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Abstract

Plasmids are naturally occurring circular dsDNA molecules that replicate 
independently of the bacterial genome. Many plasmids encode unique metabolic 
functions, such as resistance to antibiotics, heavy metals, or UV radiation. Most 
notably, these molecules are important tools for molecular biological research, 
serving as vectors in DNA cloning experiments. Such experiments involve 
inserting the DNA fragment of interest into a plasmid; the recombinant plasmid 
may then be studied to elucidate the genetic functionality of the isolated sequence 
in vivo.

In this work, the effects of two separation parameters on the migration of 
plasmid conformers in dynamic size-sieving capillary electrophoresis (CE) were 
investigated. Three plasmids were analyzed: pTZ19R (2870 bp), <|)X174 (5386 
bp), and pMD68 (27500 bp). Conformers were separated in tris-HCl-EDTA 
(THE) buffer containing the size-sieving polymer hydroxyethylcellulose (HEC). 
The effects of polymer concentration were examined in HEC-THE solutions 
containing up to 0.80% (w/w) polymer. The migration of plasmid samples was 
compared with linear and supercoiled ladder standards. Ferguson plots were 
constructed to probe the mechanism of separation. To examine the effects of 
intercalating dyes, plasmids were separated in 0.30% (w/w) HEC solution 
containing either ethidium bromide or YO-PRO-1 at various concentrations. 
Conformational changes due to ethidium bromide intercalation were demonstrated. 
YO-PRO-1 induced mobility changes in the (J)X174 plasmid, but exhibited 
extremely poor reproducibility. UV spectroscopic detection and laser-induced 
fluorescence detection of the pMD68 plasmid in the presence of YO-PRO-1 were 
compared.

In addition, we have tested the applicability of CE to the detection and 
quantitation of conformational changes caused by DNA damage. Three plasmids 
were irradiated: pTZ19R (2870 bp), (|)X174 (5386 bp), and pMD68 (27500 bp). 
Samples were irradiated at 58.2 Gy/min. using a y-60Co source to doses of 20-400 
Gy. Resultant fragments were separated in 0.30% (w/w) HEC solution and 
detected at 260 nm using UV spectroscopic detection. Samples were analyzed 
concurrently using slab gel electrophoresis to determine the conformation of 
sample components. Linear fragments were sized via comparison with the 1 kbp 
ladder standard in 0.30% (w/w) HEC solution containing 100 ng/mL YO-PRO-1 
using laser-induced fluorescence (LIF) detection. Analysis of the pMD68 plasmid 
(27.5 kbp) showed much greater conformational detail than that observed in slab 
gel electrophoresis.
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Introduction

I. Capillary Electrophoresis: A Modern Separation Technique

1.1 Principles of Separation

Electrophoretic techniques rely on the selective transport of analytes in an 

electrolytic solution. The fundamental parameter describing electrophoretic 

behavior is the electrophoretic mobility, //e(cm2/V-s). This mobility is constant 

for the given solute, separation medium, and temperature, and is proportional to 

the ratio of the frictional forces and electrical forces acting on the ion, given by 

Equation 1:

He qc Electrical force (FW) (1)
Frictional force (Ff)

The velocity of solutes can be expressed as the product of the applied field

strength and the electrophoretic mobility of the solute,

v = HeE (2)

where E  is the field strength in volts per centimeter. For a spherical ion, the 

frictional force can be defined as

Ff = 67Trjrv (3)

where r is the radius of the solvated solute (cm), v is the solute velocity (cm/s), 

and 77 is the viscosity o f the electrophoretic medium (kg/cm-s). In an electric 

field, ions are accelerated by the electrical force Fe, which is a function of field

2
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strength (E) and the charge of the ion (q) .

Fe = qE (4)

A steady state is reached almost instantly as the electrical and frictional forces are 

balanced, and the electrophoretic mobility o f a given solute can be defined as 

follows:1'4

(ie = _ q _  (5)
67cr|r

1.2 Capillary Electrophoresis

Capillary electrophoresis is essentially an analytical electrophoretic 

separation technique performed in a narrow-bore, fused silica capillary (25-75 pm

i.d.) tubing. The use of small inner diameter capillaries is critical to the highly 

efficient separations possible with CE; the high surface to volume ratio allows for 

improved dissipation of Joule heating, enabling the application of high voltages 

(«30 kV, producing field strengths 900 V/cm or greater).2,3

Electrophoresis in fused-silica capillaries, whose inner surfaces consist of 

ionizable silanol groups, gives rise to a phenomenon termed electroosmotic flow 

(EOF); this allows for the separation of cations, anions, and neutral species in a 

single analysis. This bulk flow of buffer ions is the result o f the migration of 

solvated cations toward the cathode (outlet vial), and is a function o f the charge at 

the capillary wall. At pH>2, the silanol groups of fused silica capillaries are 

ionized, attracting cations in the buffer, which form a compact layer at the 

capillary wall. This compact layer is not sufficiently dense to neutralize the 

negative charge of the wall, so an outer, diffuse layer forms. This diffuse layer is
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not attracted as strongly to the wall, and when an electric potential is applied 

across the capillary, the cations in this layer are attracted to the cathode. The 

buffer species solvating the cations are pulled toward the cathode, leading to a net 

flow of the buffer solution.1'4 The zeta potential (£) is the potential formed across 

the two layers o f cations at the capillary wall, and can be defined as:

C = 47tSe/s (6)

The zeta potential is a function of the thickness of the double layer (S), the 

dielectric constant of the electrophoretic medium (s), and the charge per unit of 

surface area (e).2 The thickness of the double layer is a function of buffer 

composition and is independent of applied potential.1,2 The velocity of 

electroosmotic flow o f a buffer system is given by

v e o f  =  (s <7rl)E (7)

This equation demonstrates that the magnitude of electroosmotic flow may be 

modified by altering characteristics of the separation medium, such as pH, ionic 

strength, and viscosity.2,3

The apparent (observed) electrophoretic mobility of a solute can be 

defined as the vector sum of its inherent electrophoretic mobility and the 

electroosmotic mobility of the system:

M-a =  M-e +  |4EOF (8)

The apparent mobility of a solute can also be defined in terms of field strength 

and apparent velocity:

|4a = Ya = JL (9)
E Vt

where L is the total capillary length, / is the effective capillary length (injection to
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detector window), F is the applied voltage, and t is the migration time. Figure 1 

schematically displays the migration order of solutes.

© ©0©
CathodeAnode

Electroosmotic flow

Figure 1: The migration order of cations, anions, & neutral species (N) in the presence 
of electroosmotic flow

The pressure-driven flow utilized in liquid chromatographic techniques produces 

a hyperbolic flow profile, with solutes at the center o f the chromatographic 

column traveling at the highest velocity, and solutes at the capillary wall traveling 

at the lowest. This velocity distribution leads to substantial band broadening.

The greatest advantage of electroosmotic flow is the essentially flat flow profile 

generated. In CE, electroosmotic flow applies a uniform force across the majority 

of the capillary diameter, causing the solute molecules of the same charge to mass 

ratio to demonstrate the same electroosmotic velocity, regardless of their 

position.1'3

Electroosmotic flow can be modified by changing the applied voltage, 

changing buffer composition, or by altering the condition of the capillary wall.

The elimination of EOF was demonstrated by Hjerten via covalent modification 

of the capillary wall with polyacrylamide, which effectively blocks the capillary 

wall charge; the polymer also increases viscous drag at the capillary wall, 

decreasing any residual EOF.2,5 Noncovalent modification of the wall is achieved
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by addition of surfactants or hydrophilic polymers to the separation medium; 

these additives provide a dynamic modification or shielding of the capillary wall 

charge.2 More recently, Fung and Yeung have demonstrated that rinsing with 

acid before analysis using a neutral buffer system nearly eliminates 

electroosmotic flow by protonating the silanol moieties of the capillary wall. This 

method affords higher reproducibility of electrophoretic mobilities compared to 

covalently modified capillaries.6

1.3 Capillary Electrophoresis vs. Chromatography

The efficiency of chromatographic separations can be described by the 

plate height, H. The van Deemter equation summarizes the dependence of plate 

height on on-column band broadening processes in liquid chromatography:

H « A + B/ux + Cux (10) 

where A , B , and C are constants and ux is the solvent linear flow rate. The first 

term (A) describes band broadening due to multiple solute paths in a packed 

column. The second term (B/ux) represents band broadening due to longitudinal 

diffusion. The third term (Cux) describes the contribution of resistance to mass 

transfer to dispersion (i.e., equilibration between the mobile and stationary 

phases). The high efficiencies achieved in CE are made possible by the 

elimination of two terms from this equation; the absence of a stationary phase 

eliminates dispersion due to multiple solute paths and to resistance to mass 

transfer. Therefore, the main contribution to band broadening under ideal 

conditions is longitudinal diffusion4 This decrease in band broadening leads to



efficiencies o f N > 105 in CE, compared with N « 20,000 in high performance 

liquid chromatography (HPLC), where N is the efficiency in theoretical plates. It 

is also noteworthy that while efficiency increases proportionally with column 

length in chromatography, efficiency is independent of capillary length in CE.

This has allowed for recent innovations such as microchip CE, which allows for 

separations on the order of seconds.3,4

Theoretical efficiencies in CE are generally greater than those determined 

experimentally due to other contributions to band broadening. Laminar flow 

profiles may be caused by siphoning due to unlevel buffer reservoirs, or by 

temperature gradients across the capillary diameter caused by Joule heating. Non- 

Gaussian peak shapes may be caused by sample adsorption to the capillary wall or 

by mismatched conductivities of the buffer and sample. Resolution and efficiency 

are further compromised by the finite detection window volume or by the 

injection of a large sample plug (>lmm in length).3,4

1.4 Instrumentation and Operation

Figure 2 displays the basic instrumentation for CE. A narrow-bore (25-75 

p.m i.d.), fused silica capillary connects two buffer reservoirs. In normal polarity 

mode, the outlet vial contains the cathode, which is connected to ground. The 

inlet vial contains the anode in this mode, which is connected to the high-voltage 

power supply. Samples are introduced by either electrokinetic or hydrodynamic 

injection. Detection may be performed on- or off-line.1'3
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Computer

BUFFER
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Outlet vialInlet vial Swnple vial

High Voltage 
Power Supply

Figure 2: Schematic of CE Instrumentation

Injection

Hydrodynamic injection may be performed by siphoning or by the

application o f negative pressure (vacuum) or positive pressure. Pressure injection

introduces a sample plug into the capillary, with solutes evenly distributed

throughout. The volume injected can be quantitated using the following equation:

V = APd4TCt (14)
128r|L

where the capillary inner diameter is d, total capillary length is L, injection time is 

t, and buffer viscosity is 77. Only a small volume of sample (picoliters) is injected,

ry ^
so laminar flow during this event is minimized. ’ Electrokinetic injection 

introduces the analytes by the brief application of an electric potential to the 

sample vial.1'3 The quantity injected, Q (in moles), can be calculated:

Q = (p.e + JHeof) (kr/ks) E ^ C t  (15) 

where C is the analyte concentration, r is the capillary radius, t is the time, L is the 

total capillary length, E  is the field strength, kb/ks is the ratio of the buffer and 

sample conductivities, and fa  and ju e o f  are the solute and EOF mobilities,
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respectively. In the absence of electroosmotic flow, cations are injected in normal 

polarity mode, and anions are injected in reverse polarity mode. This sample bias 

allows for improved sensitivity; however, larger relative amounts of solutes with 

high electrophoretic mobilities are injected preferentially. This may lead to 

sample depletion over time, and does not allow for accurate quantitation of 

relative concentrations of sample components with different mobilities. This 

mode of injection is also more sensitive to sample contaminants, such as the high 

salt concentrations associated with DNA samples produced via the polymerase 

chain reaction (PCR); extensive sample purification may be required in some 

cases. Alternatively, if the detector sensitivity allows, the sample may simply be 

diluted.2,7'9

After injection, a phenomenon termed “sample-stacking” is responsible 

for the increased sensitivity o f CE compared with HPLC. This is based upon 

conductivity differences between the sample and the buffer; a 1:10 ratio of sample 

and buffer conductivities produces ideal (Gaussian) peak shape.4 When the 

separation potential is applied, the sample plug experiences a greater electric field 

than the buffer due to its lower conductance. Ions in the sample plug migrate 

rapidly until reaching the concentration boundary between the plug and the buffer. 

The higher conductivity of the buffer decreases the electrophoretic velocity of the 

solutes, which become concentrated in a narrow zone.

1.5 Detection

On-line detection is facilitated by the removal of a short length of the
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outer polyimide coating of the capillary, producing a transparent detector window 

or flow cell. The most common mode of detection used with capillary 

electrophoresis is ultraviolet-visible (UV/VIS) spectroscopic detection. The 

nearly universal applicability of this detection mode, combined with the 

simplicity o f on-line detection, makes it an appealing method. The short optical 

path length of the capillary limits sensitivity; limits of detection on the order of 

10'13 to 10’16 moles are commonly reported.2

Fluorescence detection is inherently more sensitive and selective than UV 

spectroscopic detection. A limited number of molecules exhibit natural 

fluorescence, lending fluorescence detection its high selectivity. It follows that 

many analytes require derivitization for detection, e.g. by covalent attachment o f a 

fluorophore. Alternatively, intercalating dyes allow for analysis of DNA 

fragments without such covalent modification of analytes.3,10 The sensitivity of 

fluorescence detection is due to the fact that the technique measures light emitted 

out of darkness, where UV spectroscopic detection measures a small decrease in 

transmitted light. Laser-induced fluorescence (LIF) further improves sensitivity, 

due to the high spatial mode quality of lasers (i.e. lasers can be focused into 

extremely narrow beams). The sensitivity of fluorescence detection is dependent 

on the intensity of emitted light, and this intensity is proportional to the intensity 

of the incident radiation; highly focused lasers improve the sensitivity of 

fluorescence detection by 3 or more orders of magnitude, with limits of detection 

as low as 10‘18 to 10‘20 moles.3

Several less common methods of detection have been coupled with CE.



11

Indirect fluorescence and indirect UV spectroscopic detection have been used, 

allowing for detection o f analytes with little or no natural fluorescence or UV 

absorbance.11*13 Electrochemical techniques include amperometric and 

conductivity detection, which may be performed on- or off-line. Interest in CE 

with mass spectrometric (MS) detection has grown dramatically in recent years; 

on-line coupling of MS via electrospray ionization and off-line coupling of 

matrix-assisted laser desorption/ionization (MALDI)-MS are becoming more 

common detection schemes.14

1.7 Modes of Capillary Electrophoresis

In its simplest form, a CE experiment involves the separation of ions in a 

buffer system according to their respective charge to mass ratios. This is most 

accurately termed “free solution capillary electrophoresis” (also called capillary 

zone electrophoresis), and is most useful for the simultaneous separation of anions 

and cations (see Figure 1). Several modes of CE have been developed from this 

application, which are subsequently described.1’3

The addition of a sieving agent to the buffer allows for the separation of 

molecules with essentially equal charge to mass ratios (such as SDS-protein 

complexes or DNA fragments, >30 bp in length). Migrating species are hindered 

by interactions with the sieving matrix, resulting in a separation based on size 

differences.2,3 This category includes two modes of CE; capillary gel 

electrophoresis (CGE) and dynamic size-sieving capillary electrophoresis 

(DSCE), also called size-selective capillary electrophoresis (SSCE). Physical
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(entangled) or chemical (cross-linked) gels have been employed in CGE, and 

resolution of oligonucleotides has been achieved.3 Dynamic size-sieving CE is 

the more dilute counterpart of CGE, employing polymer solutions, which are not 

covalently crosslinked, and can replaced between each analysis. Useful 

separations of linear double-stranded DNA fragments have been reported using 

dilute 9’1417 and ultradilute polymer solutions.16

Micellar electrokinetic capillary chromatography (MECC) enables the 

separation of neutral analytes. A surfactant is added to the run buffer at a level 

greater than the critical micelle concentration; the surfactant molecules form a 

“pseudophase” within the buffer. Neutral molecules partition in and out of the 

micelles, which are transported by electroosmotic flow. Increased selectivity can 

be achieved with the addition of organic modifiers; enantiomers can be resolved 

by the addition o f cyclodextrins or other chiral selectors.3

More recently developed modes o f CE include non-aqueous capillary 

electrophoresis and capillary electrochromatography (CEC). In non-aqueous CE, 

an electrolyte is dissolved in an aprotic solvent with a high dielectric constant, 

such as formamide. Higher efficiencies have been achieved using such a 

separation medium relative to aqueous buffers.18 Capillary 

electrochromatography is, as the name implies, a hybrid of free-solution CE and 

liquid chromatography. Electrophoresis takes place in a capillary packed with a 

stationary phase. This technique combines the efficiency of CE with the 

selectivity ofHPLC.2,3
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II. The Application of Capillary Electrophoresis to DNA Separations

2.1 Separation Parameters

2.1.1 Mechanisms o f Separation

The separation o f DNA fragments in slab gel electrophoresis and CGE can 

be described by two models. The Ogston model depicts the gel matrix as a 

network or rigid pores, through which the DNA molecule must migrate. The 

DNA travels through a pore of appropriate size, and diffuses laterally until it 

encounters another pore large enough to accommodate it. In this model the DNA 

migrates as a sphere and is not postulated to interact with the matrix. This model 

was previously used to describe the migration of small DNA fragments with radii 

o f gyration equal or smaller than the average pore size of the gel. I f  the 

mechanism o f separation is Ogston-sieving, the Ferguson plot (i.e. a 

semilogarithmic plot electrophoretic mobility versus polymer concentration) is 

linear, fitting the following equation:

log Mr = log po - Kr (T) (16) 

where T  is the percent gel concentration, jut is the electrophoretic mobility in the 

%T gel, n o  is the electrophoretic mobility in free solution, and K r  is the 

retardation coefficient (see Figure 3). The slope, K r , can be expressed as

Kr =  k(r + Rg)2 (17)
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where k is a proportionality constant, r is the gel fiber radius, and Rg is the radius 

of gyration of the DNA molecule.19

Ferguson Plot

0.00 0.10 0.20 0.30 0.40 0.50 0.60
-3.800

-3.850 --

-3.900
+500 bp 
H 1500 bp 
A 2500 bp 
X5500 bp

■3.950 --

o -4.000-

2» -4.050

-4.100 -

-4.150 --

-4.200
%T (w/w)

Figure 3: Representative Ferguson plots for an Ogston sieving mechanism.

A corollary of the Ogston model, called the extended Ogston model, 

expands equation 17 to include the effects of gel concentration; this accounts for 

deviations from linearity with increasing DNA fragment size. These deviations 

were reasoned to be changes in the relative gel radius and DNA molecule radius 

o f gyration as a function o f gel concentration. However, the extended Ogston 

model does not explain why fragments with radii o f gyration substantially larger 

than the average pore size may be separated in slab gel. Additionally, neither 

Ogston model accounts for other physical properties of the gel, such as rigidity, 

which have been shown to affect DNA migration.15,16,19

The reptation model describes the migrating DNA fragment as a 

deformable, extended random coil, which migrates through smaller pores by 

alternately stretching and relaxing in a snake-like manner. As in the Ogston
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model, the gel is treated as a static network. To test whether the reptation model 

describes electrophoretic data, a second plot is required (see Figure 4). Here, the 

logarithm of mobility is plotted versus the logarithm of DNA fragment size in 

base pairs (bp), generally giving a tte c d d c tin irve that brackets a linear region 

(w iA  a hfcine. r2f a n n m x i m a t e l v 1 _fl\ 16
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1.1 Principles of Separation

Electrophoretic techniques rely on the selective transport of analytes in an 

electrolytic solution. The fundamental parameter describing electrophoretic 

behavior is the electrophoretic mobility, //g(cm2/V-s). This mobility is constant 

for the given solute, separation medium, and temperature, and is proportional to 

the ratio of the frictional forces and electrical forces acting on the ion, given by 

Equation 1:

(j-e°c Electrical force (Fg) (1)
Frictional force (Ff)

The velocity of solutes can be expressed as the product of the applied field

strength and the electrophoretic mobility o f the solute,

v = peE (2)

where E  is the field strength in volts per centimeter. For a spherical ion, the 

frictional force can be defined as

Ff = 67rr|rv (3)

where r is the radius of the solvated solute (cm), v is the solute velocity (cm/s), 

and ij is the viscosity of the electrophoretic medium (kg/cm s). In an electric 

field, ions are accelerated by the electrical force Tv, which is a function of field

2
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resolved.15,16,19 In general, constant field SGE is useful for separations of DNA 

fragments smaller than 30-50 kbp. The reptation model can be extended to 

explain why pulsed-field electrophoresis is required to separate such large 

fragments; fragments up to 10 Mbp have been separated in pulsed-field SGE20 

and fragments as large as large 1.6 Mbp have been separated in dilute polymer 

solutions.21,22

Barron and coworkers have demonstrated that neither model explains the 

separation o f DNA fragments in dilute and ultra-dilute polymer solutions. The 

separation o f DNA fragments in ultra-dilute solutions indicates that the polymer 

molecules need not interact with each other for sieving to occur. As an alternative 

to the previous models, they have proposed a “transient entanglement” 

mechanism o f separation, which dictates that brief entanglements with polymer 

molecules in solution hinder the migration o f DNA fragments. They have shown 

that physical characteristics of the polymer, such as length and stiffness, strongly 

influence the separation. They have especially emphasized the importance of the 

relative sizes of polymer molecules and DNA fragments.16 This model has been 

theoretically substantiated by Hubert and coworkers, who have derived a 

mathematical model that agrees with the experimental findings of Barron et al.

2.1.2 Intercalating Dyes

Intercalating dyes are commonly added to buffer media for DNA 

separations in slab gel electrophoresis and CE. These dyes are generally planar 

aromatic molecules that can be inserted between adjacent DNA base pairs. A
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multitude of monomeric and dimeric intercalating dyes are commercially 

available; these exhibit varied spectroscopic properties (i.e. excitation and 

emission wavelengths) and varied affinities and selectivity for nucleic acids. 

Examples of more commonly used dyes include thiazole orange (TO), ethidium 

bromide (EtBr), and oxazole yellow (YO). Figure 5 displays the structures and 

fluorescence spectra of YO (commercially available as YO-PRO-1) and EtBr.24

Figure Sa: Ethidium Bromide: Fluorescence Absorbance/Emission Spectrum and 
Structure (reprinted from reference 24).

Wavelength (nm)

Figure 5b. YO-PRO-1: Fluorescence Absorbance/Emission Spectrum and Structure 
(reprinted from reference 24).

400 450 500 550 600 650 700 750
Wavelength (nm) Br

350 400 460 500 550 600 650 TOO

In slab gel experiments, DNA is most commonly detected by staining with
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the intercalating dye ethidium bromide (EtBr) during or after electrophoresis. 

DNA-EtBr complexes are visualized with an UV transilluminator, which excites 

the dye and causes it to fluoresce at 560 nm.7,10,24 Intercalating dyes are 

inherently more sensitive than fluorescent tags, as many dye molecules intercalate 

into a given DNA fragment (compared with a single tag per fragment).10 Ideally, 

an intercalating dye for use with LIF detection should exhibit the following 

characteristics. The dye should have little fluorescence when not bound to the 

DNA molecule, and the DNA-dye complex should have a high quantum yield. 

Also, the excitation maximum of the dye must match an available laser for 

detection.8

Besides allowing for the use of a more sensitive mode of detection, 

intercalating dyes improve separation of linear double-stranded DNA (dsDNA) 

fragments by two mechanisms. Positively charged dyes, including ethidium 

bromide and YO-PRO-1,25 neutralize some of the negative charge of the DNA 

fragment, thereby decreasing the electrophoretic mobility in reverse-polarity 

mode CE. Intercalation also induces structural changes, stretching and partially 

unwinding the DNA double helix.26'28 This may lead to improved resolution of 

linear DNA fragments; McCord and coworkers have demonstrated that addition 

of YO-PRO-1 to the separation buffer facilitates 4 bp resolution of linear PCR 

products, ranging from 138 to 232 bp in size.9
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2.2 Separation of Plasmid Conformers

2.2.1 Plasmid DNA

Plasmids are naturally occurring circular dsDNA molecules that replicate 

independently of the bacterial genome. Many plasmids encode unique metabolic 

functions such as resistance to antibiotics, heavy metals, or UV radiation. Most 

notably, these molecules are important tools for molecular biological research, 

serving as vectors in DNA cloning experiments. Such experiments involve 

inserting the DNA fragment of interest into a plasmid; the recombinant plasmid 

may then be studied to elucidate the genetic functionality o f the isolated sequence 

in vivo.28

There are three general categories of plasmid conformers. A supercoiled 

plasmid, also called form I, is covalently closed circular DNA that is under- or 

overwound (negatively or positively supercoiled, respectively). The native 

conformation of bacterial plasmids and of chromosomal DNA of most organisms 

is the negatively supercoiled form. A single-stranded break (nick) provides a 

swivel point, allowing supercoils to unwind. This induces the nicked open 

circular conformer (form II). This may be accomplished by brief treatment with

• 25 28restriction endonucleases, ionizing radiation, or by laser-induced photolysis.
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A similar form is the relaxed open circular form, which is contains no supercoils 

or nicks, is reversibly induced by addition of intercalating dyes. The third 

conformer is linear (form III), which is generated by a double-stranded break.

This is most easily produced by digestion with a restriction endonuclease.26,30

In the cell, bacterial plasmids adopt a negatively supercoiled 

conformation; the molecules are generally organized into topological domains 

with defined numbers of supercoils and helical turns. The chromosomal DNA of 

most organisms is also negatively supercoiled in the cell. These discrete regions 

may be locked into conformation by a protein bound to the DNA molecule (a 

stippled region; see Figure 6), or the conformation may be tethered to a 

membrane. These domains serve as recognition sites for several biological 

processes, including the initiation of DNA replication and the binding of proteins 

regulating gene activity.

Figure 6: SEM of E. coli, showing supercoiled chromosomal DNA topological domains 
(reprinted from D. Freifelder; Microbial Genetics: Jones and Bartlett: Boston, 1987; p.81).
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2.2.2 Plasmid Separations

The conformers of a given plasmid essentially have the same charge to 

mass ratio; however, the differences in hydrodynamic radii and stiffness of the 

conformers determine their electrophoretic migration order in the presence of a 

sieving agent (e.g. in slab gel electrophoresis, CGE, or DSCE).30'32 Each 

conformer exhibits a different mobility dependence on separation parameters, 

such as field strength and buffer composition, potentially allowing for highly 

selective separations. The use of intercalating dyes can complicate such analyses, 

as intercalating dyes have been shown to induce conformational changes.4,30 

Johnson and Grossman have investigated several of these effects in slab gel 

electrophoretic separations of a range of plasmid sizes, illustrating the changes in 

migration order that occur when separation parameters are manipulated. More 

recently, several papers have been published documenting useful separations of 

plasmid conformers using slab gel electrophoresis. For example, Sutherland and 

coworkers have demonstrated the quantitation of supercoiled DNA fragmentation 

using slab gel electrophoresis.27 Slab gel electrophoresis is a laborious and time- 

consuming technique, however, and offers little possibility for automation. 

Nonetheless, the effects of various separation parameters are relatively well- 

understood, making the technique a useful frame of reference in interpreting CE 

separations of DNA fragments.

The common use of plasmids in molecular biological research demands 

techniques for the expeditious separation and quantitation of multiple plasmid 

conformers. CE is logical alternative to slab gel electrophoresis for such analyses
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given its high sensitivity and efficiency. However, relatively few papers have 

been published reporting the application of this technique to plasmid separations. 

Morris and coworkers have investigated the effects of multiple separation 

parameters in dynamic size-sieving capillary electrophoresis (in the presence of 

an intercalating dye).31,32 Nackerdien and coworkers have used CE to monitor 

laser-induced damage to plasmids in the presence of ethidium bromide.29 

Capillary gel electrophoresis was used by Courtney and coworkers to separate 

plasmid ligation products.26 Each group has reported differences in migration 

order of conformers, owing to the unique separation conditions of each 

experiment; 26>29’31’32 this necessitates the systematic study of the effects of each 

separation parameter.

The use of intercalating dyes as buffer additives in CE separations o f 

plasmids has become a subject of debate. As has been shown for linear DNA 

fragments, the intercalation of dyes into plasmid DNA stiffens and stretches the 

phosphodiester backbone. For covalently closed DNA, this causes 

conformational changes; negative supercoils are removed proportionally to relieve 

torsional tension. At higher dye concentrations, positive supercoils are induced. 

Conformers also uptake different relative amounts of intercalators, which implies 

that fluorescence detection based on intercalation would not allow for accurate 

quantitation.2,30

2.3 Radiation Damage to DNA

If the energy o f radiation exceeds the ionization potential of a given
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molecule, the photons or particles are said to be ionizing radiation. Collision of 

this radiation with the molecule may lead to the loss of an electron, i.e. resulting 

in its ionization. Examples of ionizing radiation include y-rays, X-rays, a -  

particles, and p-particles.33

The primary cellular target of ionizing radiation is DNA. Radiation 

damage to DNA occurs by two mechanism: direct ionization and indirect 

ionization. The first refers to the absorption of radiation by the DNA molecule 

itself. The second refers to the absorption of radiation by water molecules, 

especially by the solvent shell o f the DNA fragment, which leads to production of 

the hydroxyl radical •OH.33

Direct Ionization 

ion. rad.
D N A  > DNA4* + e' (18) formation of a DNA radical cation

DNA4* + H 20 --------> (DNA(OH))* + H4 (19)

DNA4* -------- > H4 + (DNA(-H))* (20)

Reaction of the DNA radical cation with water produces a base-OH adduct 

as shown in equation 19. Equation 20 depicts the loss of a proton (likely from the 

sugar moiety) from the DNA radical cation, producing a second type of DNA 

adduct.

Hydroxyl Radical Production (Tor indirect ionization! 

ion. rad.
H20  -------- > H ^ 4* + e' (21a) formation of a water radical cation

H204* + H20  ------- >H30 4 + .OH (21b)
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ion. rad.
H2O -------- > H2O* (22a) formation of an excited water molecule

H20* -------- > H. + .OH (22b)

Reaction of DNA molecules with the hydroxyl radical produces the same 

DNA adducts shown in equations 19 and 20.

Three general types of DNA lesions have been described: base damage, 

strand breaks (sugar damage), and production of alkali-labile sites. Alkali-labile 

sites become strand breaks under basic conditions.33 The outcomes o f such 

damage are, in order in severity, a delay in cell division, a loss of the ability to 

proliferate, or lethal mutations (chromosomal aberrations).34

Radiotherapies for cancer treatments are based upon the fragmentation 

processes described above, with new techniques being continuously developed. 

More recent techniques include intraoperative irradiation (radiotherapy during 

surgery) and particle beam radiotherapy; the effects of radiosensitizers and 

radioprotectors are also being investigated. The use of CE to monitor the effects 

o f such radiotherapies would allow for highly efficient and sensitive detection of 

DNA fragmentation.35 Since the negatively supercoiled form is the natural state 

o f bacterial plasmids and the chromosomal DNA of many organisms,28 the study 

o f irradiated plasmids could therefore potentially model the conformational 

changes of chromosomal DNA upon damage.



Experimental

I. CE Methodology

Instrumentation: For capillary electrophoresis experiments with UV detection, a 

home-built system was used unless otherwise noted. The inlet consisted of a 

pressure block fitted with a nitrogen line. A Spellman CZE1000R power supply 

was used (High Voltage Electronics Corp., Hauppauge, NY) with platinum- 

iridium electrodes. The inlet and power supply were enclosed in a Plexiglas box; a 

second box contained the outlet, with a Unicam 4225 UV/VIS detector (Philips 

Scientific, Cambridge, United Kingdom) placed between the two boxes. Both 

boxes were equipped with a safety-interlock system. Temperature control was 

maintained at 21 °C using forced air convection via two 22W fans. Capillary 

electrophoresis experiments with fluorescence detection were performed using an 

Advanced Technologies, Inc. (ATI, Boston, MA) Unicam Crystal System. The 

system was maintained at 30.0 °C unless otherwise noted. For LIF detection, a 

Groton Technologies, Inc. (GTI, Concord, MA) Spectrovision FD-300 Dual 

Monochromator fluorescence detector was mounted on an optical bench and 

retrofitted with a single line (488 nm), air-colled argon ion laser source (Uniphase, 

San Jose, CA) as the light source. A mounted mirror was used to direct the laser 

light through a lens (Melles Griot, Irvine, CA), which focused the light on the 

capillary detection window. Emitted light passed through a 520 nm cut-off filter. 

Data points from both systems were taken every 100 milliseconds and recorded 

using Axxiom Chromatography Model 737 data acquisition software (Moorpark, 

CA).

25
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Capillaries and Pretreatment: The fused-silica capillaries (Polymicro Technologies

Inc., Tucson, AZ) were uncoated internally (50 pm i.d., 361 pm o.d.). Initial 

pretreatment entailed a four hour rinse with 0 .1M HC1 followed by a 30 min. rinse 

with ultrapure water at 40 psi. Capillary conditioning between analyses was 

alternated between a 10 min. and 20 min. rinse with 1.0M HC1 at 100 psi. This 

rinsing procedure was adapted from Fung and Yeung, and nearly eliminates 

electroosmotic flow in the capillary.6 The in-house analysis of the neutral marker 

mesityl oxide using acid-treated capillaries gave a mobility of 9.50 x 10'6 cm2/Vs.36 

In the home-built system with UV detection, a 40 cm capillary was used (effective 

length, 23 cm). In the commercial system with UV detection, a 55 cm capillary 

was used (effective length, 40 cm); in the commercial system with LIF detection, a 

60 cm capillary was used (effective length, 40 cm).

Preparation of polymer solutions: Hydroxyethylcellulose (HEC) solutions with a 

molecular weight distribution of 90,000-105,000 g/mol (Polysciences, Inc., 

Warrington, PA) was used as received, and is referred to hereafter as HEC-90K.

/h2cx

l2U^
/CH 2

OH

Figure 7: Example of an HEC monomer
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Polymer solutions were prepared by adding the dry polymers to tris-HCl-EDTA 

(THE) buffer solutions at % w/w concentrations ranging from 0.10% to 0.80%. 

TEE buffer solution is composed of 89 mM Trizma base (Sigma Chemical Co., St. 

Louis, MO), 89 mM HC1 (Fisher Scientific, Fair Lawn, NJ) and 2 mM Na2EDTA 

(Sigma Chemical Co., St. Louis, MO), and is adjusted to pH 7.3 using 

concentrated KOH. The polymer solutions were heated in a microwave oven and 

mechanically shaken; HPLC-grade water was added gravimetrically to replace 

water loss during heating. Polymer solutions were vacuum filtered through a 5 pm 

cellulosic filter (MSI, Westborough, MA) via water aspiration. Intercalator dyes 

were added prior to analysis as noted. Ethidium bromide (EtBr; Fisher Scientific, 

Fair Lawn, NJ) was added to 0.30% HEC-90K solutions at concentrations of 0.16 

pg/mL to 5.0 pg/mL; YO-PRO-1 intercalating dye (Molecular Probes, Eugene, 

OR) was added at concentrations of 10 ng/mL unless otherwise noted.

Electrophoretic Analyses: In the home-built system, polymer solutions were 

loaded into the capillary for 4-6 min. at 100 psi. and pre-electrophoresed at -550 

V/cm until a current of -102 pA was reached. This initial electrophoresis step was 

used to remove ionic impurities19 and enhanced reproducibility of analyses. Pre­

electrophoresis to a the same current prior to each analysis appeared to extend the 

lifetime o f solutions. Samples were injected at -1 kV to -5 kV for 3-10 sec., and 

the applied voltage was -15 kV (-375 V/cm). In the ATI-LIF system, polymer 

solutions were loaded into the capillary for 6 min. at 2000 mbar and pre- 

electrophoresed at -367 V/cm for 1 min. Samples were injected at -2kV for 0.17
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or 0.34 min. The applied run voltage was -15 kV (-250 V/cm). In the ATI-UV 

system, samples were injected at -7kV, and the applied run voltage was -20.6 kV 

(-375 V/cm).

II. Slab Gel Electrophoresis

Slab gel separations were performed using a submarine apparatus (E-C Apparatus 

Corp., Holbrook, NY). 0.50% (w/w) gels were prepared using Trevigel 500 or 

5000 (as noted) and 40 mM Tris-acetate/2 mM Na2EDTA (TAE) buffer, pH 8.5. 

The polymer solutions were heated in a microwave oven and mechanically shaken; 

HPLC-grade water was added gravimetrically to replace water loss during heating. 

The applied run voltage was 103 V (12.1 V/cm) for 45-55 min; 0.1-1.0 pg of each 

sample were loaded. Bands were stained after electrophoresis in TAE buffer 

containing 0.5 pg/mL ethidium bromide. Gels were destained for 30 min. using 

ultrapure water, and bands were visualized using a UV-transilluminator (Fisher 

Scientific, Fair Lawn, NJ).

III. Sample Preparation

DNA samples: The pTZ19R plasmid (2870 bp) and the deoxyguanine-5'- 

triphosphate (dGTP) internal standard were the generous gifts of TreviGen. The 

<|)X174 plasmid (5386 bp), 1 kilobase pair ladder standard (75 bp-12 kbp), and 

supercoiled ladder standard (2 kbp-16 kbp) were purchased from Life 

Technologies, Inc. (Gaithersburg, MD). The pMD68 plasmid (27.5 kbp) was 

provided by NIST (Gaithersburg, MD). Samples were diluted to 10-50 ng/pL
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with ultrapure water, and the internal standard was added at a 1:10 dGTP:DNA 

ratio.

Enzymatic Digestions

The <|)X174 linear form was generated using Xho I restriction endonuclease 

(Promega, Madison, WI) at 37°C for 10 min. according to the supplier’s 

directions. The linear form of pTZ19R was produced by digestion with .EcaRI 

restriction endonuclease (Pharmacia, Piscataway, NJ) at 37°C for 10 min. 

Linearized samples were purified using the Trevigen Apoptotic Laddering Kit 

(Trevigen, Gaithersburg, MD) according to the manufacturer’s directions. 

Digestions of the pTZ19R were also performed at 0°C for 5-15 min. to generate 

multiple conformers; reactions were halted by addition o f Na2EDTA for a final 

concentration of 0.02 mM.

Irradiation: Irradiated samples were generated by exposure to a y-60Co source at a 

rate o f 58.2 Gy/min. The pTZ19R and <|)X174 samples were irradiated at doses of 

50, 100, and 200 Gy; the internal standard was added after irradiation. The 

pMD68 sample was irradiated at 20, 200, and 400 Gy. Irradiated samples were 

stored in a -80°C freezer. Between electrophoretic analyses, samples were placed 

in a benchtop Nalgene cooler (stored at -80°C prior to use), with a bench top 

temperature of less than -20°C (Nalge Co., Rochester, NY).



Results and Discussion 

HI. Analysis of plasmid conformers

3.1 Analysis of the <bX174 plasmid

The <|)X174 plasmid sample was analyzed as received using slab gel 

electrophoresis to identify the conformers present; two bands were observed (see 

Figure 8, lane 2). Bands have been labeled in order of decreasing electrophoretic 

mobility, with band 1 having the greatest mobility. Calibration plots were 

constructed using the 1 kbp and supercoiled ladder standards, which revealed 

band 1 of the (|)X174 sample to be the supercoiled monomer (calculated size: 5363 

bp, actual size: 5386 bp). Band 2 did not correspond to any multiple of the 

monomer size, eliminating other supercoiled multimers as possible identities. The 

plasmid was linearized with the restriction endonuclease Xho I as described (see 

lane 3, Figure 8); comparison with the 1 kbp calibration plot confirmed its size 

(calculated size: 5539 bp, actual size: 5386 bp). This linear form did not migrate 

with the same mobility as band 2 of the (|)X174 sample. Therefore, we believe 

band 2 to be the nicked/open circular form; this nicked form may have been 

produced by single-stranded breaks during freeze-thaw cycles (e.g. removal from 

cold storage for use). This band was much less intense than the first, indicating 

that the sample is almost entirely supercoiled; the supplier reported the sample to 

be >90% supercoiled (personal communication). To minimize further nicking, 

the (|)X174 plasmid sample was aliquotted into several tubes.

30
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< —  sample wells

SES
W

Lane 1: supercoiled ladder
Lane 2: <|>X174
Lane 3: Xho I-digested fyXAlA
Lane 4: 1 kbp ladder
Lane 5: Eco Rl-digested pTZ19R
Lane 6: pTZ19R
Lane 7: supercoiled ladder

1 2 3 4 5 6 7

Figure 8: Slab gel electrophoresis of standards, 4>X174 conformers, and pTZ19R 
conformers in 0.50% Trevigel 500 (TAE, pH 8.5). Bands were stained after 
electrophoresis with EtBr solution.
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Figure 9 displays the capillary electrophoretic analysis of the <()X174 

plasmid compared with the supercoiled ladder in 0.30% HEC-90K, referred to 

hereafter as standard HEC (std. HEC). A single peak was observed for the <|)X174 

plasmid; mobility of this peak agreed with that predicted by the supercoiled ladder 

standard. The open circular form was not observed, likely due to sample bias 

during electrokinetic injection; the larger hydrodynamic radius of this form causes 

it to have a lower mobility.30 The internal standard deoxyguanine-5'-triphosphate 

(dGTP) was added to the sample to allow correction for run-to-run shifting in 

mobility; this molecule was chosen based on its negative charge at pH 7.3 and UV 

absorption at 260 nm. The corrected analyte mobilities were calculated by 

averaging the difference between the migration times of the internal standard and 

the analyte. This value was added to the average analyte migration time, and 

electrophoretic mobilities were then calculated from the corrected migration times 

using equation 9.
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<}>X174

dGTP

5 10 15
Time (min.)

Figure 9: Capillary electrophoretic separations of a) the supercoiled ladder 
standard and b) the <|)X174 plasmid (with the dGTP internal standard) in 0.30% 
HEC-90K at -375 V/cm. Peaks indicated by an asterisk have not been identified. 
Sizes are indicated in base pairs.



34

3.2 Analysis o f the pTZ19R sample

Slab gel analysis o f the pTZ19R sample showed it to be a more complex 

mixture than the <|>X174 plasmid sample (see Figure 8, lane 6). As opposed to the 

<|)X174 plasmid, which was purchased commercially, this plasmid was isolated in- 

house. Four bands were observed in slab gel electrophoresis, with the first two 

bands being the most intense. Bands were numbered as described in section 3.1. 

Comparison with calibration plots generated from the supercoiled and 1 kbp 

ladder standards indicated bands 1, 3, and 4 of the pTZ19R sample to be the 

supercoiled monomer, dimer, and tetramer, respectively. Using the supercoiled 

ladder calibration plot, the bands were calculated to be 2800 bp (theoretical size: 

2870 bp), 5746 bp (theoretical size: 5740 bp), and 11,170 bp (theoretical size:

11,480 bp). Band 2 did not correspond to any other supercoiled multimer or to 

the linear form. The linear form was generated by digestion with Eco RI 

restriction endonuclease at 37°C for 10 min. Comparison of this digest (see 

Figure 8, lane 5) with the pTZ19R sample further indicated the sample did not 

contain a detectable amount of the linear conformer. The pTZ19R sample was 

also digested with Eco RI at 0°C for 5, 10, and 15 minutes to induce single­

stranded and double-stranded breaks; Na2BDTA was added as described to halt 

the enzymatic digestions. Figure 10a displays the photograph of the slab gel 

electrophoretic separation of the pTZ19R-£co RI digests, and Figure 10b is a 

schematic o f the same gel, with the sizes o f standards and calculated sizes o f 

sample components labeled. Analysis of these digests by slab gel electrophoresis 

showed a decrease in the relative amounts of supercoiled multimers with
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increasing digestion time, accompanied by generation of the linear form and by an 

increase in the relative intensity o f band 2. Based on the calibration plots and on 

the observed increase in the intensity of band 2 with increasing digestion time, we 

suggest that band 2 is the fully or a partially open circular form.

Attempts to analyze the pTZ19R-Eco RI digests with CE were 

unsuccessful; this may be due to the high concentration of Na2EDTA added or 

due to protein contamination by the restriction endonuclease. Multiple sample 

purification techniques were employed. Initially, proteinase K was added to 

digest the Eco RI enzyme, however, CE analyses of these proteinase K-treated 

samples were not reproducible (data not shown). The Trevigen Apoptotic 

Laddering kit, which was designed for removal of protein contaminants from 

apoptotic DNA samples, was successful in purifying fully linearized samples. 

However, the kit did not significantly improve the CE analyses of the Eco RI 

digests (data not shown). To remove the salt contaminants, spin filtration was 

employed. However, the filters contain glycerol, which interfered with UV 

spectroscopic detection of the DNA molecules. Alternatively, the samples could 

be diluted 10-fold with water in conjunction with LIF detection and electrokinetic 

injection.

Figure 11 displays the capillary electrophoretic separation of the pTZ19R 

sample compared with the supercoiled ladder. The pTZ19R sample showed three 

peaks in CE, which were designated peaks A, B, and C. Peak C was not observed 

for the particular run shown in Figure 10; we suggest this is due to sample bias. 

Peak B exhibited the appropriate migration time for the supercoiled monomer.
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By comparison with the supercoiled ladder, it was determined that neither peak A 

nor peak C migrated with the appropriate mobility for the supercoiled multimers 

observed in slab gel. A second pTZ19R sample was replicated in-house using 

competent cells. Analysis o f this sample showed only a broad smear in slab gel, 

and showed a single intense peak in CE. This peak corresponded with peak A of 

the original pTZ19R sample. We suggest that the second pTZ19R sample 

contained small, linear fragments of the plasmid, generated by multiple double­

stranded breaks during the purification process. We therefore propose that peak 

A is also a distribution of short linear fragments; such small fragments were not 

observed in the aforementioned slab gel analyses of pTZ19R, as they would have 

migrated off the gel under such conditions. Peak C was not observed in every CE 

analysis; by comparison with the supercoiled ladder in CE, it was determined that 

peak C did not correspond to the dimer or the tetramer observed in slab gel. We 

believe this peak corresponds to band 2, a presumed partially open circular form 

o f pTZ19R.
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1 2 3 4 5 6 7 8 9

sample wells

Lane 1 1 kbp ladder
Lane 2 pTZ19R
Lane 3 pTZ19R-EcoRI: 0°C, 5 min.
Lane 4 pTZ19R-EcoRI: 0°C, 10 min.
Lane 5 pTZ19R-EcoRI: 0°C, 15 min.
Lane 6 pTZ19R
Lane 7 supercoiled ladder
Lane 8 pTZ19R-EcoRI: 37°C, 10 min.
Lane 9 1 kbp ladder

Figure 10a: Slab gel electrophoresis of pTZ19R-£<%> RI digests and 
standards in 0.50% Trevigel 500. The arrow designates an extremely 
faint band (identified as “unknown” in Figure 10b).
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Figure 10b: Schematic o f the slab gel electrophoretic separation of the pTZ19R- 
Eco RI digestions. The original gel is shown in Figure 10a.
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w m n

o

a) supercoiled ladder standard

b) pTZ19R

(peak C not observed 
in this analysis)

155 10
Time (min.)

Figure 11: Comparison of the capillary electrophoretic separations of a) the 
supercoiled ladder standard and b) the pTZ19R sample in 0.30% HEC-90K at 
-375 V/cm. Peaks indicated by an asterisk were reproducible but have not been 
identified. Sizes are indicated in base pairs.



3.3 Analysis of the pMD68 plasmid

The pMD68 plasmid (27.5 kbp) was analyzed in 0.50% Trevigel 5000 as 

described (shown as a schematic in Figure 12). The pMD66 plasmid, which is 

also 27.5 kbp in size, was analyzed concurrently. Bands were numbered as 

described in section 3.1. Two bands were observed for both plasmids; the band 2 

migrated only slightly out o f the sample well (see lanes 2 and 7). Eco RI digests 

o f pMD68 and pMD66 are shown in lanes 3-6; a single band was observed for all 

digests. We could not compare band 1 with a supercoiled standard, as we were 

unable to locate a commercially available standard encompassing this size range. 

Linear fragments of this size generally require pulsed field techniques for 

analysis.21,22 Comparison with the 1 kbp ladder standard (shown in lanes 1 and 

10) indicated that the samples contained no detectable levels o f linear fragments 

under 12 kbp in size. We propose that band 1 is the supercoiled form and band 2 

is an open circular form. As the supercoiled form and the linear form appear to 

comigrate, it is therefore possible that the original pMD68 and pMD66 samples 

contained both conformers.

The capillary electrophoretic separation of the pMD68 sample in 0.45% 

HEC-90K is displayed in Figure 13. The analysis of such a large plasmid in 

constant field CE is unprecedented to our knowledge. Two peaks were observed 

(peaks A and B). The relatively large mobility of peak A is indicative of a highly 

compact form. The fine structure of peak A, which we have designated peaks 1- 

5, was highly reproducible. CE analysis of the pMD68-£co RI sample showed no



40

peaks; as is true for slab gel, such large fragments also generally require pulsed- 

field conditions for analysis in CE.21,22

We propose that peak A represents a collection of supercoiled forms of the 

plasmid, with each differing by the extent of supercoiling. Large plasmids are 

generally organized into several topological domains with defined numbers of 

supercoils; these domains are secured by a protein or by attachment to a cellular 

membrane.28 The greater mobility of pMD68, relative to the supercoiled ladder, 

may be due to a highly compact form and lack of frictional resistance in the 

presence of HEC.

A single-stranded break (a nick) at one of the aforementioned domains 

would generate unwinding in a discrete region of the DNA molecule.28,36 

Multiple nicks could increase the hydrodynamic radius of the plasmid by 

producing several open circular regions; this may substantially slow its migration. 

We believe peak B to represent the product of such nicking; the broadness o f the 

peak suggests a distribution of partially open circular forms. The low mobility of 

band 2 in slab gel electrophoresis further suggests an open circular 

conformation;28,30 this band may correspond to peak B as observed in CE.
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Figure 12: Schematic of slab gel electrophoretic separation of pMD68 and pMD66 
samples (27.5 kbp) in 0.50% Trevigel 5000. Sizes of standards are listed in base pairs 
(bp).
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Figure 13: Capillary electrophoretic separation of the pMD68 plasmid (27.5 kbp) 
in 0.45% HEC-90K at -375 V/cm.
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IV. The Effects of Polymer Concentration

4.1 Analysis o f the pTZ19R plasmid

In addition to analysis o f the pTZ19R plasmid sample (2870 bp) in std. HEC, 

the sample was separated in three other HEC-90K solutions: 0.10%, 0.50%, and 

0.80% HEC-90K. The polymer solutions contained no intercalating dyes, as these 

molecules can induce conformational changes in circular DNA.28 A 

semilogarithmic plot of DNA electrophoretic mobility versus percent polymer 

concentration (a Ferguson plot) was constructed (see Figure 14). The steepness of 

a Ferguson plot is indicative o f the strength of the mobility dependence on 

polymer concentration. Each peak demonstrated a unique mobility dependence 

on HEC concentration. Peak A exhibited the least mobility dependence on 

polymer concentration, peak B displayed a greater mobility dependence, and peak 

C exhibited the greatest mobility change with increasing HEC concentration, as is 

indicated by the steepness of slopes in the Ferguson plots. The Ferguson plots 

were steepest in the region of low concentration (<0.30% HEC); all peaks showed 

a relatively minor change over the concentration range o f 0.50% - 0.80% HEC.

The mobility dependencies o f the three peaks appear to be consistent with the 

peak identities determined (see section 3.2).30 For solutions of HEC-90K (0.015 

%, 0.063%, and 0.26%) with TBE buffer containing ethidium bromide (EtBr), 

Morris and coworkers reported a greater mobility dependence on HEC
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concentration for supercoiled plasmids relative to linear dsDNA, which agrees 

with our identification of peaks A and B. The open circular form may exhibit the

f)Q
greatest mobility dependence due to its relatively large hydrodynamic radius. ’

Ferguson Plot: pTZ19R

-3.25
-3.35
-3.45

>. -3.55
=  -3.65 ■Q
2 -3.75

o> -3-85 
2. -3.95

-4.05
-4.15
-4.25

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 

%HEC

-♦—  peak A : short 
linear fragments

-o—  peak B: 
supercoiled 
plasmid 

- A —  peak C: open 
circular plasmid

Figure 14: Ferguson plot analysis of pTZ19R sample components. Trendlines 
have been added only to guide the eye. Four solutions were examined: 0.10%, 
0.30%, 0.50%, and 0.80% HEC-90K.
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4.2 Analysis of the linear and supercoiled 6X174 plasmid conformers

Since the greatest changes in mobility for the pTZ19R sample were 

observed at concentrations less than 0.50% HEC, four different concentrations 

were chosen for further analysis. As with the previous series of HEC solutions, 

no intercalating dyes were added to the separation medium. Both the linear and 

supercoiled forms of the plasmid were analyzed in CE using four HEC solutions: 

0.15%, 0.30%, 0.45%, and 0.60% HEC-90K (w/w). The supercoiled <|>X174 

plasmid was analyzed as received, and the linear conformer of c|)Xl 74 was 

generated by treatment with Xho I restriction endonuclease as described earlier. 

The internal standard dGTP was added to both samples at one-tenth the 

concentration (in g/mL) of the plasmid. The Ferguson plots for each conformer 

are shown in Figure 15. Mobilities were calculated as described in section 3.1. 

The migration order of the linear and supercoiled conformers did not change in 

the concentration range investigated; in all solutions, the linear form migrated 

with the highest mobility. The two conformers were best separated at low HEC 

concentration (0.15%). As observed for the pTZ19R sample, the supercoiled 

form of (|)X174 exhibited a greater mobility dependence on HEC concentration 

than the linear form.
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Ferguson Plot: linear and supercoiled PhiX174
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Figure 15: Ferguson plot analysis o f supercoiled and linear (|)X174 conformers. 
Trendlines have been added only to guide the eye. Four solutions were 
examined: 0.10%, 0.30%, 0.50%, and 0.80% HEC-90K.
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PhiX174
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PhiX174
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4.3 Analysis of the linear and supercoiled DNA standards

The 1 kbp ladder standard was separated in four HEC solutions in CE: 

0.15%, 0.30%, 0.45%, and 0.60% (w/w) HEC, which contained no intercalating 

dyes. The dGTP internal standard was added to both samples at one tenth the 

ladder concentration (1:10, dGTP:DNA). The electropherograms o f the 1 kbp 

ladder in the four solutions are shown in Figure 16. The poor resolution observed 

for the 0.45% solution (see Figure 16c) may have been due to a contaminant in 

the solution.

As shown in Figure 17a, semilogarithmic plots of DNA electrophoretic 

mobility versus percent polymer concentration (Ferguson plots) were constructed 

for the 1 kbp ladder standard, including fragments ranging from 134 bp to 517 bp. 

For simplicity, several fragments were omitted. For this size range, the Ferguson 

plots are approximately linear, which indicates that Ogston sieving is the 

mechanism o f separation. Barron and coworkers have reported the entanglement 

(overlap) threshold of HEC-90K to be 0.37%; this is the concentration at which 

the dissolved polymer affects the bulk properties of the solution.15 In Figure 17a 

this concentration is indicated by a vertical dashed line. Here it appears that there 

is no obvious change in migration behavior above the entanglement threshold.

A second plot is shown in Figure 17b, constructed to examine the 

dependence of mobility on molecular weight. A plot of log mobility versus log 

base pairs for the smaller fragments showed essentially linear trends. This 

suggests that the sieving mechanism is constant for the size range plotted.
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Ferguson plots for the larger fragments of the 1 kbp ladder standard (2036 

-  6108 bp) were also constructed (see Figure 18a). The plots for each fragment 

are concave, which is characteristic of large DNA fragments;36 the continuous 

curvature of the plot indicates a uniform separation mechanism over the 

concentration range explored.16 It is noteworthy that the slopes of the Ferguson 

plots decrease significantly above the entanglement threshold concentration, 

which is again indicated by a dashed vertical line. The plot of log mobility versus 

log bp gave linear functions as listed (see Figure 18b). The slope of the 0.15% 

HEC curve (-0.1047) agrees reasonably with the results of Morris and coworkers, 

who reported a slope of -0.0843 for the 1 kbp ladder in 0.20% HEC-90K solution 

(with a different buffer composition and pH).

The supercoiled ladder standard was analyzed in the four HEC solutions 

(0.15% - 0.60%); the mobilities of the plasmids ranging from 2067 to 7045 bp 

were determined. Figure 19 displays electropherograms of the supercoiled ladder 

in the four solutions. The greatest selectivity was achieved at the lowest HEC 

concentration investigated; comparison with the Ferguson plots of the 1 kbp 

ladder indicated that this effect was more pronounced for the supercoiled ladder. 

Overall, after correction for run to run shifting, supei coiled plasmids inigialed 

more slowly than linear DNA fragments of comparable size in this HEC 

concentration range. For example, Figure 20 displays the separations of the 

supercoiled and 1 kbp ladders in 0.15% HEC. This migration order, for 

supercoiled and linear forms of this size range, agrees with the study described in 

section 4.2, which compared the migration of supercoiled and linear <J)X174
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conformers. This also agrees with the previous findings o f Morris and coworkers,

31 32who used the same molecular weight of HEC with a different buffer medium. ’ 

This migration order differs from that in slab gel electrophoresis, where typical 

conditions cause the supercoiled form to migrate fastest, followed by the linear 

form and then the open circular form (see section 3 .1).28

As observed for the larger fragments of the 1 kbp ladder, Ferguson plot 

analysis of the supercoiled ladder data also produced concave curves (see Figure 

21a); however, the plot showed a distinct shape, with curves o f significantly 

different slopes relative to the linear fragments of comparable size. Most notably, 

the slopes of the supercoiled curves are steeper in the region of lower polymer 

concentration (<0.30%). The supercoiled ladder Ferguson plots did not display 

continuous curvature, suggesting a change in separation mechanism with 

increasing polymer concentration.16 Again, the entanglement threshold (0.37% 

HEC-90K) is marked by a dashed vertical line. The change in curvature with 

increasing HEC concentration appears most pronounced between 0.30% and 

0.45%; it may not be coincidental that this range encompasses the entanglement 

threshold concentration of HEC-90K. To our knowledge, this is the first 

application of Ferguson plot analysis to plasmids in CE. These unique Ferguson 

plots observed for each plasmid conformer suggest, for the plasmid size range 

investigated, that an unknown mixture of plasmid conformers might be 

determined by Ferguson plot analysis at low HEC concentrations.

The log-log plots for the supercoiled ladder exhibited linear relationships 

between mobility and MW for the 0.15% and 0.30% HEC solutions (see Figure
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21b). The curves for the 0.45% and 0.60% solutions did not follow this trend.

The crossing-over of the 0.45% and 0.60% curves in the log-log plot may be not 

be representative behavior, as the 0.45% solution may have been contaminated.
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Figure 15: Capillary electrophoretic separation of the 1 kbp ladder standard in HEC-90K 
solutions (pH 7.3) containing no intercalating dyes: a) 0.15% HEC, b) 0.30% HEC (std. HEC), c) 
0.45% HEC, d) 0.60% HEC. All experiments were performed at -375 V/cm. Peaks marked with 
an asterisk were reproducible but have not been identified. For simplicity, only the sizes of a few 
fragments of the standard have been identified (in base pairs). The complete list of fragment sizes 
is as follows (in base pairs): 75,134,154, 201, 220, 298, 344, 396, 506, 517,1018, 1636,2036, 
3054, 4072, 5090, 6108, 7126, 8144, 9162, 10180, 12216.
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Ferguson Plot: small fragments of the 1 kbp ladder
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Figure 17a: Ferguson plot of small fragments of the 1 kbp ladder: 154 bp, 201 
bp. 298 bp, 344 bp, 517 bp. Trendlines have been added only to guide the eye. 
The dashed vertical line marks 0.37% HEC, the overlap threshold concentration 
for HEC-90K.

log mobility vs log bp: small fragments of the 1 kbp ladder
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Figure 17b: Plot of log mobility versus log MW (bp) for 8 small (<520 bp)
fragments of the 1 kbp ladder. Trendlines have been added only to guide the eye.
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Ferguson Plot: larger fragments of the 1 kbp ladder
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Figure 18a: Ferguson plot analysis of 1 kbp ladder fragments 2036 bp -  6108 
bp: a semilogarithmic plot of electrophoretic mobility versus percent polymer 
(HEC) concentration. Trendlines have been added only to guide the eye. 
Concave curves are characteristic of large (>1 kbp) DNA fragments. The dashed 
vertical line marks 0.37% HEC, the overlap threshold concentration for this 
molecular weight of HEC.

log mobility vs log bp: larger fragments of the 1 kbp ladder
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Figure 18b: Plot of log electrophoretic mobility versus log MW (bp) for the 1
kbp ladder, fragments 2036 bp -  6108 bp. Trendlines have been added only to
guide the eye.
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Figure 19: Capillary electrophoretic separation of the supercoiled ladder 
standard in HEC-90K solutions (pH 7.3) containing no intercalating dyes: a) 
0.15% HEC, b) 0.30% HEC (std. HEC), c) 0.45% HEC, d) 0.60% HEC. All 
experiments were performed at -375 V/cm. Peaks marked with an asterisk 
were reproducible but have not been identified.
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Figure 20: Comparison o f the capillary electrophoretic separation of a) the 1 kbp 
ladder and b) the supercoiled ladder in 0.15% HEC-90K containing no 
intercalating dye. Both experiments were performed at -375 V/cm.
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Ferguson Plot: supercoiled ladder
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Figure 21a: Ferguson plot analysis o f the supercoiled ladder plasmids 2067 bp 
-  7045 bp: a semilogarithmic plot of electrophoretic mobility versus percent 
polymer (HEC) concentration. Trendlines have been added only to guide the 
eye. The vertical dashed line marks the overlap threshold concentration for 
HEC-90K.
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Figure 21b: Plot of log mobility versus log MW (bp): supercoiled ladder
plasmids 2067 bp -  7045 bp. Trendlines have added only to guide the eye.
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4.4 Analysis o f the pMD68 plasmid

The 27.5 kbp plasmid pMD68 was analyzed in four HEC solutions:

0.15%, 0.30%, 0.45%, and 0.60% (w/w) polymer. Table 1 lists the observed 

migration times for peaks 1-5 and peak B. With increasing polymer 

concentration, the migration time of peak B increased noticeably. However, no 

such trend was observed for the mobilities of peaks 1-5.

Table 1: HEC concentration study of the pMD68 plasmid: migration times (min.)
solution (% HEC) peak 1 peak 2 peak 3 peak 4 peak 5 peak B

0.15 6.34 6.43 6.56 6.72 6.88 *

0.15 6.03 6.11 6.23 6.38 6.54 *

0.30 6.30 * 6.51 6.62 6.78 *

0.30 6.24 * 6.48 6.57 6.74 8.52
0.45 5.97 6.07 6.16 6.25 6.41 10.36
0.45 6.08 6.17 6.27 6.37 6.53 10.62
0.60 6.52 6.62 6.72 6.82 6.97 11.84
0.60 5.91 6.00 6.09 6.18 6.32 10.72

* indicates the peak was not resolved (or was not observed)

The selectivity, a, for peaks 1-5 was calculated as follows:

a  =  t y / t x  ( 2 1 )

where ty and tx are the migration times of peaks y and x (for tx < ty). Table 2 lists 

these a  values, demonstrating that overall there is a slight decrease in selectivity 

with increasing polymer concentration. This agrees with our observations for the 

smaller supercoiled plasmids, i.e. that greater selectivity for supercoiled forms is 

achieved in dilute HEC solutions.
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Table 2: Average selectivity: pMD68 peaks 1-5
solution a: 5/1 a: 4/1 a: 3/1 a: 2/1 a: 5/2 a: 4/2 a: 3/2 a: 5/3 a: 4/3 a: 5/4
0.15% 1.085 1.059 1.034 1.014 1.070 1.045 1.020 1.049 1.024 1.024
0.30% 1.078 1.036 1.036 * * * * 1.041 1.015 1.025
0.45% 1.074 1.032 1.032 1.016 1.057 1.031 1.016 1.041 1.015 1.025
0.60% 1.069 1.031 1.031 1.015 1.053 1.030 1.015 1.037 1.015 1.022

* indicates the peak was not resolved

To determine whether selectivity would actually be greater in free 

solution, a direct comparison of the separation of the pMD68 sample in 0.15% 

HEC and in THE buffer (pH 7.3) alone (see Figure 22) was made. Due to 

instrumental requirements of other projects at the time, these experiments were 

performed using the commercial CE system with UV spectroscopic detection. As 

for the HEC concentration study described above, the field strength was 

maintained at -375 V/cm. However, the capillary dimensions were longer, with 

an effective length of 40 cm and a total length of 55 cm (compared with 23 cm 

and 40 cm, respectively). Although the field strength was identical for the two 

studies, the longer effective length of the capillary in the second CE system 

increased the residence time of the sample proportionately. The differences in 

migration times for peaks 1-5 are included in Figure 22 in table form. It was also 

observed that peaks 1-5 appeared broader relative to the earlier concentration 

study. Peak 2 was not resolved from peak 1 in either solution, and therefore is not 

included in this discussion. Surprisingly, peak B was not observed in THE buffer 

or in 0.15% HEC. As shown in Figure 22a, peaks 1-5 were substantially
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separated in THE alone. The migration times o f peaks 1-5 were greatest in 0.15% 

HEC, indicating that the sieving polymer is decreasing the mobility o f the 

conformers by increasing solution viscosity. Selectivity was greater in 0.15% 

HEC, indicating that the polymer does improve the separation of peaks 1-5, which 

are believed to be supercoiled forms of pMD68. Further experiments utilizing 

ultradilute EEC solutions may elucidate the mechanism underlying these effects.
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Figure 22: Comparison of the capillary electrophoretic separation of the pMD68 
plasmid in a) THE buffer (pH 7.3) and b) THE buffer with 0.15% HEC-90K. All 
experiments were performed at -375 V/cm using the commercial CE system with 
UV detection. Relative migration times are listed for each analysis.
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V. Radiation Effects

5.1 Analysis of irradiated (|)X174 samples

The capillary electrophoretic separations of the irradiated <|)X174 samples 

using the home-built system are shown in Figure 23. The internal standard was 

added after irradiation. Analysis o f the irradiated <|)X174 samples (5386 bp) was 

performed in std. HEC; moderate run-to-run shifting in migration times was 

observed («4.3% RSD). A single, broad plasmid peak was observed for all 

analyses. The peak distribution was measured at one-half height, and the 

distribution was observed to increase with increasing radiation dose (see Table 3); 

a plot of peak distribution (width in seconds) versus radiation dose is shown in 

Figure 24.

Table 3: Irradiated 4>X174 peak widths (n=4)
sample peak width (sec.)
(J)X174: 0 Gy 9.1
(j)X174: 50 Gy 14.4
<|)X174: 100 Gy 17.2
(|>X174- 200 Gy 21.0
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Figure 23: Capillary electrophoretic separation o f <j)X174 samples a) 0 Gy, b) 50 
Gy, c) 100 Gy, d) 200 Gy in 0.30% HEC-90K containing no intercalating dyes. 
The dGTP internal standard was added after irradiation. All experiments were 
performed using the home-built system with UV detection.



63

Peak Width vs Radiation Dosage: phiX174 samples
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Figure 24: Plot of peak width (in seconds) at one-half peak height versus 
radiation dose (in gray) for the <|>X174 samples. All experiments were performed 
in 0.30% HEC-90K (std. HEC) containing no intercalating dyes. The home-built 
system was used with UV absorbance detection at 260 nm. The trendline was 
added only to guide the eye.

Slab gel separation o f these samples (Figure 25) showed the sample to 

contain only 2 bands. Bands were numbered as described in section 3.1. Band 1 

of the unirradiated (|)X174 sample (see lanes 2 and 6) was not observed in any 

irradiated sample, indicating that no detectable levels o f the supercoiled form 

remained after exposure to >50 Gy of radiation. Band 1 o f the irradiated samples 

(lanes 3-5) corresponded with the linear form according to a calibration curve 

constructed from the 1 kbp ladder standard. The other corresponded to the faint 

band 2 of the unirradiated form, and did not correspond to a linear form or to a 

supercoiled multimer; this is presumably the open circular form. A distinct trail 

from the leading edge o f the linear band, which we believe to be a distribution of
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small linear fragments, increased with dose. Based on these results, we have 

determined that the peak observed in CE is a distribution of linear fragments.

To size the double stranded fragmentation products, the extent of run-to- 

run shifting in mobilities needed to be minimized. We have previously achieved t 

greater reproducibility with the commercial CE system; we attribute this to the 

superior temperature control of the commercial instrumentation compared to that 

of the home-built system. The irradiated samples were analyzed using the 

commercial CE system with laser-induced fluorescence detection in the presence 

of 100 ng/mL of the intercalating dye YO-PRO-1 (see Figure 26). In place of 

dGTP, a 1500 bp linear DNA fragment was added, as dGTP neither exhibits 

native fluorescence excitable by the Argon-ion laser, nor participates in 

intercalating interactions in any significant manner. Again, the 1500 bp fragment 

was added after irradiation. The addition of an intercalating dye precludes the 

analysis of the unirradiated (supercoiled) <|)X174 sample, as such dyes induce 

conformational changes in circular DNA molecules;4 therefore, the analysis o f the 

0 Gy sample is not shown in Figure 26. Single-stranded fragmentation products 

were possibly produced during irradiation, but YO-PRO-1 has a low affinity for 

single stranded DNA.25

By comparison with the 1 kbp ladder standard and correcting for run-to- 

run shifting with the 1500 bp internal standard, the CE data allowed for sizing of 

the fragmentation products (see Table 4). The peaks indicated by an arrow in 

Figures 26a and 26c were highly reproducible; the calculated sizes for these peaks 

are listed in table 4. This peak corresponded to 3017 bp in the 50 Gy sample and
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3071 bp in the 200 Gy sample. This particular fragmentation product presumably 

represents an energetically favored cleavage site, however the physical 

significance of this site is yet undetermined. We propose that for the c|)X174-100 

Gy sample this peak was present in solution but hidden by the distribution of 

fragments and by baseline noise (see Figure 26b).

Table 4: Average irradiated (|)X174 fragment sizes
sample peak max. (min.) size (bp) minor peak (min.) size (bp)
d>X174: 50 Gy 20.31 3650 19.96 3017
d>X174: 100 Gy 20.60 4191 — —*
<|>X174: 200 Gy 20.62 4280 20.08 3071
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Figure 24: Slab gel electrophoresis of (|)X174 samples and ladder standards in 
0.50% Trevigel 500, TAE buffer (pH 8.5). Bands were stained after 
electrophoresis with EtBr solution.
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Figure 26: Capillary electrophoretic separation of irradiated <|)X174 samples 
(with the 1500 bp internal standard) in 0.30% HEC-90K containing 100 
ng/mL YO-PRO-1: a) 50 Gy, b) 100 Gy, c) 200 Gy. The commercial CE 
system with LIF detection was used for all experiments. The peak indicated 
by an arrow was reproducible.
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5.2 Analysis of irradiated pTZ19R samples

The irradiated pTZ19R samples (2870 bp) showed a trend in peak 

broadening similar to that of the <|>X174 plasmid; however, CE analysis showed 

only one significantly affected sample component (see Figure 27). The baseline 

shift shown in Figure 27d was not reproducible. Peak B (the supercoiled 

monomer) showed a substantial increase in distribution at 50 Gy, and was nearly 

undetectable at higher doses. There was an increase in area of peak A with 

increasing dose; this agrees with the aforementioned assertion that this peak is a 

distribution of small, linear fragments. As observed in previous studies (see 

section 3.2), peak C showed the poorest reproducibility, with variable peak area 

and migration time. Slab gel analysis o f the irradiated pTZ19R samples was 

limited by sample concentration; faint smears were observed for all irradiated 

samples with no distinct bands (data not shown).
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Figure 27: Capillary electrophoretic separation of irradiated pTZ19R samples: a) 
unirradiated (0 Gy), b) 50 Gy, c) 100 Gy, d) 200 Gy. No internal standard was 
added. All experiments were performed with the home-built system in 0.30% 
HEC-90K with UV detection; no intercalating dyes were added. Peaks indicated 
by an asterisk were reproducible but have not been identified.
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5.3 Analysis of irradiated pMD68 samples

Figure 28 displays the separation of the pMD68 samples in CE. The fine 

structure of peak A was highly reproducible for all samples. The distribution of 

peak A was significantly greater for the 20 Gy and 200 Gy samples relative to the 

unirradiated form, but decreased after 400 Gy exposure. We propose that the 

increase in peak distribution at the two lower doses indicates the conversion of 

discrete supercoiled domains to open circular forms or to linear forms. The peak 

would therefore represent a wider distribution in levels of supercoiling. The 

decrease in distribution o f peak A at 400 Gy may be due to generation of the fully 

linear form or the fully open circular, which would not be observed without 

pulsed field CE.21,22 We also recognize that double-stranded breaks may also 

generate small, linear fragments.
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Figure 28: Capillary electrophoresis o f pMD68 samples a) 0 Gy b> 20 
Gy, c) 200 Gy, d) 400 Gy in 0.30% HEC-90K containing no intercalating 
dyes. All experiments were performed at -375 V/cm using the home-built
system with UV detection.
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VI. The Effects of Intercalating Dyes

6.1 Analysis o f the (frX174 plasmid

4>X174 samples were incubated with EtBr concentrations equal to those of 

the polymer solutions for > 30 min. Incubated samples are indicated as <|)X174-x 

EtBr, where x is the dye concentration. Initial experiments showed very poor 

reproducibility without sample incubation (data not shown); however, all 

separations performed with EtBr in the polymer solution showed significant 

changes in the mobility relative to std. HEC (which is 0.30% HEC-90K 

containing no intercalating dyes). In slab gel electrophoresis, the presence of 

intercalating dye in the gel and buffer is sufficient for reproducible dynamic 

intercalation.28,30

Figure 29 displays the electropherograms of the <()X174 plasmid in std. 

HEC solutions with increasing concentration of the intercalating dye ethidium 

bromide (EtBr). Ethidium bromide is one of the most commonly used dyes for 

DNA detection in slab gel electrophoresis, and has been added to separation 

media in CE to improve resolution of linear dsDNA fragments.9,37 The 

concentrations investigated were chosen based on earlier studies by Johnson and 

Grossman; slab gel electrophoresis experiments performed by this group with the 

4>X174 plasmid indicated that 0.16 pg/mL EtBr approximates the dye 

concentration needed to remove all supercoils (the critical free dye
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concentration).30 Concentrations greater than the critical free dye concentration 

were indicated to induce positive supercoils.28’30 In CE, we have observed a 

decrease in mobility of <|)X174 in the presence o f 0.16 pg/mL EtBr. A 

concentration of 2.0 pg/mL EtBr caused an increase in mobility relative to that in

0.16 pg/mL EtBr, which suggests the removal of negative supercoils in 0.16 

pg/mL EtBr and induction of positive supercoils.30 For <|)X174-0.16 pg/mL EtBr 

samples with dGTP, only the internal standard was observed. We suggest this is 

due to preferential injection of dGTP, as the plasmid is predicted to be in the 

relaxed/open circular form at this EtBr concentration.30 It is also noteworthy that 

(|)X174-0.16 pg/mL EtBr sample was not detected with an injection of -5 kV for 

5-10 sec.; however, an injection -2 kV/30 sec. produced a broad peak o f low 

mobility. Table 5 lists the average mobilities of <J)X714 in each HEC-EtBr 

solution.

Table 5: Mobilities of (|)X174 conformers in EtBr solutions________
solution avg. mobility (cm2/V*s): 4>X174
0.30% HEC (std. HEC) 1.08xl0'4
0.30% HEC— 0.16 pg/mL 
EtBr

5.50xl0'5

0.30% HEC—2.00 pg/mL 
EtBr

7.17xl0‘5
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dGTP

u

a)<t>X174 with dGTP 
in 0.30% HEC

(J)X174

*+*>*%
b) (j)X174 in 0.30% HEC 

<J)X174  i with 0.16 pg/mL EtBr

c) <|)X174 with dGTP in 
dGTP 0.30% HEC with 2.00

pg/mL EtBr

w

(j)X174

10 15 20
Time (min)

Figure 29: Capillary electrophoretic analysis of <|)X174 in 0.30% HEC with and 
without ethidium bromide (EtBr), demonstrating conformational changes with 
increasing dye concentration: a) 0.30%HEC, b) 0.30% HEC with 0.16 pg/mL 
EtBr, c) 0.30% HEC with 2.00 pg/mL EtBr. Peaks identified with an asterisk 
have not been identified. Detection was by UV absorbance at 260 nm.
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Additional experiments were performed using the intercalating dye YO- 

PRO-1. This fluorescent dye is a monomeric cyanine dye with a high DNA 

binding constant relative to EtBr. The use of YO-PRO-1 in plasmid separations 

has not been previously reported to our knowledge. The <|)X174 samples were 

analyzed in three different concentrations of YO-PRO-1 in std. HEC: 10, 100, and 

1000 ng/mL. As with the (|)X174-EtBr samples, incubation refers to the addition 

of YO-PRO-1 to the sample at a concentration equal to that in the polymer 

solution. Samples were incubated for >30 minutes prior to analysis. For the 10 

ng/mL YO-PRO-1 solution, samples were run with and without incubation. The 

incubated sample showed a slight decrease in electrophoretic mobility changes; 

peak shape became broader. This change in peak shape was observed less 

frequently for the unincubated sample. Relative to the migration o f (|)X174 in 

standard HEC, the unincubated sample showed little change in mobility in the 10 

ng/mL solution. For the 100 and 1000 ng/mL YO-PRO solutions, all <|>X174 

samples were incubated as previously described. Over 10 analyses were 

performed in the 0.30% HEC-100 ng/mL solution; a single peak was observed, 

exhibiting extremely poor reproducibility, with mobilities ranging from 1.9X10"4 

to 5.0x1 O'5 cm2/V«s (5.5 to 20.5 min). The 0.30% HEC-1000 ng/mL solution 

gave similar results, with mobilities ranging from 4.4x1 O'05 to 9.2x1 O'05 cm2/V.s 

(11.1 to 23.2 min).

We have conducted a reproducibility study with the 1 kbp ladder standard 

in 0.30% HEC-100 ng/mL solution using the home-built CE system; for 8
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separations, we observed a relative standard deviation of less than 2% in mobility

(see Table 6).

Table 6: 1 kbp lac der reproducibility study (n= 8); migral:ion times are in mi
201 bp 396 bp 1636 bp 5090 bp
time % RSD time % RSD time % RSD time %

RSD
10.77 1.41 12.61 1.54 17.99 1.75 19.81 1.90
11.07 1.37 12.95 1.50 18.42 1.71 20.28 1.86
10.84 1.40 12.67 1.53 17.97 1.75 19.65 1.92
10.96 1.38 12.83 1.51 18.32 1.72 20.09 1.88
10.76 1.41 12.57 1.55 17.88 1.76 19.58 1.93
10.72 1.41 12.52 1.55 17.78 1.77 19.49 1.93
10.65 1.42 12.46 1.56 17.75 1.77 19.44 1.94
10.57 1.43 12.29 1.58 17.35 1.81 18.98 1.99

Based on these observations and on our previous experience with YO-

PRO-1 in linear dsDNA separations, we suggest that these problems indicate that 

this dye is not compatible with small, supercoiled plasmids. Larsson and 

coworkers studied the intercalation properties o f YO-PRO-1 and its dimeric form, 

YO-YO; conformational changes in the supercoiled <|)X174 plasmid were 

reportedly induced by increasing concentrations of YO-YO.38 These 

conformational changes were analogous to those we have observed with 

increasing EtBr concentration; however, the group did not report such results for 

YO-PRO. The success of the YO-YO experiment suggests the apparent 

instability of the problem lies with the mode of intercalation; mono-intercalation 

may not yield an energetically stable YO-PRO-1: plasmid complex.
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6.2 Analysis of the Irradiated pMD68 in the presence of EtBr 

The 27.5 kbp plasmid pMD68 was irradiated at 200 Gy with a y-60Co source to 

generate multiple conformers. Plasmids of this size are generally organized by 

proteins into topological domains, which are discrete regions of defined numbers 

of supercoils and helical turns.28 Irradiation of this plasmid has potentially 

induced single-stranded and double-stranded breaks in one or more of these 

domains, allowing for unwinding o f supercoils in discrete regions of the 

plasmid.28,33

Figure 30 shows the pMD68-200 Gy plasmid analyzed in 0.30% HEC 

with two concentrations o f EtBr: 0.05 pg/mL and 5.00 pg/mL. The high mobility 

of peak A is indicative of a highly compact form; as described in section 3.3, we 

believe peak A to be the supercoiled form, with the fine structure representing 

conformers differing by extent of supercoiling. The fine structure of peak A was 

highly reproducible in both solutions. A single- or double-stranded break in one 

o f more domains would produce such relatively small changes in mobility. We 

believe peak B to represent the product of several simultaneous breaks, and have 

designated it a partially open circular form. We would expect the fully open 

circular form of such a large plasmid to have a dramatically lower mobility than 

peak B; we would require pulsed field CE to observe the fully oc form and linear 

form of such a large plasmid.

Relative to std. HEC, the mobility o f peak A did not change significantly 

in the presence of EtBr. The dye concentrations investigated may not be 

sufficient to induce conformational changes in such a large plasmid. However,
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the fine structure peak A was noticeably changed relative to its appearance in std. 

HEC. The aforementioned peaks 1-5, which comprise peak A, were indistinct. 

Compared to peak A, the mobility of peak B decreased considerably with 

increasing EtBr concentration. It has been established that open circular forms

26take up greater amounts of intercalating dye relative to supercoiled conformers; 

the greater mobility shift observed for peak B is consistent with the presence of 

open circular domains.
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a) pMD68-200Gy in 0.30% HEC 
with 0.05 pg/m L EtBr

B

a) pMD68-200Gy in 0.30% HEC 
with 5.00 pg/mL EtBr

Time (min.)
10

Figure 30: Capillary electrophoretic analysis o f pMD68 (irradiated at 200 
Gy) in 0.30% HEC with increasing ethidium bromide (EtBr) concentration: 
a) 0.30% HEC with 0.05 pg/mL EtBr, b) 0.30% HEC with 5.00 pg/mL EtBr
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6.3 Comparison o f UV and LIF detection

Figures 31a and 31b show the electropherograms of separations of 

irradiated pMD68 conformers with UV and LIF detection, respectively. The 

migration times of the plasmid sample were converted to electrophoretic 

mobilities, to correct for the differences in the capillary lengths of the CE 

systems. Both separations were performed in std. HEC containing 100 ng/mL 

YO-PRO-1. With UV detection, the ratio of peak areas was approximately 4:1 

(79% peak D, 21% peak E). This is reversed in LIF detection, with a ratio of 1:3 

(25 % peak D, 75 % peak E). This comparison illustrates that the use of 

intercalating dyes for LIF detection precludes accurate quantitation, owing to the 

unequal uptake of the dye by the different plasmid conformers. Although LIF 

detection offers improved selectivity and sensitivity relative to UV spectroscopic 

detection, Figure 31 demonstrates that this mode of detection using intercalating 

dyes may be inappropriate for circular DNA molecules.



a) UV spectroscopic 
detection of pMD68-200 Gy 81
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B

b) LIF detection of 
pMD68-200 Gy
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Figure 31: Capillary electrophoretic analysis of pMD68-200 Gy in 0.30% HEC 
with 100 ng/mL YO-PRO-1: a comparison ofU V  and LIF detection, a) UV 
spectroscopic detection at 260 nm, b) LIF with an Argon-ion laser, 488 nm line. 
Peak A is the supercoiled conformer, peak B is a partially open circular form.



Conclusions

We have examined the effects of HEC concentration on the separation of 

plasmid conformers in the absence of intercalating dyes. In contrast with slab gel 

electrophoresis, the migration order of plasmids conformers (ranging in size from 

2 - 1 6  kbp) was shown to be linear, supercoiled, open circular in dynamic size- 

sieving CE. Ferguson plot analysis of the linear and supercoiled standards 

indicated that the supercoiled form produces unique curves, which may aid in 

conformer identification.

We have also demonstrated the rapid separation of a 27.5 kbp plasmid in a 

range of HEC-90K solutions o f varying concentration. Comparison with free 

solution CE indicated that significant separation of plasmid forms occurs in the 

absence of a sieving matrix. However, the greatest selectivity was achieved at the 

lowest polymer concentration (0.15% HEC). Further studies with large plasmids 

in ultradilute solutions, perhaps with different polymers or with different 

molecular weights of HEC, may elucidate the underlying separation mechanism

Plasmid conformational changes in CE were demonstrated in the presence 

o f low ethidium bromide concentrations. By comparison with UV spectroscopic 

detection, we have shown laser-induced fluorescence detection based on 

intercalation to be an inaccurate method for quantitation of circular DNA 

molecules in CE. Investigation of the effects of YO-PRO-1 on plasmid 

conformation showed poor reproducibility of dynamic intercalation. These 

studies may be furthered by the use of pressure injection, which may eliminate the 

problem of sample bias and may improve reproducibility.

82
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In addition to the aforementioned investigations of separation parameters, 

we have probed the applicability o f CE to the detection of y-irradiation-induced 

DNA fragmentation of plasmids. Compared with slab gel electrophoresis, CE 

provided greater detail and sensitivity. Forms that appeared as single bands in 

slab gel were shown to be distributions of forms in CE, giving highly reproducible 

patterns of peaks. Linear fragmentation products, which appeared as smears in 

slab gel, were sized by analysis in CE. Combined with the capacity of CE for 

single-cell analysis, this technique may afford quantitative and highly localized 

analysis of radiation effects. The investigation of radiation effects could be 

extended to examine fragmentation products produced in the presence of 

radiosensitizers and radioprotectors, which allow for the development of more 

effective radiotherapies.
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