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ABSTRACT: We report dynamic light scattering and transient electric birefringence data on five monodisperse 
plasmid DNAs ranging in molecular weight from 1.5 X lo6 to 8.4 X lo6 daltons. The translational behavior 
closely follows the experimental sedimentation work of Hudson and Vinograd (Nature (London),  221,332-7 
(1969)) while the apparent rotational relaxation is largely independent of molecular weight, with a decay time 
around 100-130 ps at 37 "C (0 = 1280-1670 8-l). We attribute this behavior to increasing contributions of 
internal motions to the overall dynamics, as the plasmids increase in size. An inverse Laplace transform (ILT) 
analysis can successfully resolve and measure the translational and rotational decays from the light scattering 
data on the smallest plasmid. These measurements are consistent with a rigid rod 2000 8, in length and 170 
8, in diameter. The ILT technique fails, however, to resolve the translational decay from the other relaxations 
in the data from the larger plasmids. 

Introduction 
Plasmids, circular pieces of duplex DNA, occur naturally 

in bacterial and are one of the fundamental tools of re- 
combinant DNA technology.2 Naturally existing within 
bacteria in the supercoiled ~ o ~ I I I , ~ + ~  these small genetic units 
confer resistance to both natural and synthetic antibiotics.' 

For the polymer chemist, however, plasmids have many 
advantages as a model system for the study of macromo- 
lecular dynamics. Because of their importance to genetic 
engineers and to researchers concerned with bacterial an- 
tibiotic resistance, methods for the characterization and 
manipulation of these polymer molecules are extremely 
well worked out.2 Properly produced, plasmids are abso- 
lutely monodisperse4 and their molecular weight can often 
be calculated exactly from existing primary sequence in- 
formation. Their contour length can also be calculated 
quite a~curately.~ Since different researchers can produce 
plasmid DNAs and be confident that their samples are 
identical, it is practical to compare results from different 
laboratories. In addition, there is a large body of related 
literature on the physical-chemical properties of these 
molecules in s ~ l u t i o n . ~ - ~  Furthermore, our understanding 
of the structure-function relationship in DNA is still in- 
c ~ m p l e t e . ~ * ~  Thus, studies of the motions of these mole- 
cules are important to the biologist as well as the polymer 
chemist. 
Discussion 

Dynamic light scattering and transient electric bire- 
fringence are both useful methods for studying the dy- 
namics of supercoiled and linear DNA.'+14 In the following 
work, we have studied the motions of five different su- 
percoiled plasmids by these techniques (see Figure 1). The 
plasmids ranged in size from 2300 f 5 base pairs (about 
1.5 X lo6 daltons) to 12 800 f 400 base pairs (about 8.4 X 
lo6 daltons). The plasmids are monodisperse although 
there is some uncertainty in their absolute size. The 
high-angle dynamic light scattering experiments were 
carried out at 90°, giving a value for q, the scattering vector 
length, of 2.42 X 105 cm-'. Our low-angle experiments were 
performed between loo and 2 6 O ,  giving correspondingly 
lower values for q. 

At larger values of the scattering vector, the autocor- 
relation functionl5 measured from solutions of these 
molecules was not a single exponential. Presumably this 
was due to rotational or internal motions on a length scale 

'Present address: School of Medicine, University of California at 
San Diego, La Jolla, CA 92093. 

of l / q  or greater.15 Since we were not aware of any rea- 
sonable models of superhelical plasmid structure on which 
to base our data analysis, we used an unbiased, model- 
independent procedure. CONTIN, a Fortran program 
written by Provencher,17-19 can analyze autocorrelation 
data using a constrained and conditioned inverse Laplace 
transform (ILT) technique. It finds the smoothest non- 
negative distribution of decay times that is consistent with 
the data, to the accuracy in the data.1619 No information 
other than the autocorrelation function itself and the range 
of possible relaxation times is used by the program. For 
every plasmid solution, the autocorrelation function 
measured at  90°, when evaluated by the ILT technique, 
revealed two relaxation processes (see Figures 2 and 3). 
The slower of the two, usually with a decay time around 
260 ps, would correspond to the translational diffusion of 
a spherical particle with a radius of about 500 A. The 
faster of the two processes usually had a decay time around 
70 ps. The decay times of both of these processes were 
suprisingly independent of the molecular weight of the 
plasmid. Since the ILT technique makes no a priori as- 
sumptions with respect to the number of different relax- 
ation processes (translation, rotation, and/or internal 
motion) that may be contributing to the measured auto- 
correlation function, we have demonstrated the existence 
of multiple relaxation processes. In no case were we forced 
to assume that the multiple relaxation processes did in fact 
exist and then analyze the data under that assumption. 

At low angle, dynamic light scattering is sensitive only 
to large-scale motions of the scattering parti~1es.l~ This 
makes low-angle light scattering the method of choice for 
determining translational diffusion constants of large 
molecules. Higher scattering angles would make the ex- 
perimental interpretation more complex because of the 
increased contribution of internal relaxations to the 
measured autocorrelation function.15 At the lower values 
of q, where we expected only the translational motion of 
the plasmids to contribute to the light scattering spec- 
trum,15 experimental limitations made it impossible for us 
to obtain as accurate data as in the high-q experiments. 
In these low-angle cases, CONTIN was often inconsistent in 
its analysis of several different measurements from the 
same plasmid solution. This was probably because the 
noise in the data was not Gaussian (it contained a sinu- 
soidal component) and thus the statistical criteria that the 
program uses internally were invalid.20 For these exper- 
iments we analyzed the data with the multiexponential 
fitting program DISCRETE, also written by Provencher,21,22 
and we constrained the solution to be a single exponential 
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with a floated base line. This form adequately represented 
the data from all the plasmids in the low-q region. The 
observed single-exponential behavior of the plasmid au- 
tocorrelation functions at  the low angles confirms the se- 
lective measurement of translational diffusion. 

The translational diffusion constant is a simple function 
of the friction constant, f, for the moleculez3 

where k is Boltzmann's constant, and Tis  the temperature 
in kelvin. The sedimentation coefficient, s, is also a simple 
function of the friction constant15 

(2) 
where m is the molecular weight, p is the density of the 
solution, No is Avogadro's number, and v is the mass 
specific volume. In 1969 Hudson and Vinograd published 
an empirical relationship between the molecular weight 
of a superhelical plasmid and its sedimentation coefficientq6 

s = 7.44 + 2.43 x 10-3m0.58 (3) 
When one uses the equations above and the literature 
value for v,z3 it  is possible to calculate the diffusion con- 
stant for each plasmid. This sedimentation prediction 
matches very closely our measured translational diffusion 
constants. Because sedimentation requires the establish- 
ment of a velocity field, there is always the risk that large 
flexible molecules will "streamline", reducing their fric- 
tional constant below the thermal equilibrium value.23 
Because of this, it is not surprising that a small discrepancy 
develops between the sedimentation predictions and our 
low-angle measurements as the plasmids increase in size 
(see Figure 4). 

Small, superhelical plasmids are often envisioned as a 
rodlike quadruple helix. This model makes specific pre- 
dictions for the light scattering ~pectrum.'~ Newman has 
reported work on the motion of pBR322, a plasmid that 
we use as well. His results are consistent with a rodlike 
structure up to a moderate value of q.24 Our data on 
pBR322, to be shown below, are entirely in agreement with 
Newman's data. Our light scattering data from an even 
smaller plasmid are consistent with a rigid rod structure 
a t  all of our q values. I t  should be noted, however, that 
the transient electric birefringence data, even taken from 
solutions of the smallest plasmid, are not completely 
consistent with a rigid rod structure. Transient electric 
birefringence, because it is insensitive to translation, may 
well be more sensitive to internal motions than dynamic 
light scattering. Furthermore, the larger plasmids deviated 
from a rigid rodlike structure to such a degree that they 
exhibited a rotational motion whose characteristic time is 
essentially independent of plasmid size, whether measured 
by dynamic light scattering or by transient electric bire- 
fringence. 

Experimental  Section 
Plasmids of five different lengths (Figure 1) were obtained and 

grown in E. coli strain HB101.2 Using a minor modification of 
the procedure of Marko, Chipperfield, and B i r n b ~ i m , ~ , ~ ~  we were 
able to isolate milligram quantities of plasmid DNA with less than 
3 % topological contamination (nicked circles and linear molecules) 
and no detectable RNA or chromosomal DNA. Plasmid solutions 
(100 pg/mL in 100 mM NaCl, 10 mM Tris-HC1 pH 8.0, 1 mM 
EDTA) were cleaned of dust by centrifugation in the scattering 
cell, at 15000g for 15 min and then checked for dust under a 
microscope during illumination by 0.2 W of 488-nm laser light. 
When the sample was clean, it was brought to thermal equilibrium 
at 37 "C and the homodyne dynamic light scattering autocorre- 
lation function was measured; 488-nm laser light from a Spectra 
Physics Model-165 argon ion laser was used. In a typical ex- 
periment, at 90" scattering angle, 512 data points were measured 

D = kT/f (1) 

s = m ( l  - vp)/Nof 
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Figure 1. Five plasmids (small autonomously replicating circular 
pieces of DNA) of lengths 2300 base pairs up to 12 800 base pairs 
(0.78 pm up to 4.4 pm in contour length) are shown diagram- 
matically. Each contains an origin of replication so that the 
plasmid may be replicated by the enzymatic machinery of E. coli. 
Each plasmid also contains one or two genes that code for proteins 
that allow the E .  coli to resist the toxic effects of various anti- 
biotics. These drug resistance genes allow us to grow large 
numbers of E.  coli while positively selecting for the cells that 
contain the plasmid. The 2.3-, 8.7-, and 12.8-kb plasmids were 
provided by Thomas Reynolds in the Department of Pathology, 
Stanford University. Their actual names are pRI25, pSVA&, and 
pSVAG 5', respectively.25 The 4.4-kb plasmid is pBR322 and the 
6.1-kb pLmid is P R L M ~ . ~ ~  We refer to these plasmids by the 
number of base pairs to facilitate comparisons between them. 

2 ps apart by using the multiplex capability of a Brookhaven 
BI2020 autocorrelator. Typical signal to rms noise ratios for these 
experiments were 500-1000. The data were then spliced together 
for use with C O N " .  CON" was run on a Universe 68 computer, 
a MC68000-based system manufactured by Charles River Data 
Systems. Both before and after the scattering experiment the 
DNA was analyzed for nicking by agarose gel electrophoresis.2 
Less than 5% of the DNA was nicked after the experiments. 

Transient electric birefringence measurements were made on 
5 pg/mL solutions of DNA in 1 mM sodium phosphate buffer 
pH 7.0 at 4.3 "C; 1000 100-V orienting pulses of width 50 or 150 
ps were applied at 5-Hz repetition rate; 2048 data points 640 ns 
apart were measured. Single-exponential fits were performed by 
linear regression to the log transform of the data, using points 
from 50 to 300 ps. The signal before the pulse was used as the 
base line. This work was performed at the laboratory of and with 
the help of Don Eden of San Francisco State University, using 
apparatus described previously.12 

Electron microscopy was performed by using standard cyto- 
chrome c/uranyl acetate/Pt staining.32 This work was aided by 
Arnold Barton. 

Results 
We have modified CONTIN so that it displays the values 

of relaxation times in terms of the size of a spherical 
particle whose translational decay would have the same 
decay time. We call this the "effective hydrodynamic 
radius" for the decay process. This is useful when at- 
tempting to sort translational from other relaxation pro- 
cesses in a system, as the position of a translational peak 
will not change with angle using this system, whereas a 
rotational peak will. If relaxation times themselves were 
plotted, positions of both kinds of delay processes would 
change with angle. 

Very often a peak appears at  the smallest radius (fastest 
time scale) made available to the program, even when using 
computer-synthesized data that contain no decay time near 
that regioneZ0 These peaks will move in position as the 
lower size limit is changed and they rarely represent more 
than 2% of the scattered light. They are an artifact whose 
cause is unknown to us. They seem to have little or no 
effect on the solution chosen by the program, as long as 
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Angular Dependence of Spectra from 2.3 Kb Plasmid 
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Figure 2. This figure shows CONTIN analyses of light scattering 
data from solutions of the 2.3-kb plasmid, taken at 25.7' and 90'. 
In the f i t  panel, taken at the lower angle, there are three peaks. 
The fastest decay process, which corresponds to the smallest 
effective hydrodynamic radius, is at about 45 A. This is probably 
an artifact (see text) and represents leea than 2% of the scattered 
intensity. The middle peak, at 430 A, represents the translational 
diffusion of the plasmid and contains about 60% of the scattered 
amplitude. The third peak, at about 2500 A, is a "dust peak" 
commonly seen in inadequately cleaned samples at high angle, 
or in almost all samples at low angle. It contains the rest of the 
scattered amplitude. The second panel shows the analysis of data 
taken at 90'. In addition to the probable artifact at 35 A (less 
than 1% of the scattered intensity) and the dust peak at the large 
end of the spectrum (about 10% of the scattered intensity), there 
are now two peaks near the center of the spectrum. The slower 
of the two peaks, now at about 460-A effective hydrodynamic 
radius, representa translation. The faster of the two peaks, at 
about 1sO-8, effective hydrodynamic radius, representa rotational 
and/or internal motion in the plasmid. The bottom section of 
the figure shows plots of weighted residuals vs. channel number 
from the two fits shown above. Both seta of residuals are sta- 
tistically random by a nonparametric sign test. 

they are reasonably removed from the actual decay times 
that exist in the system.20 

Figure 2 shows the CONTIN analysis of data taken from 
solutions of the smallest plasmid at two scattering angles. 
At 25.7' we expected only the translational motion of the 
molecule to contribute to the autocorrelation function and 
CONTIN'S analysis revealed only one significant relaxation 
process. The position of the relaxation a t  430-A effective 
hydrodynamic radius agrees reasonably well with 400 A 
predicted for translational diffusion by the previously 
mentioned sedimentation measurements. At 90° scattering 
angle, rotational and/or internal motions of the molecule 

4.4 Kb PLASMID 
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8.7 Kb PLASMID I 

30 100 1000 
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Figure 3. This figure shows CONTIN analyses of light scattering 
data from solutions of each of the larger plasmids, each taken at 
90'. 

can contribute to the autocorrelation function. CONTIN'S 
analysis of these data shows two significant peaks. The 
slower of the two, presumably representing translational 
diffusion, is a t  460 A, essentially in the same position as 
in the low-angle analysis. The peak at 160 A (approxi- 
mately 80-ps decay time) represents some sort of faster 
motion, either rotation or flexing of the molecule (or both). 
In the case of the smallest plasmid, CONTIN is able to re- 
solve the translational motion of the molecule from some 
other, faster motion and accurately determine the trans- 
lational relaxation time. 

Figure 3 shows CONTIN analyses of 90' scattering data 
taken from each of the larger plasmids. Despite the in- 
creasing size, and the associated proliferation of possible 
internal motions, the spectra look surprisingly similar. The 
only indication of increasing complexity is the broadening 
of the peaks with increasing molecular weight. The peak 
width of bimodal decay time distributions is difficult to 
measure and this observation may or may not be signifi- 
cant.16 

How compatible are these results with the known 
structure of these plasmids? Starting with the smallest 
plasmid, we see that the slow decay time very closely 
matches the sedimentation prediction for translational 
diffusion. How reasonable is the rotational time? The 
autocorrelation function for a rigid rod has the form15 

d t )  = 
S,(qZ) exp(-q2Dt) + Sl(ql) exp[-(q2D + 68)tl + ... (4) 

The faster time, 80 ps, actually represents the addition of 
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Figure 4. This figure summarizes the light scattering results and 
compares the low-angle results with predictions based on pre- 
viously published sedimentation data. Each point represents the 
average from at least two experiments. The circles show the 
translational relaxation times that are predicted from previously 
published sedimentation measurements on similar molecules.6 
The triangles show the single relaxation time that was observed 
at low angles for all of the plasmids. Presumably this was due 
to the translational motion of the plasmids. The squares show 
the slower of the two relaxation processes observed by light 
scattering at 90° and the diamonds show the faster of the two. 

the translational and rotational decay constants, as seen 
in the second term. Using the translational time of 206 
ps (obtained by averaging our values for D from the low- 
angle measurements and scaling by q2) and the measured 
rotational time of 80 pa yields a true rotational time (1/68) 
of 130 ps. It is reassuring to note that transient electric 
birefringence measurement of an average rotational time 
for this plasmid, when scaled by the difference in tem- 
perature and viscosity of water a t  4.3 and 37 0C,33 yields 
a time of 98 ps. This is in surprising agreement given the 
different ionic strengths and temperatures used in the two 
experiments. Using Broersma's  relation^^^-^^ and the 
simple model of a rigid rod 2000 8, in length and 170 a in 
diameter, we would predict a translational time of 207 ps 
and a rotational time of 130 ps at 37 "C. A calculation of 
ql, the product of the scattering vector and the rod length, 
gives 1.5 a t  25.7" and 4.8 a t  90°, confirming our assump- 
tions about the magnitude of the form factors (So(ql) and 
Sl(ql)) a t  the two angles.15 Thus, the data from light 
scattering and transient electric birefringence agree and 
support the rigid-rod model for the smallest plasmid. 

For the larger plasmids the picture becomes more con- 
fusing (see Figure 4). If we blindly assume that the slow 
peak continues to represent translation and the faster peak 
represents rigid rotation, then we are forced to conclude 
that the translational and rotational diffusion constants 
for plasmids are surprisingly independent of molecular 
weight. This is in direct conflict with the sedimentation 
predictions for the translational diffusion constant. 

The data from low-angle scattering experiments, fitted 
to a single exponential, demonstrate that the translational 
motion did indeed become slower as the plasmids increased 
in size. One possible explanation for CONTIN'S failure to 
detect this is that the larger plasmids, with additional 
bending or rotational modes, might possess too complex 
a dynamic spectrum. If the data were of insufficient ac- 
curacy to resolve all of the relaxation times, CONTIN might 
have combined the translational motion and some other 
faster relaxation process into one peak. In this case the 
position of the observed slower peak would be faster than 
the actual translational time and probably slower than the 

COMPARISONS OF ELECTRIC BIREFRINGENCE DECAYS 
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Figure 5. This figure shows the zero-field transient electric 
birefringence decay of €he smallest and largest plasmids as 
measured in the laboratory of Don Eden. The time scales are 
the same in each panel. In the first set of panels are data taken 
from solutions of the 12.8-kb plasmid using two different orienting 
pulse widths, 50 and 150 ps in panels A and B respectively. By 
superimposing the two decays in the third panel on the left side, 
we can see that the two decays are different. This is confirmed 
by single-exponential fits to the data. A similar result was seen 
in the case of the 2.3-kb plasmid. This suggests that there are 
at least two different rotational decay processes that have different 
decay times. Presumably one is rotation of the entire molecule 
and the others are internal bending modes. In the right-hand 
set of panels we compare data from the 2.3- and 12.8-kb plasmids, 
each taken with a 150-ps orientation pulse. The striking feature 
is that the rotational decay of the smallest plasmid (panel C) and 
the rotational decay of the largest plasmid (panel D) are nearly 
superimposable (last panel). This confirms that the apparent 
rotational motion of the plasmids is essentially independent of 
the contour length over the range we have studied. The values 
for the rotational times of the molecules as measured by this 
technique agree quite well with the values from light scattering 
(see text). 

relaxation time of the additional "hidden mode". On the 
other hand, CONTIN'S failure might not have been a failure 
a t  all. I t  is possible that the form factor15 for the trans- 
lational relaxation became so small as the plasmids became 
larger that, in effect, no translational information is con- 
tained in the 90" autocorrelation function. In this case the 
slower of the two resolved peaks might represent the first 
internal mode of the plasmids. 

We performed transient electric birefringence mea- 
surements on the 2.3-, 6.1-, and 12.8-kb plasmids. The 
average zero-field relaxation decay times for these plasmids 
were 98, 102, and 96 ps, respectively. These values, al- 
though the experiments were performed a t  4.3 "C, have 
been corrected to 37 "C by dividing by the ratio of the 
viscosity of water a t  the two  temperature^^^ and then 
scaling by the absolute temperatures. The molecular 
weight independence of these times confirms the 90" light 
scattering results. 

These times are averages of at  least two decay processes 
as, even in the case of the smallest plasmid, the decays 
were not single exponential (see Figure 5 for an example; 
the 2.3-kb data are not shown). This lends support to 
Newman's statementN that the rigid-rod model, in the case 
of pBR322, "fails at higher angles, probably due to ... 
flexibility or branching.. . . " 

There are two possible explanations for the existence 
of an apparent rotational motion that is independent of 
the contour length of the DNA. One possibility is that the 
larger plasmids are more densely packed structures in 
solution than the smaller plasmids, so that their overall 
rotational friction is not affected by their increased contour 
length. A second possibility is that, in the case of the 
smallest plasmid, the motion is a rotation of the entire 
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MEASUREMENT OF FLASMIO MMENSIONS BY ELECTRON MICROSCOW 

4 4 K b  and 1 2 8 K b  Fiarmidr L-st Dimansim (Awsm”) 

Figure 6. This figure shows a section of an electron micrograph 
containing one of the l2.Bkb plasmids and four of the 4.4-kh 
plasmids. The length of the longest dimenaion of each plasmid 
is shown to the right. 
plasmid while in the m e  of the larger molecule it may be 
a rotation of only a part of the molecule. 

Electron microscopy has historically been used to 
characterize the structure of nucleic acids. Figure 6 s h m  
an electron micrograph of the 4.4- and 12.&kb plasmids. 
We m e a s d  the longest dimension of the plasmids to see 
if the 12.8-kb plasmid did in fact have a larger longest 
dimension. After measuring approximately a dozen of each 
plasmid, we concluded that, on the average, the longest 
dimension of the 12.8-kb plasmid is about twice as long 
as the longest dimension of the 4.4kb plasmid (0.76 * 0.06 
v8. 0.37 * 0.05 pm). Thus, the larger molecules do not 
appear to be more densely packed structures than the 
smaller ones, at least by this technique. Uncertainties in 
the extent of distortion occurring during the spreading of 
the molecules often preclude drawing conclusions from 
electron micrographs.w Nonetheless, we suggest that the 
rotational motion observed by light scattering and tran- 
sient electric birefringence is a rotation of only a part of 
the larger molecules. In the ease of the smallest plasmid 
it might well represent a rotation of the entire molecule. 
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