1 / ( 6 D ~ )  and corresponds to pure end- 
over-end rotational diffusion. The two faster times are 
given by 71 = 1/(501+ Dll) and T Z  = 1/(201+ 4011) where 
Xr3 = 011.~~ They represent more complex combinations 
of both end-over-end and more rapid axial tumbling 
motions. Nonetheless it should be emphasized that all 
three relaxation times represent overall rotational motions. 
By superimposing the amplitude versus lifetime histo- 
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Figure 1. Lifetime distribution for rigid 194 bp DNA fragments 
withP = 50 nm. Filled squares and pluses correspond to 21 (HZ) 
and 10 subunit chains, respectively. 7 is in seconds. The assumed 
orienting mechanism is SID for this figure BB well as Figures 2-8. 

m,dr) 
Figure 2. Lifetime distribution for rigid 250 bp DNA fragments 
with P = 50 nm. Filled squares and pluses correspond to actual 
and CONTIN distributions, respectively. Dotted vertical lines on 
select points denote error limits in the CONTIN distribution. 

grams of several hundred chains, G*(T) can be generated. 
The s subscript refers to an assumed SID orienting mech- 
anism. An example is shown in Figure 1 for 194 bp DNA 
with P = 50 nm for 21 subunit HZ (squares) and 10 subunit 
equivalent chains (+’s). It is clear from the figure that 
the equivalent chain accurately reproduces the birefrin- 
gence decay of the more detailed model, at least as far 88 
rigid structures are concerned. From the previous dis- 
cussion, we can identify the long-time, large-amplitude 
peak as corresponding to pure end-over-end rotational 
diffusion and the shorter time, small-amplitude peak as 
corresponding to combined end-over-end and axial tum- 
bling motions. Note that, upon taking the ensemble 
average, the two faster times coalesce to give a single rather 
broad lifetime distribution. 

In the analysis of flexible-chain simulations, we are 
unable to determine the lifetime distribution directly and 
have to resort to indirect methods such as that provided 
by CONTIN. The rigid ensemble studies allow us to 
determine how accurately CONTIN reproduces the actual 
distribution, and this is illustrated in Figure 2 for 250 bp 
DNA with P = 50 nm. The actual lifetime distribution 
is given by the squares and that estimated by CONTIN is 
given by the +’s. The latter distribution was obtained by 
first computing the ensemble-averaged birefringence decay 
followed by CONTIN analysis. The two long-time peaks are 
fairly well reproduced but shifted to slightly longer times. 
For consistency sake, all rigid ensemble lifetime and 
amplitude data reported in the remainder of this work 
come from CONTIN analyses rather than from the actual 
distributions. The shortest CONTIN peak (with a lifetime 
less than 0.1 ps) is clearly spurious in this case and occurs 
on a time scale comparable to the shortest sampling time 
interval used in constructing the correlation function. 
Short-time components like this are frequently seen in 
CONTIN analyses and contribute less than 1 % to the decay 
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Figure 3. Effect of flexibility on CONTIN lifetime distributions. 
Filled squares and pluses correspond to flexible and rigid chains, 
respectively. The case illustrated corresponds to a 250 bp 
fragment with P = 50 nm. 

0.41 n 

loglg) 

Figure 4. CONTIN distribution for flexible 250 bp DNA for 
different persistence lengths, P. Filled squares, pluses, and 
diamonds correspond to P = 50,100, and 200 nm, respectively. 

amplitude. Note also the much higher level of error in the 
fastest peak. Because of their irreproducibility and low 
amplitude, they shall be ignored. 

The effect of chain flexibility on the lifetime distribution 
is shown in Figure 3 for 250 bp DNA with P = 50 nm. 
Again an SID orienting mechanism is assumed. The CON- 
TIN rigid distribution (+%) of Figure 2 is shown along with 
the corresponding flexible distribution (squares) derived 
from Brownian dynamics simulation. Basically, (IO and a1 
are comparable in both cases, but TO and T I  are reduced 
by about 10% and 30%, respectively, when the chains are 
allowed to flex. (The a’s and 7’s correspond to amplitudes 
and peak first moments of the lifetime distribution which 
are printed out by the CONTIN program.) Figure 4 shows 
how the lifetime distribution of flexible 250 bp DNA 
depends on P for P = 50 (squares), 100 (+’s), and 200 nm 
(diamonds). Note that TO increases as P increases but 
that T~ shows the opposite trend. Also, a1 decreases as P 
increases. First moment amplitudes (a’s) and lifetimes 
(7’s) are summarized in Table I for these and other cases. 
Since it can be argued that assigning a distribution is 
tantamount to overinterpreting the data, emphasis in the 
remainder of this work will be placed on the a’s and 7%. 

The validity of the equivalent chain approach with 
regards to flexible structures can be evaluated by looking 
a t  different equivalent chains with variable subunit 
number and seeing how the amplitudes and lifetimes vary 
with N. This is shown in Table I1 for 194 bp DNA with 
P = 50 nm for N ranging from 5 to 21 (N = 21 corresponds 
to a HZ model). Numbers in parentheses represent 
variations seen in independent simulations and approx- 
imate standard deviations. It is clear from this table that 
the N = 10 and 21 results are indistinguishable within the 
resolution of the data. Consequently, we can conclude 
that the 10 subunit chain is detailed enough to reproduce 
the ED/EB decay of the more realistic HZ chain. 

Longest and First Internal Times versus Chain 
Length. Diekmann and co-workers’3 have carried out 
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Table I 
Comparison of ED/EB Results Based on Induced (I) and 

Saturation-Induced (S) Orienting Dipole Mechanismr 

bP - 
194 

194 

250 

250 

250 

250 

250 

250 

367 

367 

367 

367 

367 

P, orientation 
nm mechanism 
50 S 

50 I 

50 S 

50 I 

100 S 

100 I 

200 S 

200 I 

50 S 

50 I 

100 S 

100 I 

200 S 

a0 

0.85 (0.02) 

0.83 (0.01) 

0.78 (0.03) 

0.80 (0.02) 

0.93 (0.01) 

0.93 (0.01) 

0.98 (0.01) 

0.97 (0.01) 

0.66 (0.02) 

0.76 (0.05) 

0.84 (0.01) 

0.88 (0.02) 

0.96 (0.01) 

a1 

0.15 (0.02) 

0.16 (0.01) 

0.18 (0.02) 

0.15 (0.02) 

0.07 (0.01) 

0.07 (0.01) 

0.02 (0.01) 

0.03 (0.01) 

0.27 (0.03) 

0.20 (0.01) 

0.13 (0.02) 

0.20 (0.05) 

0.04 (0.01) 

70, PS 

3.3 (0.2) 

3.7 (0.1) 

5.7 (0.3) 

6.3 (0.2) 

7.3 (0.4) 

7.2 (0.2) 

8.5 (0.1) 

8.6 (0.2) 

13.2 (0.5) 

13.7 (0.3) 

18.5 (0.5) 

17.9 (0.8) 

21.3 (0.3) 

71, Ira 
0.30 
(0.03) 

- 

0.37 
(0.07) 
0.84 
(0.15) 
0.93 
(0.20) 
0.30 
(0.08) 
0.32 
(0.02) 
0.11 
(0.04) 
0.21 
(0.05) 
1.73 
(0.05) 
1.62 
(0.05) 
1.44 
(0.10) 
1.00 
(0.10) 
0.68 
(0.16) 

367 200 I 0.94 (0.01) 0.06 (0.01) 22.9 (0.7) 1.10 
(0.10) 

Table I1 
Amplitudes and Lifetimes for Flexible 194 Base-Pair DNA, 

P=50nm 

5 0.83 (0.02) 3.61 (0.20) 0.15 (0.03) 0.39 (0.03) 
10 0.85 (0.02) 3.30 (0.20) 0.15 (0.02) 0.30 (0.03) 
21 (HZ) 0.89 (0.03) 3.23 (0.15) 0.11 (0.03) 0.33 (0.10) 

- 5  I 
! 

! 

2.1 2.2 2.3 2.4 2.5 2.6 
~oglo(bP) 

Figure 5. Longest relaxation time versus fragment length. Filled 
squares and pluses correspond to ED and EB experiments, 
respectively. Diamonds and triangles correspond to rigid and 
flexible simulations with P = 50 nm. 

high-field electric dichroism (ED) experiments on short 
DNAfragments in the size range 100-250 bp. Fitting their 
data to a double-exponential decay, they observed that, 
although the relative amplitude of the fast component 
increases as the field strength increases, both lifetimes 
are essentially independent of field strength. Because of 
this, it is not unreasonable to compare the lifetimes of 
Diekmann et  al. with simulated values and also those from 
low-field electric birefringence (EB) experiments reported 
by Lewis et al.ll Plotted in Figure 5 are ro’s from Diek- 
mann et  al. (squares) and Lewis et al. (+) along with 
simulations on P = 50 nm chains for rigid (diamonds) and 
flexible (triangles) chains. The SID orienting mechanism 
has been assumed in these particular simulations. Sim- 
ulation results bracket fairly well experimental values with 
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Figure 6. Similar to Figure 5. Diamonds and triangles 
correspond to flexible simulations with P = 100 and 50 nm, 
respectively. 

-5 
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Figure 7. First internal time versus fragment length. Filled 
squares and pluses correspond to ED and EB experiments, 
respectively. Diamonds and triangles correspond to rigid and 
flexible simulations with P = 50 nm. 

the rigid-chain lifetimes consistently longer than the cor- 
responding flexible values. It is worth noting that the EB 
results on 367 bp DNA (+) fall close to a least-squares fit 
through the ED data points despite differences in field 
strengths and data analysis in the two sets of experiments. 
As in the present study, Lewis et al. analyzed their data 
using CONTIN. When simulated data are fit to a double- 
exponential decay, amplitudes and lifetimes are obtained 
which are in good agreement with those derived from CON- 
TIN. Plotted in Figure 6 are simulation results (SID 
orienting mechanism) on flexible chains with P = 50 nm 
(triangles) and 100 nm (diamonds) along withexperimental 
70’s. Modeling the DNA as a flexible wormlike chain, a 
value of P between 50 and 100 nm is consistent with all 
fragments. However, modeling the DNA as a rigid 
wormlike chain results in an inferred value that is slightly 
lower than 50 nm. 

The dependence of the first internal time, 71, on chain 
length for P = 50 nm rigid (triangles) and flexible 
(diamonds) model chains is shown in Figure 7. As before 
ED and EB values are denoted by filled squares and +’s, 
respectively. I t  is clear from this figure that 71’s for the 
rigid model are substantially longer than flexible and 
experimental lifetimes. Flexible 71’8 are slightly longer 
than those observed experimentally except for the 367 bp 
fragment. Increasing P would reduce 71 and improve 
overall agreement between simulation and experiment, 
which is also entirely consistent with the behavior of 70. 
The effect of P on 71 for flexible-chain models is shown 
in Figure 8 with P = 50,100, and 200 nm corresponding 
to diamonds, triangles, and crosses, respectively. 

A t  this point, it is worthwhile to summarize the results 
of Figures 5-8. A rigid model with P = 50 nm is quite 
consistent with the chain-length dependence of 70 observed 
experimentally. The same model, however, is not at all 
consistent with experiments with regards to 71. A flexible 
wormlike chain which uses a simple harmonic bending 

i I 

- 6  1 
i -’I . 1 

Figure 8. Similar to Figure 7. Diamonds, triangles, and crosses 
correspond to flexible simulations with P = 50,100, and 200 nm, 
respectively. 

potential is quite consistent with both 70 and 71 for the 
size range 100-367 bp for a persistence length slightly larger 
than 50 nm. This finding is at  odds with that of Song and 
S c h ~ r r , ~ ~  who concluded that a dynamic persistence length 
of 200 nm is required in order to account for the magnitude 
of 71 and its dependence on chain length. We feel the 
reason for this discrepancy lies in the average used to 
compute the ED decay. Song and Schurr used an equation 
similar to eq B16, but the double sum over i and k is 
replaced by a single sum (over i). This average is 
appropriate for the fluorescence polarization anisotropy 
of a chromophore bound tightly and randomly to a linear 
chain moleculeso but is not appropriate for low-field ED 
or EB decay. It does, however, raise the important point 
that similar experiments which monitor different dynam- 
ical averages can have quite different relaxation time 
spectra. 

As discussed in the Introduction the saturation-induced 
dipole mechanism is not appropriate at  low field such as 
used in the birefringence experiments of Eden and co- 
w0rkers.9J~~~~ At low fields, an induced dipole orienting 
mechanism would be more appropriate. In the case of an 
induced dipole mechanism, the appropriate average is 
given by eq B24. Summarized in Table I are lifetimes and 
amplitudes for a number of different wormlike chains for 
both induced (I) and saturation-induced (S) dipole ori- 
enting mechanisms. Despite small differences, we can 
conclude the two orienting mechanisms yield similar 
relaxation time spectra both with regards to lifetime and 
amplitude. 

IV. Conclusions 
The ED/EB off-field decay of DNA fragments in the 

size range 100-367 bp consists basically of two relaxation 
processes. The larger amplitude, slower decay process is 
fairly insensitive to chain flexibility, and its lifetime is 
reduced by about 10 ’% when bending motions are allowed. 
Using rigid-body models to infer persistence lengths from 
the longest relaxation time of ED/EB measurements is 
reasonably accurate but results in an underestimation of 
P. The smaller amplitude, faster decay process is much 
more sensitive to chain flexibility. It is not possible to 
find rigid model chains which are consistent with exper- 
imental 70 and 71 values simultaneously. However, a simple 
elastic bending wormlike chain with P = 50 nm is consistent 
with experimental lifetimes for all lengths in the range 
studied. This of course does not prove that DNA bends 
as a simple elastic body, but it does show that this model 
is consistent with ED/EB measurements. 

The model simulations carried out in this work are 
approxipate in several respects. To begin with, the chain 
model employed preserves only the global details of DNA 
fragments they are supposed to represent. Nonetheless, 
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test studies on both rigid and flexible chains in which the 
number of subunits is varied demonstrate that the 10 
subunit equivalent chains used in most of this work are 
detailed enough to model ED/EB decay on the 131-367 
bp DNA fragments. A coupling between torsion and 
bending motions might also be expected to influence EB/ 
ED decay. In a preliminary study, torsion was also 
included in a few simulations and the dependence of the 
relevant correlation functions on torsional rigidity exam- 
ined with other parameters held constant.35 Within the 
uncertainty of the data, no dependence of EB/ED decay 
on torsional rigidity was observed, and in all subsequent 
work the torsional rigidity was set to a low value and 
ignored. This conclusion, however, is only tentative since 
the torsion model as described is ref 35 is restricted to 
chains in which the angle between adjacent virtual bonds 
is close to zero. Although this condition is satisfied for 
“detailed” chains made up of touching subunits, it is 
probably not meaningful to apply it to a 10 subunit chain 
equivalent to a 367 base-pair DNA fragment with P = 50 
nm for example. As discussed in the Introduction, the 
orientation mechanism for polyelectrolytes in external 
fields remains poorly understood. In this work, ED/EB 
decay from the two extreme mechanisms of purely induced 
and saturation-induced electric dipole moments has been 
considered. We have shown that lifetimes and amplitudes 
for both mechanisms are about the same, which suggests 
that ED/EB decay is fairly insensitive to the way the chain 
is oriented at  least a t  low field strengths which the present 
results are strictly limited to. 

It is clear from the measurements of Diekmann et al. 
that the external field strength does influence ED decay 
but that the effect is restricted primarily to the amplitudes 
rather than to the lifetimes of the decay processes. For 
that reason, we have focused attention in this work to the 
decay lifetimes in comparing simulations and experiments. 
It would be possible to extend the simulations to high 
electric fields by using Monte Carlo methods to first orient 
the fragment and then investigate the transient decay of 
an ensemble of fragments. Considering the field-strength 
dependence of ED/EB decay amplitudes from such studies 
would undoubtedly help us understand better the orien- 
tation mechanisms of DNA and other polyelectrolytes. 
We plan to pursue this line of investigation in the future. 
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Appendix A 

In order to relate the transient electric birefringence or 
dichroism (TEB or TED) decay measurement of a linear 
polyion to a model-dependent correlation function, it is 
necessary to know the probability, tu(&), that the chain 
is in a particular configuration, 40, at the time the orienting 
electric field is turned off. This probability distribution 
is related to the electrostatic potential energy of the poly- 
ion, V(#O), by 

WJ,) = A(exp(-W($,))) (AI) 
where j3 = l / k ~ T ,  A is a normalization constant, and 
brackets denote an ensemble average. Consider first the 
case in which the polyion is oriented by a purely induced 
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dipole mechanism. In this case 

642) 

where E is the applied electric field and x is the electric 
polarizability tensor of the polyion. At  low fields, x is 
related to the instantaneous dipole moment, p, by 

x = j3(PPT) (A3) 
where T denotes transpose of, in this case, a column vector 
and brackets denote a time average long compared to 
fluctuations in p but short compared to overall reorien- 
tations of the macromolecule. 0 0 s a w a ~ ~  considered a 
simple model by equating p to qd where q is an effective 
charge of the polyion and d the instantaneous displacement 
between the centers of the polyion and counterion charge 
distributions. In the present work, we shall use Oosawa’s 
basic idea but generalize it to make it compatible to our 
model of a linear macroion made up of N subunits 
connected by N - 1 virtual bonds, bj. The relationship of 
the virtual bond or subunit to the actual polymer is 
somewhat arbitrary. It could represent, for example, one 
monomer unit of the chain. The net dipole moment is 
written as the sum over N -  1 virtual bond dipole moments. 

1 
2 V(do) = - -E.pE 

P = (A41 
i 

The assumption is made that the virtual bond and virtual 
bond dipole moments are collinear. On a time scale short 
compared to coil deformations, eq A3 becomes 

Consider the special case of a rodlike or nearly rodlike 
polyion in which we make our basic unit size small (large 
N). This would be appropriate, for example, if we had a 
DNA fragment much shorter than a persistence length 
and the basic unit is taken as a base pair. In that case, 
all of the bi’s are equal and eq A5 can be written 

If charge fluctuations are weakly correlated, it can be seen 
that x should vary linearly with Nor the polyion molec- 
ular weight, M. If, on the other hand, charge fluctuations 
are strongly correlated ((qiqj) = constant), then eq A6 
predicts a W dependence on x .  For DNA, which is the 
polyion of interest in this work, the electric polarizability 
varies roughly as W ,  which means that the strongly 
correlated case is appropriate. Thus, eq A5 can be written 
as 

a 
x=-  cuiu,T 

( N -  1)2 11 

where the u’s are the virtual bond unit vectors and a is 
a constant. This form of x is different from that used 
p r e v i o ~ s l y ~ ~  in which a simple sum over virtual bond po- 
larizabilities was taken. The basic problem with that 
model is that it predicts the incorrect length dependence 
of x.  Combining eqs Al ,  A2, and A9 then yields 

where Bio is the angle between virtual bond i at t = 0 and 
the applied field. 

As discussed in the Introduction, the induced dipole of 
DNA appears saturated at fairly low field strengths. When 
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configurations of the molecule 

( A a k ( t ) )  = Jd4 w(4,t) Aa(Qk) (€33) 
where 4 denotes a particular configuration of the mac- 
romolecule in the lab frame, w(4,t)  is the probability the 
macromolecule is in configuration 4 at time t ,  and A a ( s 1 h )  
is the dichroism of a subunit in configuration a h .  It should 
be emphaaized that Q k  is a subset of 4. Equation B3 can 
also be written 

( A a k ( t ) )  = Jd4 d40 Wo) G(4,t140) Aa(Qk) 034) 

where w(40) is the probability the macromolecule is in 
configuration 40 at t = 0 and G(4,tJh) is the conditional 
probability the macromolecule is in configuration 4 at time 
t given that it is in 40 at t = 0. 

A t  this stage, it will be convenient to write Au(&) in 
terms of spherical tensors 

steady-state electric dichroism or birefringence measure- 
menta on a range of different monodisperse DNA frag- 
menta (100-300 bp) are interpreted in terms of saturation- 
induced dipole (SID) models, a critical field strength, EO, 
of between 3 and 10 kV/cm is dedu~ed.4~1~ Also, Eo appears 
to decrease with increasing fragment size. Thus eq A8 
may be appropriate for the low-field TEB experiments of 
Eden and c ~ - w o r k e r s ~ J ~ ~ ~ ~  but not the TED experiments 
of Diekmann et al.12J3 where field strengths in the range 
10-50 kV/cm were used. 

To account for dipole saturation in an approximate way, 
we shall use essentially the SID model modified to 
accommodate our multisubunit polyion. Start by first 
considering the dipole moment, p, of a macromolecule in 
a small external field directed along z using eq A7 

In the original SID Ujz  in eq A9 above is replaced 
by fEo/E if Iuj-El exceeds EO and the + or - sign is taken 
if Ujz is positive or negative. Here we shall make the two 
simplifying assumptions that EO is sufficiently small that 
conformations with IurEl less than EO can be ignored and 
that all uiZ’s of a chain in a given conformation are 
simultaneously positive or negative. The latter assumption 
is strictly valid for a rodlike polyion. In this case, eq A9 
can be written 

p = f - c u i  
(N-1) 1 

where the + (-) sign is taken if the projection of the end- 
to-end vector on the field direction is positive (negative). 
For this model, V(XO) = -pE and 

Appendix B 
The objective of this appendix is to show that the electric 

birefringence or dichroism decay is given by eqs 9 and 10 
in the text when the applied field strength is small. In 
what follows, we shall restrict ourselves to electric dichro- 
ism keeping in mind that an entirely analogous derivation 
would follow for the case of birefringence. It shall be 
assumed that an electric field, E, is applied to the sample 
in the z direction for a length of time long enough for the 
macromolecules to achieve a steady orientation. At  time 
t = 0, the field is turned off and the dichroism decay, 
AA(t),  is measured 

AA(t) = A,(t)  - A,(t)  = cl(a,(t) - a,(t)) (Bl) 
where A&) is the absorption of the sample in the LY 
direction at  t ,  c is the concentration of macromolecule, 1 
is the pathlength, and (a&))  is the average absorption 
cross section in the a direction for a single macromolecule 
at  time t .  It shall be assumed that the macromolecule is 
made up of N - 1 identical absorbing chromophores. (In 
the case of birefringence, the assumption is made that the 
optical polarizability of the macromolecule is the tensor 
sum over N - 1 identical virtual bond polarizabilities.) We 
can then write 

(AaW) = T ( A a & ) )  (€32) 

where Auk is the dichroism of the kth subunit. Each term 
in eq B2 can be written as an average over internal 

where arm is the mth component of a spherical tensor of 
rank 1. Since a, is orientationally invariant, it  is inde- 
pendent Of Qk. Spherical tensors transform under rotation 
as61 

alm(Qk) = x D k , ( b L )  U ~ , , ( Q ’ ~ )  
n 

= x D : , ( L b )  aln(Qfk) 036) 

where the D denotes Wigner rotation matrices, (bL) is the 
Euler transformation which carries some convenient body 
fixed reference frame, b, into the laboratory frame, L, and 
Q’k is the configuration of subunit k in the b frame. (In 
the second entry of eq B6, the Euler transformation has 
been inverted.) Thus we can write 

n 

where we have chosen the b frame to correspond to a body 
fixed frame associated with subunit k at time 0. Note 
from eq B7 that Aa(Qk) transforms as a second rank 
irreducible tensor. 

Assuming the absorption cross section is all and uL 
parallel and perpendicular to a virtual bond, we can write 

~ ~ ~ ( n ~ ~ )  = D ; , ( ~ ~ , ) A U  (B8) 
where Au = all - al and we have chosen the z axis of the 
b frame to lie along virtual vector k at time 0. It will also 
prove convenient to transform the DKn(Lko) terms in eq 
B7 to a body fixed frame associated with bond i at t = 0 
using the transformation property6l 
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Making use of eqs B8 and B9 in eq B7 yields 

From eqs A l l  and A8 we can write 

for the saturation-induced dipole (SID) model and 

for the induced dipole (ID) model. In both eqs B11 and 
B12, the exponentials have been expanded and only the 
leading terms retained. Consider first the evaluation of 
(Auk@)) for the SID model using eqs B4, and B10 and 
B11. The unit term vanishes in eq B11 so we can write 

(Aa,(t)  ) = 

1 1 1 
d r  p&(Li,>l DE(Lio) - -D&(Lio) - -D!im(Lio) 

(B13) 
where d r  represents the differential volume element for 
the Euler transformation (Lio), and primes denote that 
the reference frame is now taken with respect to subunit 
i at t = 0. Because the bonds are assumed cylindrically 
symmetric, only the first two Euler angles are needed to 
specify (Lid or (ii) for that matter. In evaluating the 
integral over d r ,  both D G  and D!im (Lio) terms vanish. 
In addition, most of the m terms vanish since subsequent 
averaging over the (i&) transformation eliminates all m 
# 0 terms. Now it is straightforward to show 

JdI’ ph(Lio)pG(Lio)  = ?r/2 (B14) 

In addition, since only first-order terms are being retained, 
it turns out A = 1/4?r. Thus, eq B13 can be written as 

[ 6 6 

Dii(ioko) 0315) 
Using the identity DL,(ub) = DL,(bu) along with eq B9 
and summing over k yields finally 

The average in eq B16 is independent of the initial 
orientation of the macromolecule in the applied field and 
depends only on internal coordinates. Internal averages 
like this one are readily evaluated by Brownian dynamics 
simulation. 

For the induced dipole mechanism, the averaging 
procedure is different. As in the SID case, the unit term 
in eq B12 vanishes on subsequent averaging and A = 1/4a. 
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We can write 

where use has been made of the contraction relatione1 

r 

Multiplying eq B17 with A d Q d  

we obtain 

C(112;m1m2) (D;,(kk0) D~lo(koio)  DLzo(kQo) ) (B21) 

Following arguments similar to those preceding eq B14, 
the average above vanishes unless n = 0 and ml + m2 = 
0. Following some straightforward manipulations, it can 
be shown 

CJ 

1 B d 2 A u  

10 ( N  - m 
(Aa(Q,)) = - -CC(112;00) C(112;m,-m) X 

and summing over k finally yields 

for an induced dipole orienting mechanism. 
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