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ABSTRACT

Understanding the dsDNA<*EG binding interaction is important because the EvaGreen (EG) dye
is increasingly used in real-time quantitative polymerase chain reaction, high resolution melting
analysis, and routine quantification of DNA. In this work, a binding isotherm for the interactions
of EG with duplex DNA (poly-dA,,poly-dT,,) has been determined from the absorption and
fluorescence spectra of the EG and dsDNA*EG complex. The isotherm has a sigmoidal shape
and can be modeled with the Hill equation, indicating positive cooperativity for the binding
interaction. A Scatchard plot of the binding data yields a concave-down curve in agreement with
the Hill analysis of the binding isotherm for a positive cooperative binding interaction. Analysis
of the Scatchard plot with the modified McGhee and von Hippel model for a finite
one-dimensional homogeneous lattice and nonspecific binding of ligands to duplex DNA yields
the intrinsic binding constant, the number of lattice sites occluded by a bound ligand, and the
cooperativity parameter of 3.6 X 10° M, 4.0, and 8.1, respectively. The occluded site size of 4
indicates that moieties of the EG intercalate into the adjacent base pairs of the duplex DNA with
a gap of 1 intercalation site between EG binding sites, as expected for a bifunctional molecule.
Interestingly, at high [EG]/[base pair], the intercalation is disrupted. A model is proposed based
on the fluorescence spectrum where the formation of anti-parallel stacked chains of EGs bound

externally to the duplex DNA occur at these high ratios.

ABBREVIATIONS



AO-acridine orange, DNA-deoxyribonucleic acid, EDTA-ethylenediamminetetraacetic acid,

EG-EvaGreen, RNA-ribonucleic acid, RT-PCR-reverse transcription polymerase chain reaction.

INTRODUCTION

Noncovalent binding of small molecules with DNA is of fundamental importance in biology
because DNA plays a key role in basic life processes such as metabolism, regulation, and
immunity'™. Intercalation of small molecules to DNA can disrupt replication and/or transcription
leading to cancer and cell death™®. The study of small molecule interactions with DNA has a key

role in pharmacology, because DNA can be a target for anticancer and antibiotic drugs’'2.

EvaGreen (EG) is a DNA intercalating dye'*""’. EG intercalation into dsSDNA is not sequence
specific'® and it has a weak affinity for binding to single-stranded DNA. It is weakly fluorescent
in aqueous solution, but becomes highly fluorescent when it intercalates in double-stranded DNA
(dsDNA). The dye is thermally and hydrolytically stable'®. It is also nonmutagenic and
noncytotoxic, because it is impermeable to cell membranes'. These properties provide EvaGreen
with many advantages over other commonly used dyes, such as SYBR Green I, in applications
ranging from quantitative RT-PCR, high resolution DNA melt curve analysis, routine DNA
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quantification, and capillary gel electrophoresis’>'®. Despite its increasing applications in

biology, the binding interactions of EG with DNA have not yet been quantified.



The biological activity of intercalating ligands arises partly due to the fact that intercalation
unwinds the helix and lengthens the DNA to accommodate the ligand and these conformational
modifications can lead to inhibition of transcription, replication and DNA repair processes
thereby making intercalators potent carcinogens®'*?*%, On the other hand, these properties make
intercalators, including acridine orange (AO), attractive candidates for the development of DNA
targeted drugs and chemotherapy®'>**%*. In addition, intercalating dyes are used for staining and

routine quantification of DNA'3:1417.18:26

EvaGreen is composed of two AO moieties connected by a flexible
N,N'-(oxydi-2,1-ethanediyl)bis-decanamide linker containing 20 single bonds, shown in Scheme
1. In aqueous solution, the hydrophobic planar fused aromatic rings form a weakly fluorescent
dimer'® of stacked AO chromophores, described here as the "closed form". The dimer dissociates
upon bis-intercalation of the planar AO moieties between the base pairs of dsSDNA, giving rise to
two highly fluorescent monomeric AOs still connected by the linker, described here as the “open

form”?"3!

Open form
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Scheme 1. Molecular structure of EvaGreen (EG, top) and a schematic of the EG intercalation
into dsDNA (bottom). The EvaGreen dye consists of two AO moieties covalently bonded to the
ends of an N,N'-(oxydi-2,1-ethanediyl)bis-decanamide linker. EG in dilute aqueous solutions is
weakly fluorescent in the native dimer form (“closed form™) but is highly fluorescent in the

"open form" when it intercalates into dsSDNA.

The most commonly used method for quantification of DNA is to determine the UV
absorbance at 260 nm. Absorbance at 260 nm is also commonly used for the determination of the
dsDNA melting temperature by taking advantage of the loss of hypochromicity accompanying
the dissociation of the DNA duplex*’. However, absorbance measurements alone cannot
differentiate single-stranded from double-stranded DNA, since the absorption in this region
originates from the nucleobases in the DNA. Furthermore, many other biomolecules, including
proteins, ions, and other impurities present in the solution, may interfere and thereby limit the

applications of absorption techniques for DNA quantification.

Fluorescence detection is a simple and highly sensitive method for quantification of DNA.

Because fluorescent dyes used for labeling can bind selectively to dsDNA via intercalation, the



minor groove, or the major groove, fluorescence detection can be used for routine DNA
quantification and real-time quantitative PCR with minimal interference. In the last few years,
fluorescence techniques based on molecular beacons, smart probes, rare earth cations, and other
fluorescence probes have been developed for the quantification and characterization of
UV-induced damage to DNA* In this paper, we measure and characterize EvaGreen, a
next-generation green fluorescent nucleic acid dye, and its binding interactions with DNA by

using the Scatchard, and McGhee and von Hippel models.

EXPERIMENTAL

Materials

EvaGreen (EG) in aqueous solution with certified 25 pM dye content was purchased from
Biotium (Hayward, CA) and stored at -20 °C. Sodium  chloride,
tris(hydroxymethyl)aminomethane (Tris), and ethylenediamminetetraacetic acid (EDTA)
disodium salt were obtained from EMD Chemicals Inc. (Gibbstown, New Jersey), ICN
Biomedicals (Aurora, Ohio) and BDH Inc. (Toronto, Ontario), respectively. All chemicals were
used as received. Nanopure water from a Barnsted Nanopure (Boston, Massachusetts) system
was used for all solution preparation. Single-stranded dA,, and dT,, deoxyribooligonucleotide
targets purified by standard desalting were obtained from Integrated DNA Technologies Inc.
(Coralville, Towa). The oligonucleotide samples were centrifuged and dissolved in the desired
volumes of nanopure water to obtain 581.8 uM oligonucleotide solutions and stored at —20 °C

until needed.



Instrumentation

Absorption and fluorescence spectra of sample solutions were recorded using a
Hewlett-Packard (Sunnyvale, California) 8452A diode array spectrophotometer and a Photon
Technologies International (Birmingham, New Jersey) fluorescence spectrophotometer,
respectively. A SpectraMax i3x Multi-Mode microplate reader controlled by SoftMax from
Molecular Devices, LLC (Sunnyvale, California) was used to record the fluorescence spectra.
Sample solutions for the microplate reader were prepared in a clear-bottom 96-well plate from

Corning (Corning, New York).

Preparation of duplex poly-dA,.-poly-dT,,

Equal volumes of the 581.8 uM complementary oligos were mixed in an Eppendorf tube and
diluted to give a final concentration of 131 uM duplex DNA (6.6 mM Tris, 0.6 mM EDTA, 3.5
mM NaCl, pH 7.5). The solution was heated in a water bath while stirring at the annealing
temperature of 95 °C for about 5 min and then allowed to equilibrate to room temperature. The

annealed duplex poly-dA poly-dT,, solution was stored at -20 °C until needed.

Analysis

The solution for analysis typically contained ~0.2 uM dsDNA (10 mM Tris buffer, 1 mM
EDTA, 10 mM NaCl, pH 7.5) to which was added EG to a final concentration of 0.67 uM. After
the addition of EG, the solutions were incubated at 37-42 °C for 20 min and allowed to

equilibrate for >1 hr to room temperature. The fluorescence spectra of 200 uL/well solutions in a



96-well plate were recorded with 470 nm excitation. The emitted fluorescence intensity was
measured at 532 nm. The software for nonlinear least-squares analysis was Microcal Origin

(Microcal Origin, Northampton, MA).

RESULTS AND DISCUSSION

The noncovalent binding interactions between DNA and one or more ligands play a key role
in the effect small molecules can have on biological functions such as molecular recognition,
DNA replication, and DNA transcription. Ligands can bind to DNA noncovalently in three
different ways, intercalation, minor or major groove binding, or electrostatically. Noncovalent
binding interactions due to intercalation, of concern here for EG, involve reversible insertion
between the stacked base pairs of dsDNA of a molecule typically composed of one or more
planar fused aromatic rings. Figure 1 shows the absorption and fluorescence spectra of a mixture

of EG and dsDNA*EG bound complex.
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Figure 1. Absorption and fluorescence spectra of a solution containing 0.2 pM

poly-dA ,-poly-dT,, dsDNA and 2.5 uM EG in buffered (10 mM Tris, 1 mM EDTA, 10 mM



NaCl, pH 7.5) aqueous solution. The fluorescence spectrum was recorded with 470 nm

excitation.

The spectra of EG in the presence of dsDNA in Figure 1 have maxima at 474 and 490 nm for
absorption and at 532 nm for fluorescence, and are similar to those reported in the literature'®,
EG in the absence of duplex DNA has a weak fluorescence, typically more than an order of
magnitude less than bound EG. The fluorescence intensity increases upon binding of EG to

duplex DNA and the spectrum shifts bathochromically to longer wavelengths.
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Figure 2. Absorption spectra of (a) 2.5 UM EG, (b) 2.5 yM EG in the presence of 0.2 uM duplex
DNA in buffer solutions (10 mM NaCl, ]| mM EDTA, 10 mM Tris, pH 7.5), and (c) dsDNA*EG
complex obtained by spectral subtraction i.e. spectrum ¢ = spectrum b — (0.4663 X spectrum a).

The spectrum of pure dsSDNA*EG complex formed at any particular EG concentration was
obtained by subtracting the spectrum of EG in solution without dsDNA (free EG) from that of
the spectrum of EG solution containing 0.2 yM dsDNA with both solutions containing similar
concentration of EG (Figure 2). In the spectral subtraction, the spectral intensity of the EG

solution containing 0.2 yM dsDNA was kept constant while adjusting the spectral intensity of
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the free EG until (1) the background in the 550-600 nm region showed no negative absorbance
features, and (2) the previously published*’ spectrum of dSDNA<EG complex was obtained. Due
to the strong overlap in the absorption spectra of free EG and the dsSDNA<EG complex in the
400-480 nm region, this spectra subtraction does carry with it large error bars (Figure 3). It is
however important to note that the spectrum of the dSDNA<*EG complex reported here is very

similar to that reported in the literature®’.

To quantitatively measure the nature of the binding interaction, the concentrations of the free
and bound EG need to be determined. The equilibrium concentration of free EG in the presence
of DNA ([EG],) was determined from the difference in the absorption spectra of EG in the
presence and absence of 0.2 uM duplex DNA. This is possible because EG in solution has an
absorption spectrum distinct from that of the intercalated EG, the latter of which exhibits an
absorption spectrum similar to monomeric AO?>'*%° The formation of dimers and higher
aggregates of AO in aqueous solution has been extensively studied®**%*. The absorption
spectra of different EG concentrations in the absence and presence of duplex DNA in solution

are shown in Figure 3.
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Figure 3. Absorption spectra recorded in the (a) absence and (b) presence of 0.2 uM duplex
DNA in solutions containing different [EG] (0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.5, 2.0, 2.5, & 3.0
MM) in buffer (10 mM NaCl, 1 mM EDTA, 10 mM Tris, pH 7.5). (¢) The difference spectra
corresponding to the DNA*EG complex are obtained by spectral subtraction (using GRAMS
software) of the spectra (b — a) at each [EG]. To obtain the spectrum of the pure DNA*EG
complex (c) at a particular [EG], the intensity of the EG spectrum (a) is adjusted and subtracted

from the spectrum in (b) until no absorbance is observed in the 600-650 nm region.

The absorption spectrum of EG in the free state has a peak at 472 nm (Figure 3a) similar to
the previously reported spectrum of AO dimers™. However, the spectrum of the intercalated EG
(Figure 3c¢) is similar to the previously reported spectrum of AO monomers*>, This indicates
that the intercalation of the AO moieties of EG between the base pairs of dSDNA does not lead to
significant alteration of the electronic structure of the monomeric AO moiety, but is sufficient to
disrupt any interaction between the two electronic structures of the AO monomers in each EG
molecule. The absorption spectrum of EG intercalated or bound to dsDNA, dsDNA<EG

complex, has a maximum at ~500 nm (Figure 3c), and the optical density at 500 nm (OD,,,) was
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used to obtain the concentration of bound EG, [EG],=ODy/€,. The molar absorption
coefficient (&, of the dSDNA*EG complex obtained from OD,,, and [EG], (where [EG], =
[EG], - [EG],,, and [EG], and [EG],, are the total and free EG concentrations, respectively). is

eq’

similar to those reported for monomeric AO in the literature>,

The free EG concentration in the presence of dsDNA, [EG],,, can be calculated from the
absorption spectrum of the pure dsSDNA*EG complex (Figure 3¢, [EG],) and the spectrum
containing both free EG in solution and the dSSDNA*EG complex (Figure 2b, [EG],+ [EG],).
From the Beer-Lambert law, [EG],, = AOD,;,/¢,;,, where €, is the absorption coefficient of EG
(70,200 M cm™), and AOD,,, is the difference in absorbance at 472 nm between the spectrum of
the solution containing both EG and dsDNA (Figure 3b) and that of the dSDNA*EG complex
(Figure 3c) at each EG concentration. The free EG concentration will be important in quantifying

the nature of the binding between EG and dsDNA.

In order to gain insight into the binding interaction between the duplex DNA

(poly-dA,,poly-dT,,) and EG, the binding isotherm in the traditional graphical representation is

plotted as shown in Figure 4.
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Figure 4. Binding isotherm for the intercalation of EG into 0.2 uM duplex poly-dA ,-poly-dT ,
(10 mM Tris, 1 mM EDTA, 10 mM NaCl, pH 7.5). The data points represent the average and
standard deviation (error bars) from 4 separate experiments. The curve is the fit to the

experimental data with the Hill equation (see supplementary information) using the parameters

K7 =(2.940.3) x10° and m = 1.4+0.1.

The fractional saturation binding (8) of EG to a dsDNA (Figure 3) was calculated by
normalizing the binding density, [EG],/[DNA],,;, the number of bound EG per dsDNA oligomer
obtained from the ratio of concentration of bound EG ([EG],) to the total concentration of (0.2

uM) duplex DNA ([DNA],.)-

The relationship between fractional saturation (8), the equilibrium constant, and the degree of
cooperativity describing the interaction of a protein and a dsSDNA was first derived by Hill> (see
supplementary information). In Figure 4, the Hill model fit to the isotherm of EG binding to
dsDNA is displayed to show that it can provide information about the nature of the interaction.

However, it is important to note that the Hill equation cannot be used for the analysis of most of
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the ligand-receptor binding interactions except for the cases describing either a simple 1:1
noncooperative binding or a binding interaction which induces extreme positive cooperativity in

the receptor for the binding of the subsequent ligands.

The most widely-used approach for analyzing the problem of nonspecific binding of
ligands to one-dimensional lattices, such as the isotherm for ligand binding to dsDNA, is the
neighbor exclusion model based on conditional probability approach developed by McGhee and

von Hippel™®.

-1 2
_ _ Qo-D)(1-ny—R " [ 1-(n+1)r+R
[E(r?]eq =K,(1=nr )[ 20-1D)(1-nr) ] [ 2(1=nr) ] (2)

Where, K, is the intrinsic affinity constant for binding one EG to dsDNA which has no bound
ligand, w is the cooperativity parameter, n is the occluded site size (the number of overlapping
base pairs effectively occupied by a bound ligand), r = [EG],/[bp],,, 15 the number of bound

ligands per lattice site calculated from absorption spectra (Figure 2) and [bp],, = 17 x
5 12
[dsDNA],,, for duplex poly-dA,,poly-dT,,, R= {[1—(n+1)r] +40)r(l—nr)} . The

cooperativity parameter w is equal to the equilibrium constant for moving a ligand from an
isolated site to a singly contiguous one or from a singly contiguous site to a doubly-contiguous

one.

The model assumes that the DNA lattice consists of a one-dimensional array of identical

and noninteracting potential binding sites of infinite length represented by the number of base
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pairs in duplex DNA. A ligand binding to any site occludes the neighboring sites from binding as
defined by the site size parameter, n. Since many systems of interest deal with DNA oligomers of
finite length, Epstein®’ adopted a combinatorial approach to calculate an exact expression for the
extent of ligand binding to a one-dimensional lattice of finite length. However, this model for the
finite lattice isotherm does not simplify to a closed-form expression and its implementation is
convoluted, as it involves factorial-based terms to explicitly enumerate all the possible states of
bound ligands in the lattice. In addition, Epstein®” demonstrated that the McGhee and von Hippel
infinite lattice equation provides a good approximation for the binding isotherm even for short

15

lattices. Recently, Tsodikov, et al.”® using the analytical McGhee and von Hippel infinite-lattice

nonspecific binding isotherm derived an analytic expression for nonspecific binding of ligands to
a finite lattice by incorporating end effects. Within this model, the closed analytical form of the

McGhee and von Hippel equation in the Scatchard®® representation has the form®',

-1 2
_ _ Qo-)(1-nryt—R V" [ 1=(+1)r+R Nentl
[Eé;]a, =Ky (1—nr) [ 20-1)(1—nr) ] [ 2(1—nr) [=] 3)

Where, N is the length of the DNA in base pairs, and the factor (N-n+1)/N accounts for the end
effects on nonspecific binding to a finite lattice. In order to obtained the binding parameter for
the interaction of EG with duplex poly-dA ,-poly-dT,,, the experimentally-determined isotherm
for the nonspecific binding of EG into duplex DNA is presented in the form of Scatchard plot as

shown in Figure 5.
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Figure 5. Scatchard plot of the binding isotherm for nonspecific intercalation of EG into duplex
poly-dA,,-poly-dT,,. The curve is the fit to the experimental data (square points) using Equation
3 with K= (3.61£0.2) x10° M!, n = 4.0£0.1 and w = 8.1%£1.0. The data points represent the

average (square points) and standard deviation (error bars) from 4 separate experiments.

The experimental binding data was fit with Equation 3 using nonlinear least-squares analysis
with (3.6£0.2) x10° M, n = 4.0£0.1 and w = 8.1x1.0 characterizing the binding interactions
between EG and duplex poly-dA ,-poly-dT,,. The observed affinity constant (K,) is in the range

expected®®*

for similar ligand intercalation into duplex poly-dA,,-poly-dT,,, and the
cooperativity parameter value (w) of 8.1 is similar to the value reported for bifunctional
diacridines®. The occluded site size of n = 4 indicates that the intercalating EG molecule (two

AO moieties linked by 20 flexible single bonds) occupies or blocks off 4 consecutive base pairs

in the poly-dA,,-poly-dT,, duplex as shown in Scheme 2.
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Scheme 2. Depiction of a possible route to a sequential binding of bisintercalators (two AO
moieties linked by 20 flexible single bonds) to a dsDNA with occluded site size of n =4. The
binding of bifunctional EG into dsDNA violates the neighbor-exclusion principle (i.e. n <5 for a

two-site intercalator).

An alternative binding scheme which follows the normal neighbor-exclusion principle for
bisintercalators would require n = 5. Clearly, for a bifunctional EG molecule, the binding of the
first AO into dsDNA may facilitate the binding of the second AO to the adjacent site in the
dsDNA, presumable due to the proximity of the two moieties as they are linked by 20 flexible
single bonds. Thus, the proximity effect could overcome the barrier to binding into the adjacent
site resulting from structural changes such as unwinding, lengthening, and reduction of
electrostatic interactions (anionic phosphate groups) in dsDNA induced by binding of the first

AOQ group.

It is important to note that different nucleotide sequences show distinct propensities to
deform, bend, and twist on their own or upon binding to dye, protein, and drug targets.’”> For
instance, the pyrimidine-purine doublets, e.g. TA, CG, etc., are the most conformationally
flexible doublets, and the purine-purine doublets, e.g. AA and GG, are the most conformationally

rigid doublets. Thus, the structural rigidity of A-tracts for the duplex poly-dA,,*poly-dT,, with
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long persistence lengths could have a strong influence on the binding parameters. However, EG

is known to bind essentially sequence independent'®.

The binding interaction of AO with duplex DNA has been extensively investigated?-28-31:62-66,

and these studies have shown that there are at least three kinds of species present in the binding
of AO to duplex DNA, strong binding or intercalation in which the dye molecule inserts between
two neighboring base pairs, half-intercalated dimeric molecules in which the protruding portion
of the partially intercalated AO molecules is coupled to another AO molecule, and dimeric dye
molecules that bind electrostatically with the anionic phosphate groups and form anti-parallel
stacked chains®*’*™* These three types of DNA*AO complexes are observed at low, intermediate,
and high dye/DNA concentration ratios, respectively. In order to study the formation of similar
species in the binding of EG to duplex poly-dA . poly-dT,,, the EG fluorescence intensity in the
presence of duplex poly-dA,,-poly-dT,, was measured at higher dye concentrations. The results

are shown in Figure 6.
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Figure 6. The fluorescence intensity (FI) at 532 nm (excitation 470 nm) as a function of the
[EG]/[bp] ratio. The base-pair concentration was held constant at 3.5 uM and the EG

concentration was varied in the 0.01-20 uM range. The line drawn is to guide the eye.

As seen in Figure 6 for low dye concentrations, the fluorescence intensity increases with
increasing [EG]/[bp] ratio, plateauing at [EG]/[bp]=0.7. The fluorescence intensity then
decreases above this [EG]/[bp] ratio, presumably due to the increase in the number of
half-intercalated dimeric molecules and/or stacked anti-parallel chains, as discussed above. At
[EG])/[bp]>2, the fluorescence intensity has decreased to a value comparable to that of free EG in

solution without DNA.

To interpret the fate of the intercalated EG, fluorescence spectra of EG at these high
concentrations in the presence of duplex poly-dA ,poly-dT,, were obtained. The results are
shown in Figure 7a. In duplex DNA solutions with low [EG]/[bp] ratios, the fluorescence spectra
have maxima at 532 nm, virtually unaffected by an increase in [EG]/[bp] ratios up to about 1.4.
As the [EG]/[bp] ratio is increased above 1.4, the fluorescence spectrum is redshifted, with the
wavelength maximum of 532 nm shifting to 630 nm (Figure 7a). This indicates formation of a

new species similar to the fluorescence from the association of AO with RNA™,
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Figure 7. Normalized fluorescence spectra of (a) DNA<EG intercalated complexes and of (b) EG
in the absence of dsDNA in buffered aqueous solutions. The concentrations of EG in both (a)
and (b) are 2.5 (solid line), 5 (dashed line), 8 (dotted line), and 20 PM (dot-dashed line)
corresponding to [EG]/[bp] ratios of 0.7, 1.4, 2.3 and 5.7, respectively. The solutions in (a) also
contain 0.2 yM dsDNA. The dot-dot-dashed line in (b) is the normalized fluorescence spectrum

of 0.7 uM free EG in solution.

In order to gain insight into the species formed at the higher [EG]/[bp] ratio, the fluorescence
spectra of EG alone, i.e. in the absence of dsDNA, were also recorded as shown in Figure 7b.
The fluorescence spectra of EG in the absence of dSDNA shows a shift of the 530 nm peak to a
630 nm peak with increasing EG concentration. In fact, the fluorescence spectra recorded from
solutions containing 20 yM EG with and without 0.2 pM dsDNA are virtually identical (Figure
7), indicating that they have similar composition and structure. In other words, at [EG]/[bp]>2
the intercalation of EG with dsDNA is disrupted by the likely formation of anti-parallel stacked
EG chains electrostatically attached to the dsSDNA. Since intercalation is a dynamic process with
weak binding interaction energy (7.6 kcal/mol) and given the fact that EG has the tendency to

form dimer and higher aggregates, it is reasonable to model the EG structure as anti-parallel
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stacked chains over intercalated EG-dsDNA at high [EG]/[bp] ratio. This model of EG

anti-parallel stacked chains at high [EG]/[bp] ratios requires further characterization.

CONCLUSIONS

EvaGreen (EQG) intercalates cooperatively into the base pairs of duplex DNA with an intrinsic
affinity constant of 3.6 X 10° M and an occluded site size of 4 indicating that two AO moieties
in the EG dye intercalate into the adjacent base pairs of the dsDNA in contravention to the
well-known neighbor exclusion principle which is a rule normally followed by mono-functional
molecules. As EG dye predominantly exists as a dimer in dilute solutions and the AO moieties
that make up EG have a tendency to form aggregates at high concentrations, it is plausible to
imagine that the anti-parallel stacked chains of EG dyes dominate over intercalated EG-dsDNA
in solutions containing a high concentration of EG. The formation of anti-parallel stacked chains
of EGs bound externally to the dsSDNA could be facilitated by electrostatic interactions between
the dye and the phosphate backbone of the duplex. These findings can have strong implications
in the applications of EG dye in quantitative RT-PCR, high resolution DNA melt curve analysis,

routine DNA quantification, and capillary gel electrophoresis.
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Supplementary Information
Characterization of the binding interactions between EvaGreen dye and dsDNA

L. C. T. Shoute and G. R. Loppnow*
Department of Chemistry, University of Alberta, Edmonton, AB T6G 2G2 Canada

Hill analysis: To gain insight into the binding interaction between the duplex DNA
(poly-dA,,poly-dT,;) and EG, we have prepared and recorded the fluorescence spectra of
solutions containing both dsDNA and EG. The traditional graphical representation of a binding
isotherm is obtained by plotting the fractional saturation binding (8) of ligand to the receptor,
calculated as a function of the free ligand concentration present in the solution at equilibrium.
Assuming the fluorescence intensity is linearly proportional to the number of bound EG to the
duplex DNA, the measured fluorescence intensity can be used'™ to calculate the fraction of EG
bound to duplex DNA as a function of free equilibrium EG concentration ([EG],). The
fluorescence intensity as a function of [EG],, is shown in Figure 1S for the solution containing
poly-dA ,poly-dT,, dsDNA and EG. The sigmoidal shape of the plot indicates cooperative

binding of EG to dsDNA.
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Figure 1S. Fluorescence intensity versus [EG],, plot for intercalation of EG in 0.2 uM duplex
poly-dA ,-poly-dT,, (10 mM Tris, ] mM EDTA, 10 mM NaCl, pH 7.5). The data points represent

the average (point) and standard deviation (error bars) from 4 separate experiments.

The fraction of EG bound or fractional saturation (8) can be found from the fluorescence

intensity as follows:

0 F o F _ concentration of bound EG (1)

" Fua—F concentration of binding sites

Where F , and F are the observed fluorescence intensity at 532 nm of EG in the presence and the
absence of 0.2 uM duplex DNA, respectively, and F,_, is the maximum fluorescence attained at

binding saturation. Figure 2S displays the binding isotherm obtained for the binding interaction

of EG with duplex poly-dA ,-poly-dT,..

B (saturation)
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Figure 2S. Binding isotherm for the intercalation of EG into 0.2 puM duplex poly-dA ,-poly-dT,,
(10 mM Tris, 1 mM EDTA, 10 mM NaCl, pH 7.5). The data points represent the average (point)
and standard deviation (error bars) from 4 separate experiments. The curve is the fit of the
experimental data to the Hill equation (Eq. 5) using the parameters K’ = (3.5£0.0) x10° and m =
2.7+0.2.

To quantify the binding of EG to dsDNA, a simple equilibrium model first introduced by

Hill and co-workers®'! was used as follows:

DNA +mEG ~—" DNA-EG, 2)

m _ [DNAL X[EGle
Kd "~ [DNA*EGnl,, €)

In this model, the fractional saturation of the binding sites (8) in duplex DNA available for

occupation by the EG dyes is given by

m[DNA*EG,].,

0= [DNA]

(4)

eq,tot

The fluorescence intensity from the dsDNA*EG, complex is proportional to the number

of bound EG, and [DNA]__ ., refers to the dsSDNA concentrations. In this model, duplex DNA is

eq,tot
described as a system with a one-dimensional array of binding sites. Substitution of Equation 3

into Equation 4 and rearrangement yields the sigmoidal form of the Hill equation describing the

ligand binding isotherm,



_ [EGIy
6= KJ+[EG]e, )

Figure 2S shows that Equation 5 fits the experimentally observed isotherm with m=2.7,
indicating positive cooperativity for the intercalation binding of EG into duplex
poly-dA ,poly-dT,,.  Further, Equation 5 can be easily rearranged to the well-known linear

forms of the Hill equation,

o _ [EGly
-0 ~ Kdm (6)

loglefe =m log[EG]., —m logK (7)

Although the Hill equation can be used to determine binding parameters such as the
affinity constant and the number of ligands bound to duplex DNA, it rarely correctly describes
the binding interaction; the Hill model, as presented in Eq. 7, is linear only for two limiting
cases, completely non-cooperative binding when m = 1 and infinitely cooperative binding where
the binding of the first ligand imparts infinitely high affinity for the subsequent ligands, i. e. the
contributions of the intermediate complexes or partially occupied sites (DNA<EG,,
DNA-EG,,....... DNA-EG, ,) are negligible and the system is dominantly in the form of either
DNA or the fully-bound DNAEG  complex ("all-or-none" binding). Hence, the Hill model is
useful only as a test for the deviation from a simple binding model and for detecting the presence

of cooperativity (positive or negative) in the binding®'".
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