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Abstract In this study, we have investigated the fluores-
cence properties of SYBR Green I (SG) dye and its interac-
tion with double-stranded DNA (dsDNA). SG/dsDNA
complexes were studied using various spectroscopic techni-
ques, including fluorescence resonance energy transfer and
time-resolved fluorescence techniques. It is shown that SG
quenching in the free state has an intrinsic intramolecular
origin; thus, the observed >1,000-fold SG fluorescence en-
hancement in complex with DNA can be explained by a
dampening of its intra-molecular motions. Analysis of the
obtained SG/DNA binding isotherms in solutions of differ-
ent ionic strength and of SG/DNA association in the pres-
ence of a DNA minor groove binder, Hoechst 33258,
revealed multiple modes of interaction of SG inner groups
with DNA. In addition to interaction within the DNA minor
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groove, both intercalation between base pairs and stabi-
lization of the electrostatic SG/DNA complex contribut-
ed to increased SG affinity to double-stranded DNA.
We show that both fluorescence and the excited state
lifetime of SG dramatically increase in viscous solvents,
demonstrating an approximate 200-fold enhancement in
100 % glycerol, compared to water, which also makes
SG a prospective fluorescent viscosity probe. A pro-
posed structural model of the SG/DNA complex is
compared and discussed with results recently reported
for the closely related PicoGreen chromophore.

Keywords Syber Green - Picogreen - Metal-enhanced
fluorescence - Fluorescence - Correlation spectroscopy -
DNA - Intercalating dyes

Abbreviations
SG SYBR Green I
PG PicoGreen

MEF  Metal-Enhanced Fluorescence

FCS  Fluorescence Correlation Spectroscopy
FRET Fluorescence Resonance Energy Transfer
Introduction

Fluorescence spectroscopy is a powerful technique with
utility for studying the dynamic interactions and visualiza-
tion of macromolecules and macromolecular complexes
such as nucleic acids and proteins. The application of fluo-
rescence techniques to various bioanalytical assays is based
on the use of different fluorescence probes that can interact
with macromolecules and, consequently, sensitize them for
spectroscopic studies. Specific fluorophores that effectively
interact with nucleic acids (DNA, RNA) significantly
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increase their brightness upon complex formation. This
property makes them useful in various DNA detection
assays, in biophysical research of DNA-protein complexes
and for chromosome staining. Examples of classical DNA-
binding dyes, of which the energetics and mode of interac-
tion with nucleic acids are well studied, include: ethidium
bromide (EB), which intercalates between DNA base pairs;
Hoechst 33258, which binds the DNA minor groove at AT-
rich sites; and acridine orange, which effectively binds both
DNA and RNA. For these chromophores, the enhancement
of fluorescence upon binding to nucleic acid usually does
not exceed 100-fold. More recently, SYBR Green I (SG)
and PicoGreen (PG) have been used in a variety of DNA
detection and analysis techniques, due to their ability to
dramatically (>1,000-fold) increase brightness upon interac-
tion with double stranded DNA [1-11]. Use of SG and PG
has been largely successful despite a lack of detailed knowl-
edge of the spectral properties and nucleic acid binding
characteristics of these two dyes.

The structures of both SG and PG were recently deter-
mined using a combination of both mass spectroscopy and
NMR [11] and are indeed very similar (Fig. 1a, b). Both
dyes are used mostly as a stain for nucleic acids in molecular
biology applications. It has been demonstrated that, in the
presence of dsDNA, the fluorescence of both SG and PG
dramatically increases: i.e. sensitivity is <10 pg/ml [5].
These properties make SG and PG particularly suited for
molecular biology applications including DNA detection in
real-time PCR analyses, for registration kinetics of DNA
enzymatic digestion both in solution and in situ [4] and for
chromosome staining and DNA detection assays [12].

Recently, we have shown that the fluorescence of PG in
complex with DNA can be significantly enhanced by the
presence of silver nanoparticles as compared to free PG in
solution. The enhancement of PG fluorescence in the vicin-
ity of metal nanoparticles is due to the metal-enhanced
fluorescence (MEF) effect [13]. A similar enhancement
due to MEF effect has also been shown for SG in complex
with dsDNA (unpublished results). The combination of
metal nanoparticles with ultra-bright chromophores, such
as SG and PG, expands the potential scope of fluorescence

SYBR Green | (SG)

PicoGreen (PG)

applications for these dyes, allowing for exquisitely sensi-
tive DNA detection and quantitation.

In this report, we have analyzed the spectral properties of
free SG in solutions of varying viscosity and polarity, aiming
to understand and exploit the unique properties of SG. We
have also investigated the energetics of the SG/DNA interac-
tion, including a determination of the Gibbs energy of associ-
ation and its dependence upon ionic strength, and binding site
size of SG. Furthermore, we have determined the role of
electrostatic forces in SG/DNA complex stabilization and
the mode of binding (e.g., intercalation versus surface bind-
ing; DNA minor groove versus DNA major groove binding).
The results of this study and proposed model of the SG/DNA
complex are discussed, and the results compared to recent
studies of the PG chromophore [14].

Materials and Methods

Materials The concentration of ethidium bromide (Sigma
Aldrich, St. Louis, Missouri, USA), Hoechst 33258 (Sigma
Aldrich), PicoGreen (Invitrogen, Carlsbad, California, USA)
and SYBER Green I (Invitrogen) were determined by measur-
ing the optical density of the solutions using the extinction
coefficients of E450=5,600 M ' cm ™, E,45=46,000M ' cm !,
E495=70,000 M ! em ! and 75,000 M cmﬁl, respectively
[15]. The chemical structure of SG is shown in Fig. 1a [11].
The TUPAC name for SG is N’,N'-dimethyl-N-[4-[(E)-(3-meth-
yl-1,3-benzothiazol-2-ylidene)methyl]-1-phenylquinolin-1-
ium-2-yl]-N-propylpropane-1,3-diamine. The mass of SG is
509.73 gmol .

DNA Samples In this study, we used highly polymeric calf
thymus DNA purchased from Sigma Aldrich and a 50 base
pair (bp) DNA duplex synthesized by Integrated DNA Tech-
nologies (Coralville, lowa, USA). The single-stranded, com-
plementary, 50 bp oligonucleotides (a portion of Chinese
hamster ovary (CHO) Alu sequence: 5'-'GAG ATA TGA
GCA AAA GAA ACT TGG AAA GGA GGC TGG AGA
GAT GGC TCG AG’’-3") were additionally purified by anion
exchange FPLC on a Mono-Q column using a linear 0.1 to

Ethidium Bromide (EB)
NH,
[
HoN @ CHgy
=

2

Fig. 1 Molecular structure of SYBR Green I (left), PicoGreen (center) and Ethidium Bromide (right)
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1.0 M NaCl gradient in 10 mM Tris—HCI buffer (pH 7.0),
1 mM EDTA, 20 % acetonitrile. The oligonucleotides were
precipitated with ethanol, pelleted and air-dried. Concentra-
tions of single-stranded DNA (ssDNA) and double-stranded
DNA (dsDNA) were determined from the A, of the nucleo-
tides after complete digestion by phosphodiesterase I (Sigma
Aldrich) in 100 mM Tris—HCI (pH 8.0) [16]. The DNA duplex
was prepared by mixing the complementary oligonucleotides
in equimolar amounts, heating to 70 °C, and then cooling
slowly to room temperature. Solutions of dsDNA were pre-
pared for the experiments by extensive dialysis against the
required buffer.

Fluorescence and Absorption Measurements Fluorescence
and excitation spectra of free SG and SG in complex with
DNA were measured on a Cary Eclipse (Varian, Inc., Palo
Alto, California, USA) spectrofluorimeter at room tempera-
ture. SG was excited at 485 nm and the fluorescence mon-
itored over the wavelength range 490 to 800 nm. A 0.4 cm
path-length Suprasil quartz cell (Hellma USA, Inc., Plain-
view, New York, USA) was used. Absorption spectra of
DNA samples (ssDNA and dsDNA) and chromophores
(Hoechst and SG) were measured on a Cary (Varian, Inc.)
spectrophotomer at room temperature.

Fluorescence Decay Measurements The fluorescence decay
functions of SG in both the free state and in complex with
dsDNA were measured using a TemPro Fluorescence Lifetime
System (Horiba Jobin Yvon, Edison, New Jersey, USA). The
reference cell contained colloidal silica; SM-30 LUDOX®
solution was used as a control (zero lifetime). Measurements
were performed at room temperature. Calculations of SG
excited state lifetimes (T;) and corresponding amplitudes (A;)
were undertaken using TemPro Fluorescence Lifetime System
software (DAS 6). In general, when a fluorescence decay
function exhibited more than a single component, the ampli-
tude weighted fluorescence lifetime was calculated:

<T>=i:AiXTi (1)

where n is a number of fluorescence decay components in the
total decay function.

Computation of Hoechst-SG Férster Distance The Forster
distance (R,) for fluorescence resonance energy transfer
from Hoechst 33258 to SG was calculated using the fol-
lowing equations [17]:

_ 1/6
R, =979 x 10°(kPn“0,3) ", A, 2)

J= J Fp(A) x ea(4) x A*dA (3)
0

where k=2/3 is a factor of the donor and acceptor
transition vector’s relative orientation, assuming free
rotation of the dyes; n=1.333 is the refractive index of
the media (water); ¢p=0.42 is the quantum yield of
Hoechst 33258 in complex with DNA [18]; J is the
spectral overlap integral expressing the extent of overlap
between the fluorescence spectra of a donor (Fp) and
absorption spectra of an acceptor (e¢,). The molar ex-
tinction coefficient of SG (e495=75,000 M™' cm ') was
used in the calculations [11, 18]. Normalized absorption
spectra of SG and the corrected fluorescence spectra of
Hoechst 33258 in complex with calf thymus DNA
(Hoechst/DNA ratio was 0.05 dyes per DNA bp) are
shown on Fig. 2.

Analysis of Fluorescence Resonance Energy Transfer
(FRET) Data Resonance energy transfer from Hoechst
33258 (donor), a DNA minor groove binder, to the SG
chromophore (acceptor) occurs when both dyes sit at close
distance to each other along the DNA molecule. In this case,
one can observe Forster type quenching, where the fluores-
cence brightness and excited state lifetime of the donor
chromophore decreases. An average distance between the
donor and the acceptor can be estimated directly from the
fluorescence decay curves (F(t)) using the following analyt-
ical equation for 2D model:

(2)->()

where Y=A/A, is a parameter reflecting the efficiency of
FRET; A is the acceptor concentration; and A, is a critical
acceptor concentration [17].

F(t) = A + By exp (4)

Analysis of SG Binding to dsDNA Analysis of the experi-
mental binding data was carried out using the conditional
probability model for non-cooperative excluded site binding
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Fig. 2 Normalized absorption spectra of SG (dash lines) and fluores-

cence spectra of Hoechst 33258 (solid lines). Fluorescence spectra of
Hoechst 33258 overlaps with absorption spectra of SG
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derived by McGhee and VonHippel [19]. The expression for
SG binding to DNA is given by:

v/L=K,(1—-nv)"/(1—nv+v)® (5)

where K, is the intrinsic (observed) association constant; n
is the size of the binding site in base pairs, i.e. the number of
DNA base pairs excluded to another dye by each bound dye
molecule.

Results and Discussion

Fluorescence Properties of SG and the Origin
of Fluorescence Enhancement Upon Interaction with DNA

Upon binding to dsDNA, the fluorescence of SG is en-
hanced >1,000-fold (Fig. 3, left). Similar enhancement of
fluorescence emission was demonstrated for PG [5, 18],
which was used in the recently reported analysis of PG
binding to DNA [14].

To elucidate the origin of SG enhancement in complex
with DNA, changes in both SG fluorescence emission and
decay functions upon binding to dsDNA were determined.
The results are shown in Fig. 3. The ratio of fluorescence
intensity of SG/DNA complex to free SG is~1,000. Under
the same conditions, the fluorescence decay function of SG/
DNA is mono-exponential and characterized by lifetime t=
5.1£0.02 nsec, a value is similar to the value previously
measured for the PG/DNA complex — t=4.4+0.01 nsec [5].
Likewise, the lifetime of free SG is dramatically lower, T=
3.1+3.0 psec, a value similar to the lifetime of free PG - t=
3.9+3.0 psec [5]. Results show that the change in fluores-
cence intensity (F) is nearly proportional to the change in the
chromophore lifetime (T), F~T, which strongly suggests the
dynamic origin of SG quenching in solution. It should be
noted that the fluorescence decay function is sensitive to the
distribution of chromophore molecule conformers, reflect-
ing the presence of different types of interactions with other
molecules. Multi-exponential decay is a reflection of system

Fig. 3 (Left) Fluorescence 1000

heterogeneity, while a mono-exponential decay is a mani-
festation of a homogenous system. Thus, the observed
mono-exponential emission decay function of SG/DNA
points to a narrow distribution of electronic states for SG
in association with DNA and that its mode of interaction
with DNA bases is monodisperse and uniform.

Additional information on the origin of SG quenching in
solution can be obtained by studying its fluorescent proper-
ties in solutions of different viscosity and polarity. Dynamic
quenching of SG could be explained by two mechanisms.
The external mechanism is bimolecular collisional quench-
ing, which is under diffusional control. The internal mech-
anism is quenching caused by the inherent flexibility of the
molecule, which is independent of diffusion. Screening of
the chromophore from the solvent, such as when it is in
complex with DNA, can sufficiently decrease the quenching
effect and give a rise in the quantum yield. However, this
type of quenching is typically small in comparison with the
observed magnitude of quenching/enhancement of the dye
(~ 1,000-fold) [20]. Furthermore, the total quenching effect,
due to bimolecular collisions with small molecular quench-
ers such as oxygen, is significantly less (<10-fold). Indeed,
one cannot rule out this component from observed SG
quenching but its contribution is less than 1 %.

In the case of internal quenching, the dissipation of an
excited state is under intra-molecular motion control. The
frequency and amplitude of segmental motion strongly
depends on viscosity. Figure 3 shows SG fluorescence
decay profiles in 100 % glycerol, a viscous, low polarity
solvent. The fluorescence decay function has several com-
ponents and the amplitude weighted lifetime is 1G=0.69+
0.02 nsec, which is about 200-fold greater than in water.
However, in 100 % ethanol, which has a polarity lower
than water but similar to glycerol, the lifetime of SG is
even shorter than in water (data not shown), and below
the limit of measurable lifetime range of the time-domain
instrument. This suggests that the change in viscosity, but
not solvent polarity, is responsible for the dramatic fluo-
rescence changes observed in SG/DNA binding
experiments.

spectra of SG free in solution
and in complex with double-
stranded DNA. Observed 1005
enhancement of fluorescence
>1,000-fold. (Right) SG
fluorescence decay curves
measured in complex with
DNA, in 10 glycerol and in
water (TE buffer)
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The most probable origin of SG fluorescence quenching
is from intra-molecular motions that result in perturbation of
the thiazole-quinolinium coupled system and the subsequent
influence on the effectiveness of the charge transfer event in
the excited state. The unimolecular quenching constant, k,",
which characterizes the intra-molecular quenching effects, is
dependent on viscosity, since viscosity invariably reduces
segmental motion in molecules. Because the unimolecular
quenching constant is not under diffusional control, but is
controlled by the amplitude and frequency of molecule
wobbling, quenching efficiency can be ascribed to a charge
transfer resulting in radiationless dissipation of excited state.
This has been observed for SG; a recent study compared the
dependence of the lifetime on viscosity for both PG and SG
dyes, and demonstrated that they are very similar [14]. This
assumes that the fluorescence properties of SG and PG are
determined by their aromatic (thiazole-quinolinium) core,
and that there is minimal influence of the arm-like backbone
residues.

The sensitivity of SG and PG to viscosity but not solvent
polarity makes them particularly intriguing as viscosity
probes. It should be noted that there are relatively few
known fluorophores characterized as viscosity probes. Of
the known viscosity probes, the increase in fluorescence is~
2-fold in viscous solvents [17]. Moreover, the fact that the
structure of an extended arm-like residue has no effect on
the fluorescence properties of SG/PG, additional perspec-
tives could be achieved by introducing specific modifica-
tions on the chromophore to enable covalent attachment of
the dyes to macromolecules (proteins, nucleic acids, etc.)
via the residue and utilizing them as viscosity probes in a
broad range of biomedical studies. It should also be noted
that a strong luminescence response of SG upon association
with DNA allows for the formation of an extremely bright
luminescent complex that can be employed for the analysis
of its interaction with DNA, simplifying the numerical fit-
ting procedure of chromophore/DNA binding profiles.

Interactions of SG with dsDNA

The dependence of SG fluorescence upon titration into
dsDNA was measured at two ionic strengths (Fig. 4). The
fluorescence of SG starts to increase at the very beginning of
DNA titration, demonstrating progressive binding of the dye
to dsDNA. The additional increase of SG/DNA ratio leads
to a decline of the slope and a fluorescence intensity
approaching a constant saturation level. The fact that bind-
ing of SG to DNA dramatically increases the fluorescence
quantum yield (F pouna /Frree>1000-fold, Fig. 3) when com-
pared to the free dye in solution, implies that the contribu-
tion of free dye into total fluorescence signal is negligible
(<0.1 %). Therefore, the contribution of free dye in solution can
be excluded from analytical consideration, which simplifies the
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Fig. 4 Binding isotherms of SG to DNA in TE buffer and in 100 mM
NaCl, TE, pH 7.6 plotted in Scatchard coordinates and fitted using Eq.
(1). SG SYBR Green 1

binding equation. Accordingly, the fraction of SG dye that is
bound to DNA in a course of binding experiments (0) can be
expressed just as:

9 %F/Fb, (6)

where F is an observed fluorescence intensity of SG and Fy, is a
fluorescence intensity of 100 % bound SG in solution.

The concentration of free SG in solution at the binding
equilibrium can be written as

L=(1-0)Csg (7)

while SG binding density, or the number of bound SG per
DNA bp, is

v =0 CsG/Cpna (8)

where Cgg and Cpyna are the total concentrations of SG and
DNA Dbp in solution, respectively.

In Fig. 4, Scatchard plots of SG binding to calf thymus
DNA at two salt concentrations (in TE buffer, pH 7.6 and in
100 mM NaCl, TE buffer, pH 7.6) were generated by
applying the conditional probability model for non-
cooperative excluded site binding using an analytical ex-
pression [5]. The data were fitted using a non-linear least-
squares fitting procedure, with K, and n as fitting parame-
ters. The resulting binding parameters of SG are presented
in Table 1, along with the binding parameters of PG and EB
to dsDNA [14].

As seen in Table 1, the measured association constants
and, thereby, the Gibbs energies of SG binding to DNA at
the two ionic strengths were similar to that of PG. However,
the size of the SG binding site on DNA is about 1 base pair
smaller than it is for the PG/DNA complex [14]. This high-
lights the structural difference between the SG/DNA and
PG/DNA complexes. The only structural difference between

@ Springer
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Table 1 DNA binding parame-

ters for SybrGreen (SG), Dye TE,pH 7.6 100 mM NaCl, TE, pH 7.6 AAG,, kJ/mol
PicoGreen (PG) and Ethidium
Bromide (EB) K¢, nM AGa, kJ/mol  n, bp K¢, nM AGa, kJ/mol  n, bp

SG 3.1+0.2 —47 3.11+£0.05  45.0+1.0 —41 4.3+0.06 6

PG*  5.0+£0.3 —46 3.76£0.06  45.0+3.0 —41 5.2+0.1 5

EB*  870+25 —34 2.80+0.02  5556+60 -29 2.5+0.02 5

SG and PG is in the number of dimethylamino-groups in
two extended propyl-“arms” (Fig. 1: SG has one
dimethylamino-group, PG has two dimethylamino-groups),
with SG being shorter. Therefore, the difference in binding
site size between SG and PG is corroborated in that the
extended arms play a role in establishing the length of the
dye binding site. This assumption is in agreement with our
proposed model for the structure of the PG/DNA complex
[14]: the chromophore’s arms lie in the minor groove of
DNA and, consequently, control the size of the binding site.
Additional proof of this mode of SG binding comes from the
comparison of the Gibbs energies of interaction of the
chromophores listed in Table 1. The Gibbs energy of inter-
action of both SG and PG is similar but is significantly
larger (AAG=12 kJ/mol, i.e. = 30 %) than that for EB
(Table 1). This is despite the fact that all three of these
chromophores form intercalated complexes with DNA [11,
14, 21-23]. The origin of this large excess in binding energy
could be derived from an additional set of interactions that
SG establishes with DNA; namely, from the interaction
between the extended (dimethylamino)-propyl/propyl
groups of the either SG or PG and DNA.

Despite their structural differences, both SG and PG have
almost equal Gibbs energies of association with DNA (Table 1).
The lack of one positively charged dimethyl-amino group in
the arm-like residue of SG, as compared to PG, has no
effect on the free energy of association to DNA. One can
assume that the undetectable contribution of this group to
the Gibbs energy is caused by effective enthalpy-entropy
compensation upon complex formation. Effective enthalpy-
entropy compensation, which maintains the free energy con-
stant, is quite common for DNA binding agents and pro-
teins, especially in the case of minor-groove binders
[24-26]. Furthermore, it also suggests that the cationic
amino-group probably does not electrostatically interact with
DNA phosphates, because this interaction has an entropic
nature (enthalpic contribution is close to zero), and should
invariably increase the Gibbs energy [25, 27-29].

SG is a positively charged molecule, with a +2 charge at
neutral pH (Fig. 1). Electrostatic interactions of SG with
negatively charged DNA can play a role in its mode of
binding and energy of complex stabilization. Electrostatic
interactions are sensitive to the concentration of salt in
solution due to the entropic effect of binding [27, 28]. We

@ Springer

measured the dissociation constants (Ky) of SG to DNA in
solutions with two different salt concentrations. The Ky for
SG binding to DNA is 3 nM in TE buffer and 45 nM in TE
buffer plus 100 mM NaCl (Table 1). The change in binding
parameters as a function of salt concentration is a manifes-
tation of the electrostatic contribution to the Gibbs energy of
SG/DNA interaction. Under the conditions tested, the
change in Gibbs energy of SG/DNA binding at low salt
compared to SG/DNA binding at high salt is AAG=
5.5 kJ/mol. This value is in good agreement with the esti-
mated Gibbs energy value for one electrostatic contact
(~ 5 kJ/mol) [30], and suggests that only one positively
charged group of SG forms an electrostatic contact with
DNA upon binding.

The size of the SG binding site (n) on DNA is 3—4 bp,
while for PG it is 4-5 bp (Table 1). The binding sites of both
dyes are measurably larger than that for the classical inter-
calator EB. Assuming that SG, PG and EB intercalate into
DNA between base pairs, the observed size of the SG and
PG binding sites is surprisingly large. On the other hand, the
observed differences between the SG/PG and EB binding
site sizes could be explained by additional contacts SG/PG
along the DNA molecule. This assumption is in agreement
with a significantly stronger affinity of SG/PG for DNA
compared to that of EB for DNA (Table 1).

Role of the Electrostatic Interactions in the SG/DNA
Complex Stabilization

The association constant of the SG/DNA complex was
observed to be dependent on the ionic strength of the solu-
tion, which indicates that electrostatic forces play an impor-
tant role in the stability of the SG/DNA complex (as would
be expected for a cationic ligand like SG and a polyanion
macromolecule such as DNA). Further, the electrostatic
interaction of SG with DNA represents the entropic effect
of the mixing of the released DNA counterions with ions in
bulk solution [28-30]. Therefore, the entropy of their mix-
ing depends on the concentration of the ions in solution. We
studied the dependence of the SG/DNA association constant
on salt concentration to reveal the contribution of electro-
static and non-electrostatic components to the energy of the
SG/DNA interaction (Fig. 5). If Z is the number of DNA
phosphate groups that interact with the dye, and {=0.88 is
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Fig. 5 Dependence of SG/DNA association constant (K,) upon NaCl
concentration in solution. The slope of the dependence log(Ka) vs. log
(NaCl) is ZU=1.1£0.1. Number of electrostatic contacts of SG with
DNA is Z=1.2+0.1 (=0.88)

the number of cations (Na") per phosphate group that are
released upon ligand binding [28, 29], the logarithm of the
association constant can be presented as:

log(K) = log(Kpet) — Z¥ x log[NaCl], (8)
or, in terms of the Gibbs energy as:

AG = AGye — Z¥ x RT x In[NaCl] 9)

The first term in Eq. 9 (AGy) results from non-
electrostatic interactions between SG and DNA and does
not depend on salt concentration. The second term (AGg=—
ZUXRT xIn[NaCl]) reflects an electrostatic component of
the Gibbs energy, which originates from the release of
counterions. The electrostatic component of the Gibbs en-
ergy is salt-dependent and vanishes at 1 M salt concentra-
tion. Thus, at this condition, association of the dye with
DNA is stabilized by van der Waals contacts, hydrogen
bonding and dehydration effects.

Fitting the data in Fig. 5 to Eq. 8 results in a slope of the
function, 6log(K)/6[NaCl]=Z¥=1.1+0.1 and a y-intercept at
log[NaCl]=0, log(K,e)=5.9£0.1. From the slope, the esti-
mated number of electrostatic contacts between SG and the
DNA phosphates is Z=1.2+0.1, a value that is less than
expected for SG (+2 charge at neutral pH). The Gibbs energy
of SG/DNA association at 100 mM NaCl can be written in
terms of its non-electrostatic and electrostatic components
[31] as: AG=AG,+AGy=—40 klJ/mol, where AG,q=
—34 kJ/mol and AG,=—6 kJ/mol. This suggests that a signif-
icant part of the SG/DNA affinity originates from non-
electrostatic interactions. Hence, the electrostatic component
plays a minor role but can be important for maintaining
conformational stabilization of the SG/DNA complex. Inter-
estingly, the Gibbs energy of SG/DNA interaction is signifi-
cantly larger than for EB/DNA (AG=-30 kJ/mol, see

Table 1), although both dyes have the same number of elec-
trostatic contacts with DNA and, therefore, the same value for
the electrostatic Gibbs energy. The magnitude of the differ-
ence is AAG,SVEFPNA_AG (SODNA) _ AG (EBDNA)
—12 kJ/mol. A larger binding site size and non-electrostatic
Gibbs energy correlate with each other, suggesting that in
addition to intercalation, the SG/DNA complex is stabilized
by multiple interactions between SG groups and DNA. Prob-
able candidates for such additional contacts with DNA can be
the dimethyl-aminopropyl- and propyl-groups of SG, whose
length matches well with the observed binding site size. It is
worth noting that these elongated arm-like groups have similar
structure to the well-known DNA-binding peptides, AT-
hooks, that bind DNA in the minor groove [27]. Moreover,
the non-electrostatic Gibbs energy of AT-hooks/DNA binding
is about —(12—14) kJ/mol [27], which correlates well with the
value of AAG,,STEBPNA),

The slope of the log(K) versus log(NaCl) function shows
that only one counterion is released upon SG association
with DNA. A similar slope was obtained for PG and is also a
characteristic of the salt-dependent EB binding to DNA. At
a neutral pH, SG has two positive charges, PG has three
positive charges while EB has only one positive charge. We
infer that the difference in charge in the symmetrical arm-
like groups of SG and PG does not influence the slope of
salt-dependent dye dissociation and, consequently, the arms
do not participate in charge-charge interactions. It can be
concluded that only one charge, located in the aromatic
moiety of all three dyes, is responsible for the electrostatic
interaction with DNA and subsequent counterion release
(Fig. 1). In essence, only one possible explanation of the
results could be made; namely, the arms of SG and PG lie
buried along the DNA groove since the energy of this
interaction is most favorable.

SG Binding to DNA: Minor Groove Versus Major Groove

Analysis of SG/DNA association has revealed that the dye
forms three different interactions with DNA: intercalation
between base pairs, electrostatic interaction and extended
contact with the groove of DNA. The last interaction con-
tributes a significant part of the total energy of complex
stabilization. To determine if SG interacts with either the
major groove or the minor groove of DNA, we studied the
competition between SG and Hoechst 33258, a dye that
preferentially binds at AT-rich sequences in the minor
groove of DNA [32, 33]. Competition between the two dyes
for binding would show that SG enters the minor groove
while no binding competition would show that SG enters the
major groove.

Upon association with DNA, the fluorescence of Hoechst
33258 increases and then approaches a constant level
(Fig. 6). Saturation of Hoechst 33258 binding to DNA
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Fig. 6 (Left) Binding isotherm 10
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occurs at a ratio of about 0.05 bp~', which corresponds to
a binding site size of approximately 25 bp. However, the
physical binding site of Hoechst 33258 on DNA is rela-
tively small, ~5 bp [34]. The discrepancy between two
values means that Hoechst 33258 binds to only 20 % of
the total DNA, due to its sequence specificity. Subse-
quently, one can assume that the average distance between
the two Hoechst 33258 molecules on DNA is approxi-
mately 20 bp (Fig. 6, right), a distance that can accept
roughly 5-6 molecules of SG.

The change in spectra resulting from titration of a pre-
formed Hoechst 33258/DNA complex (dye/DNA=0.1) with
SG was measured. The samples were excited at 350 nm, a
wavelength at which both dyes absorb light. The fluores-
cence intensity of Hoechst 33258 starts to decrease at the
very beginning of the titration and gradually approaches a
minimum of SG/DNA>0.2 (Fig. 7). In contrast, there was a
steep increase in fluorescence intensity of SG, reaching
a maximum at SG/DNA~0.15, followed by a decrease
in intensity that approached a constant level at SG/DNA
>0.25 (Fig. 7, right). When excited at 472 nm, a wave-
length at which only SG absorbs light, the profile of SG
fluorescence change is different, showing a gradual increase
in fluorescence and then saturation at SG/DNA>0.25.
The difference in the profiles of SG fluorescence intensity
change at the two excitation wavelengths can be explained by

Fig. 7 (Left) Changes of
Hoechst 33258 and SG spectra
upon titration of the DNA/

fluorescence resonance energy transfer (FRET) between
Hoechst 33258 and SG. There is overlap between fluores-
cence spectrum of Hoechst 33258 and the absorption spec-
trum of the SG (Fig. 2), which makes them an appropriate
donor-acceptor pair. The calculated Forster radius for the
Hoechst 33258-SG donor-acceptor pair is Ry=42 A (see
Material and Methods). It should be noted that the Forster
distance value is comparable with an average distance be-
tween two Hoechst 33258 molecules on DNA (20 bp
or 68 A) (Fig. 6, right). Consequently, during the initial
phase of the titration of the pre-formed Hoechst 33258/
DNA complex, binding of SG to free DNA sites promptly
causes FRET. At the onset of the titration, SG readily binds
free DNA in-between Hoechst 33258 bound sites in the
Hoechst 33258/DNA complex, since SG does not show a
preference for DNA sequence. Energy transfer from
Hoechst 33258 to SG effectively quenches Hoechst 33258
fluorescence, with a concomitant increases in SG fluores-
cence, even when competition between the two dyes is
negligible. This explains the steep decrease in Hoechst
33258 fluorescence even at low SG/DNA ratios (Fig. 7,
right). Under these conditions, there are many free DNA
sites and SG does not compete with Hoechst 33258 for
binding. However, after saturation of unoccupied DNA
sites, SG starts to compete for Hoechst 33258-bound
DNA sites. The release of bound Hoechst 33258 from

Hoechst
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DNA into bulk solution as a result of competition dramat-
ically increases the distance between donors and acceptors.
Therefore, FRET becomes negligible, ultimately leading to
a decrease in observed SG fluorescence intensity during
excitation at 350 nm. It should be noted that free Hoechst
33258 has a significantly lower quantum yield in solution
(Qfee=0.015) compared to in complex with DNA (Qpouna=
0.42) [18]. Therefore, both the resonance energy transfer to
SG and its release from DNA cause a decrease in Hoechst
33258 brightness (Fig. 7) and explains the observed fluo-
rescence quenching in the SG titrations of the Hoechst
33258/DNA complex. A proposed mechanism of the com-
petition between SG and Hoechst 33258 for binding to the
minor groove of DNA is shown in Fig. 8.

To gain additional insight into the competition of SG and
Hoechst 33258 for DNA binding sites, time-resolved fluo-
rescence decay curves of Hoechst 33258 were analyzed at
different ratios of SG/DNA (Fig. 9). Addition of SG to the
Hoechst 33258/DNA complex steeply increases the rate of
fluorescence decay, due Forster quenching of the donor. At
large SG/DNA ratios, the Hoechst 33258 fluorescence de-
cay rate approaches the rate observed for free Hoechst
33258, in support of the dissociation of Hoechst 33258 from
DNA (Fig. 9).

An average distance between FRET donor and acceptor
can be estimated directly from the Hoechst 33258 fluores-
cence decay curves at low SG/DNA ratios, when Hoechst
33258 is still associated with DNA, using Eq. (4). From this
information, the geometry of each chromophore on DNA
can be inferred. Figure 10 (/eff) shows the change in donor-
acceptor distance, Rpa, upon increased SG/DNA ratio. It is
noted that at a low density of SG (SG/DNA~0.03 bp '), the
estimated Rpa is 12—13 bp, which corresponds to the ap-
proximate distance between two neighbor Hoechst 33258
molecules (Fig. 6, right). This result demonstrates free dis-
tribution of SG along the DNA. However, upon an increase
of SG density, Rps approaches 10 bp at SG/DNA=

DNA free space
DNA minor groove —>ll__ I

[] Hoechst 33258 FRET: Hoechst - SG é
[ SYBR Green TN g
N . w1l £

— S 1T}
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Hoechst dissociation C -

Fig. 8 Cartoon showing the complex process of competition between
SG and Hoechst 33258 for binding to the minor groove of DNA
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Fig. 9 Time resolved fluorescence decay functions of Hoechst 33258
in complex with DNA (Dye/DNA (bp)=1:10) and upon titration of the
complex with SG. Upon titration the ratio of SG/DNA (bp) was
changed from 0 to 0.3

0.14 bp . This reflects the change in the distribution of
Rpa distances between SG and Hoechst 33258 and in the
orientation of their transition dipole moments. Thus, maxi-
mal FRET occurs at Rpp~10 bp or when both SG and
Hoechst 33258 are on one face of DNA (Fig. 10). This
suggests that the transition dipole moments of the donor
and acceptor are in the most favorable orientation; namely,
that both molecules are nearly co-linear. In fact, the dipole
moments of Hoechst 33258 and SG are oriented along the
long axis of the dyes [17, 35] and can be in a favorable
orientation for FRET when Hoechst 33258 lies in the minor
groove and the SG aromatic core is intercalated between
base pairs in the DNA minor groove. In essence, the com-
petition between SG and Hoechst 33258 for association with
DNA strongly suggests that upon binding, SG enters the

<Ry,> approaches 10 bp or 1 turn of DNA

15 1
o
o)
i °\o\°\°
3 10
o
\"2
5 T T T
0.00 0.05 0.10 0.15

[SGJ/[DNA, bp]

Fig. 10 Average SG (donor)-Hoechst 33258 (acceptor) distances,
Rpa, calculated from fluorescence decay curves measured at different
SG/DNA ratio ([Hoechst 33258]/[DNA, bp]=0.1), shown in Figure 6.
Analysis was undertaken using Eq. (1). Maximal FRET between
Hoechst 33258 and SG occurs at a distance of~10-12 bp, i.e. ~1 turn
of DNA
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Fig. 11 (Left) Structural
elements of the SG and PG
molecules responsible for the
different interactions with
DNA; (Right) Model of the
SG/DNA complex. SG has
shorter ‘arm’ than PG, thus its
binding site size is shorter, ~ 2
bp (2 A; see Table 1)
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DNA minor groove, intercalates, and extends its arm-like
propyl groups along the groove.

Conclusions

The results of this study demonstrate that the fluores-
cent properties of SG, such as quantum yield and ex-
cited state lifetime, are underpinned by inner segmental
motion of the molecule. This explains the dynamic
origin of SG fluorescence enhancement/quenching upon
association/dissociation from DNA. Intra-molecular flex-
ibility has been shown to strongly depend on the vis-
cosity of the solution, resulting in almost 200-fold
increase of SG fluorescence quantum yield and lifetime
in viscous solutions. PG has similar properties, as has
been recently demonstrated [14].

We have shown that the spectral properties of the
fluorescent aromatic core of SG are relatively insensi-
tive to the presence/absence of the dimethylamino-group
located in the elongated propyl chain. It may therefore
be possible to modify the chromophore for DNA bind-
ing with little or no change observed in the fluorescent
signals.

We propose a model for SG/DNA complex formation
(Fig. 11), which is based on analysis of SG interactions
with dsDNA, provided in this study. The main features
of the proposed model are similar to the model recently
proposed by us for PG/DNA complex [14]. The SG
molecule (Fig. 11, /left) contains phenyl-quinilinium
and benzo-thiazole aromatic systems and dimethylami-
nopropyl and propyl elongated chains. Each of these
structural elements contributes to the energy of SG/
DNA complex formation. The aromatic rings of SG
intercalate into DNA, an interaction that is energetically
favorable [18]. The narrow fit of the aromatic group
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between base pairs coupled with van der Waals inter-
actions with bases significantly dampens internal motion
of SG. Additional SG molecular rigidity comes from
electrostatic interactions between SG and DNA. As we
have shown, the SG/DNA complex is stabilized by a
charge-charge interaction formed by positively charged
thiazole group and phosphates from the DNA backbone.
Intercalation and columbic interaction effectively immo-
bilize the quinilinium-thiazole system in a favorable
conformational state, which is characterized by a dra-
matic enhancement of SG fluorescence and a propor-
tional increase of lifetime and mono-exponential fluorescence
decay.

As part of the characterization of the DNA binding
mechanism of SG, we first demonstrated that SG binds in
the minor groove of DNA minor groove by analyzing the
competition between SG and a known minor groove binder
(Hoechst 33258) for DNA. SG effectively removes Hoechst
33258 from the complex. Secondly, we have shown that the
positively charged amino-group of the elongated arm of SG
does not form electrostatic contacts with DNA phosphates.
Therefore, we propose that the arm buried on the bottom of
the minor groove and its interactions within groove are
energetically more favorable than columbic contact with
DNA phosphate groups. We have estimated that the ener-
getic contribution (10 kJ/mol) of the arm to the Gibbs
energy of SG/DNA association is significant: almost 30 %
from the total binding energy. Thirdly, the size of SG/DNA
binding site is in average 3.5 base pairs (~ 11.5 A), which is
significantly longer than it might be expected for intercala-
tion. However, this distance is comparable to the length of
SG’s arms in an extended conformation (Fig. 11, /eff) and
also to PG, which has longer arms, and, therefore, a longer
binding site size on DNA. Thus, we suggest that the SG
binding site size is controlled by the arms, which extend
along the minor groove for approximately 3—4 base pairs.
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