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Abstract The dimeric cyanine dyes, YOYO-1 and TOTO-
1, are widely used as DNA probes because of their excellent
fluorescent properties. They have a higher fluorescence
quantum yield than ethidium homodimer, DAPI and Hoechst
dyes and bind to double-stranded DNA with high affinity.
However, these dyes are limited by heterogeneous staining at
high dye loading, photocleavage of DNA under extended
illumination, nicking of DNA, and inhibition of the activity
of DNA binding enzymes. To overcome these limitations,
seven novel cyanine dyes (Cyan-2, DC-21, DM, DM-1,
DMB-2OH, SH-0367, SH1015-OH) were synthesized and
tested for fluorescence emission, resistance to displacement
by Mg2+, and the ability to function as reporters for DNA
unwinding. Results show that Cyan-2, DM-1, SH-0367 and

SH1015-OH formed highly fluorescent complexes with
dsDNA. Of these, only Cyan-2 and DM-1 exhibited a large
fluorescence enhancement in buffers, and were resistant to
displacement by Mg2+. The potential of these two dyes to
function as reporter molecules was evaluated using contin-
uous fluorescence, DNA helicase assays. The rate of DNA
unwinding was not significantly affected by either of these
two dyes. Therefore, Cyan-2 and DM-1 form the basis for
the synthesis of novel cyanine dyes with the potential to
overcome the limitations of YOYO-1 and TOTO-1.
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Abbreviations
EthD ethidium homodimer
DAPI 4′,6-diamidino-2-phenylindole
YO-PRO-1 4-[(3-methyl-2(3H)-benzoxazolylidene)meth-

yl]-1-[3-(trimethylammonio)propyl]-,
diiodide

YO oxazole yellow
TO thiazole orange
YOYO-1 1,1′-(4,4,7,7-tetramethyl-4,7-diazaundeca-

methylene)-bis-4-[3-methyl-2,3-dihydro-
(benzo-1,3-oxazole)-2-methylidene]-
quinolinium tetraiodide

TOTO-1 1,1′-(4,4,7,7-tetramethyl-4,7-diazaundeca-
methylene)-bis-4-[3-methyl-2,3-dihydro-
(benzo-1,3- thiazole)-2-methylidene]-
quinolinium tetraiodide

Introduction

Real-time, single molecule studies of enzymatic reactions
on DNA are significantly enhancing our understanding of
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DNA–protein interactions [1]. To overcome the size
limitation of DNA in single molecule imaging which
precludes easy visualization using light microscopy, fluo-
rescent dyes were developed that bind to double-stranded
DNA (dsDNA) with high affinity [2]. Morikawa and
Yanagida first successfully observed single DNA molecules
labeled with the fluorescent dye DAPI in 1981 [2, 3]. This
approach has been subsequently used to study DNA
condensation [4–6], chromatin assembly [7], DNA diges-
tion by endo- and exonucleases [8, 9], DNA–RecA
interactions [10, 11], polymer dynamics [12, 13] and
DNA unwinding by helicases, such as the RecBCD enzyme
of Escherichia coli [14–16].

There are a large number of DNA binding dyes currently
available. Some recognize either the major or minor grooves
of DNA (i.e., DAPI and the Hoechst dyes), while others
intercalate between base pairs of DNA (i.e., ethidium bromide
and propidium iodide) [17]. Although these dyes have found
widespread use, they have high background in the absence of
DNA and bind with relatively low affinity. A more recent
addition to the DNA-binding dyes are the cyanine dyes. These
are a valuable family of fluorophores, typically have a high
quantum yield, large extinction coefficients and moderate
photostabilities [18–20]. Cyanine dyes can be readily synthe-
sized by linking the appropriate quaternized, heteroaromatic
nuclei through a polymethine bridge [18, 19] or incorporating
the affinity modifying groups into the cyanine structure [21].
The cyanine dyes have been widely applied in biology and
medicine as fluorescence probes for the detection of DNA and
RNA (11), interaction of proteins with DNA [22], protein
folding [23] and the activities of DNA polymerases [24].
They are virtually non-fluorescent when free in solution
and exhibit a dramatic fluorescent intensity enhancement
upon binding to DNA (>1,000-fold for YOYO-1 [25]).

Currently the most widely used cyanine dyes are YO,
TO and their homodimers, YOYO-1 and TOTO-1. Dimeric
forms of YO and TO were first synthesized by Rye et al.
[26]. The dimeric forms consist of two intercalating groups
spaced by a linker containing two positive charges (the
whole dimmer dye containing thus four charges), giving the
dimeric forms a 100-fold higher affinity for nucleic acid
than that of the monomeric forms [17]. They bind to DNA
with high affinity (Kb in the range 1010–1012 M−1), forming
complexes with DNA that remain stable even during
electrophoresis [25]. Their interaction with DNA is not
simple as they have been found to exhibit either a bis-
intercalation mode at low dye to base pair ratios, or a less
well characterized mode of external binding at high dye to
base pair ratios [17]. Unlike to DAPI and Hoechst 33258,
these dyes bind to dsDNA in a manner that is generally
independent of the DNA base pair composition [26].

Although YOYO-1 and TOTO-1 are excellent dyes, they
are not without drawbacks. First, the fluorescent intensity

enhancement is sensitive to buffer type and pH, and is
affected by mono- and divalent metal ions with a significant
reduction observed at concentrations required for many
DNA-binding enzymes [27]. The second drawback of
YOYO-1 is its tendency to photocleave the probed dsDNA
under extended illumination conditions [28]. Third, possi-
bly most significantly, is that YOYO-1 shows notable
inhibition of enzyme activity as reported for exo- and
endonucleases [8, 9], and DNA helicases [14, 15, 29].
Typically, this inhibition occurs at DNA to dye ratios
considerably higher than those observed for dyes such as
DAPI and the Hoechst dyes. Collectively, these problems
can limit the utility of these dyes as reporter molecules in
DNA-binding experiments. Consequently, this has triggered
the design of a new generation of cyanine-based dyes, with
the intention of overcoming the above-mentioned limits.

In this paper, the synthesis of seven novel monomeric
cyanine dyes is described. The structures are presented in
Table 1. The effect of buffer type and the concentration of
magnesium ions on the fluorescent intensity of each dye–
dsDNA complex was examined. The utility of these dyes to
function as reporter molecules was determined in a continu-
ous, fluorescent dye based, DNA helicase assay. Results show
that the novel fluorescent dyes, Cyan-2 and DM-1, exhibit
sharp fluorescent intensity enhancement on DNA binding,
have relatively high resistance to displacement by magnesium
ions and are effective reporters for DNA unwinding by
RecBCD enzyme, the model DNA helicase used in this work.
In addition, those dyes bind to dsDNA with affinities similar
to YO-PRO-1. More importantly, they bind to ssDNA very
poorly, whereas YO-PRO-1 binds to ssDNA with high
affinity. As such, they form the basis for the synthesis of a
novel class of cyanine dyes with the potential to overcome the
limitations of YOYO-1 and TOTO-1.

Materials and methods

Chemicals

All chemicals were reagent grade and were made up in
nanopure water and passed through 0.2 μm filters. ATP was
purchased from Pharmacia. 2-[(2-Amino-2-oxoethyl)ami-
no]ethanesulphonic acid (ACES), dithiothreitol (DTT), and
spectrophotometric grade dimethyl sulfoxide (DMSO) were
from ACROS. Trizma base was from SIGMA and 3-[tris
(hydroxymethyl) methyl] amino propanesulphonic acid
(TAPS) was from AVOCADO Research Chemicals Ltd.

DNA

Monomeric, covalently closed circular DNA (pPB67) was
purified from Escherichia coli strain KK2186 (SupEΔ (lac-
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proAB) hsdR4 ΔrecA 1398srl::Tn10(tet)) by alkaline lysis
[30], which included a LiCl-precipitation step to remove
RNA [31]. This was followed by isopycnic centrifugation
in cesium chloride gradients [32]. Purified DNA was stored
in TE buffer (10 mM Tris–HCl, pH 7.5, 1 mM EDTA) at
−20 °C. The nucleotide concentration of dsDNA was
determined by measuring the absorbance at 260 nm using
the extinction coefficient, ɛ=6,500 M−1 cm−1. M13 ssDNA
was prepared as described [33] and the concentration was
determined spectrophotometrically using the extinction
coefficient, ɛ=8,784 M−1 cm−1. All DNA concentrations
are reported in μM nucleotides.

To prepare linear dsDNA, covalently closed circular DNA
(pPB67) was linearized using the restriction enzyme HindIII
(New England Biolabs) in its corresponding buffer for 2 h at
37 °C. Analysis by agarose gel electrophoresis showed
complete linearization of the plasmid pPB67. Then the sample
was incubated at 70 °C for 15 min to inactivate the restriction
enzyme and purified by passing through S-400 microspin
columns (Amersham Biosciences) pre-equilibrated with TE
buffer. The DNA concentration was subsequently determined
using ɛ=6,500 M−1 cm−1.

Proteins

Purification of SSB protein The Escherichia coli single-
stranded DNA binding protein (SSB) was purified from
strain K12ΔH1Δtrp, as described in [34]. The concentra-
tion of SSB was determined at 280 nm using ɛ=
30,000 M−1 cm−1. The binding site size of SSB was
determined to be 10 nucleotides per monomer by monitor-
ing the quenching of the intrinsic fluorescence of SSB upon
binding to ssDNA, as described in [35].

Purification of biotinylated RecBCD enzyme Growth of
cells, induction of expression of genes and protein purification
details are as provided previously [36]. RecBCD protein was
quantitated using an extinction coefficient of ɛ=40,000 M−1

cm−1 at 280 nm. The preparation of RecBCD enzyme used in
these experiments was 80% active, as determined using a
spectrofluorometric helicase assay [37]. For all reactions, the
active concentration of RecBCD is given.

Cyanine dyes

The commercially available dyes YO-PRO-1 and YOYO-1
were purchased as DMSO solutions from Molecular Probes
(Invitrogen).

Synthesis of novel dyes

We are thankful to Dr. A. Bogolyubskyi (ENAMINE, Kyiv,
Ukraine) for providing the dye SH-0367 and to Dr. Yu.

Slominskii (Institute of Organic Chemistry, Kyiv, Ukraine)
for providing dyes Cyan-2 and SH1015-OH. Trimethine
cyanine dye DC-21 was synthesized as described in [38].
Monomethine dyes DM, DM-1 and DMB-2OH were
synthesized by the reaction of 2-methylthiobenzothiazolium
methosulfate with quaternized heterocyclic salts, having an
active methyl group in the presence of triethylamine [39].
Structures of obtained compounds were confirmed with 1H
NMR and elemental analysis. The synthesis of dye DM-1 is
presented in Scheme 1. For the dyes DM and DMB-2OH, a
similar synthetic scheme was applied.

The quaternary salts of 3,4-lutidine, lepidine and 2-
methylbenzothiazole were prepared as follows. A mixture of
0.01 mol heterocycle and 0.01 mol 3-chloro-1,2-propanediol
was heated for 6 h at 120 °C. Quaternary salts were used
without further purification.

For the preparation of dyes, a mixture of 0.001 mol of
quaternary salt, 0.001 mol 2-methylthiobenzothiazolium
methosulfate, 0.001 mol triethylamine in 4 ml of dry
methanol was refluxed for 30 min. Aqueous solution of
NaClO4 or KI was added. Crystalline dye precipitate was
filtered off and crystallized from methanol.

The structure of the synthesized monomethine dyes was
confirmed with 1H NMR spectra and elemental analysis.
Data of 1H NMR and CHN analysis for the synthesized
dyes are presented below:

DM:

1-(2,3-Dihydroxypropyl)-3-methyl-4-[[3-methyl-2(3H)-
benzothiazolylidene]methyl]-pyridinium perchlorate, yield:
30%; m.p.:179–182 °C; 1H NMR (DMSO-d6) δ (ppm):2.34
(3H, s) 3.34(1H, m) 3.47(1H, m) 3.78(3H, s) 3.83(1H, m)
4.09(1H, m) 4.38(1H, m) 4.99(1H, t, J=5.4 Hz) 5.34(1H, d,
J=5.3 Hz) 5.82(1H, s) 7.31(1H, dd, J=7.7 Hz) 7.51(2H, m)
7.64(1H, d, J=8.2 Hz) 7.93(1H, d, J=7.8 Hz) 8.22(1H, s)
8.32(1H, d, J=7.2 Hz); Anal.calcd. for C18H25ClN2O6S: C,
4.94; H, 5.82; N, 6.47. Found: C, 50.12; H, 5.95; N, 6.28.

DM-1:
1-(2,3-Dihydroxypropyl)-4-[[3-methyl-2(3H)-benzothiazo-

lylidene]methyl]-quinolinium perchlorate, yield: 62%; m.p.:
<250 °C; 1H NMR (DMSO-d6) δ (ppm): 3.48(1H, m) 3.58
(1H, m) 3.90(1H, m) 4.02(3H, s) 4.26(1H, m) 4.92(1H, m)
5.07(1H, t, J=5.4 Hz) 5.32(1H, d, J=5.3 Hz) 6.93(1H, s) 7.41
(2H, m) 7.62(1H, dd, J=8.1 Hz) 7.77(2H, m) 8.06(3H, m)
8.50(1H, d, J=8.3 Hz) 8.81(1H, d, J=8.3 Hz); Anal.calcd. for
C21H25ClN2O6S: C, 53.79; H, 5.37; N, 5.97. Found: C, 53.98;
H, 5.10; N, 6.12.
DMB-2OH:

3-(2,3-Dihydroxypropyl)-2-[[3-methyl-2(3H)-benzothia-
zolylidene]methyl]-benzothiazol-3-ium iodide, yield: 67%;
m.p.:<250 °C; 1H NMR (DMSO-d6) δ (ppm): 3.57(2H, m)
3.97(3H, s) 4.02(1H, m) 4.62(2H, m) 5.25(1H, t, J=5.5 Hz)
5.36(1H, d, J=5.4 Hz) 6.87(1H, s) 7.50(2H, m) 7.68(2H, m)
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7.87(2H, m) 8.22(2H, d, J=8.1 Hz); Anal.calcd. for
C19H21IN2O2S2: C, 45.60; H, 4.23; N, 5.60. Found: C,
45.21; H, 4.11; N, 5.84.

Preparation of dye stock solutions

The seven novel dyes were dissolved in spectrophotometric
grade DMSO as stock solutions and then stored as aliquots
at −80 °C. The concentration of each dye was determined
on each day of use by measuring the absorbance in a Cary
Eclipse spectrophotometer and using the extinction coef-
ficients given in Table 1.

Fluorescence experiments

Fluorescence measurements were carried out in a Cary
Eclipse fluorescence spectrophotometer (Varian, Australia)
with continuous stirring provided by magnetic stir bars
inside 0.5 cm quartz cuvettes. The reaction temperature of
20 °C was maintained by a PCB150 peltier-controlled water
circulator to an accuracy of ±0.5 °C.

DNA and Mg2+ titrations Starting reactions (500 μl)
contained 0.1 or 1 μM dye in either dH2O (pH 6.8), or
30 mM buffer: ACES (pH 7.3), TrisOAc (pH 7.5), TAPS
(pH 8.5). Once the dye solution was monitored, small
volumes of linear dsDNA were added in 1 μM increments
to the dye solutions. Once the fluorescent signal had
stabilized, the next aliquot of DNA was added. This was
repeated until addition of DNA produced no further change
in the fluorescence signal. The time to reach signal
stabilization varied with dye and buffer condition, ranging
between 10–100 s (data not shown). Once the final DNA
concentration had been reached, 1 or 5 μl of 1 M Mg
(OAc)2 was added, resulting in a 2 or 10 mM increment,
respectively. Similarly, Mg(OAc)2 aliquots were not added
to the reaction unless the fluorescent signal had stabilized
between the intervals of addition.

Data from the DNA titrations were analyzed to deter-
mine binding constants. First, using nonlinear regression,

the fluorescence data were fit to a hyperbola F ¼ Fmaxð
DNA½ �= DNA½ � þ Kdð ÞÞ, F: the stable fluorescence intensity
of each DNA aliquot addition; Fmax: the max fluorescence
intensity at saturated DNA concentration; [DNA]: the final
DNA concentration after each DNA aliquot addition; Kd:
the binding constant of dye to DNA) to estimate the
binding constant, Kd. Further analysis of data was done
using Scatchard plots, which were linear for dsDNA and
non-linear for ssDNA (data not shown).

Helicase assays These were performed in a 500 μl reaction
mixture consisting of Mix I (20 mM TrisOAc pH 7.5,
1 mM DTT, 2 mM Mg(OAc)2, 1 μM SSB, 0.25 nM active
RecBCD enzyme), Mix II (10 μM dsDNA alone or 10 μM
dsDNA bound to 0.5 μM dye) and 1 mM ATP. The
appropriate amount of DNA and dye were mixed and
incubated at 20 °C for 20 min before adding to Mix I.
Reactions were initiated by the addition of ATP to 1 mM
final concentration, following a 5-min pre-incubation of all
other components at 20 °C. The excitation and emission
wavelengths were set at 290 and 340 nm, respectively, to
measure the intrinsic fluorescence of SSB protein. The
decrease in fluorescent intensity of the cyanine dyes was
followed using the appropriate excitation and emission
wavelengths (see Table 1). The slit widths were 2.5 and
5 nm for excitation and emission slits, respectively, in both
SSB protein and dye fluorescence experiments. When both
SSB and dyes were present in the reaction mixture, a multi-
wavelength, temperature controlled kinetics program was
used (Cary Eclipse software). Therefore, we were able to
simultaneously monitor the intrinsic fluorescence of SSB
and fluorescent dye intensity. The excitation and emission
wavelengths for SSB and dyes are far enough apart to avoid
inner filter effects.

Results

Cyanine dyes exhibit significant fluorescence enhancement
upon binding to dsDNA

For single molecule detection techniques or other techni-
ques requiring sensitive detection of dsDNA, dyes must

Scheme 1 Synthesis of the dye DM-1
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exhibit a significant enhancement of fluorescent intensity
upon binding to dsDNA relative to the free dye, or to the
dye bound to ssDNA. To determine whether each of the
novel monomeric cyanine dyes exhibited fluorescent
intensity enhancement on DNA binding, aliquots of dsDNA
were added to a fixed concentration of dye and the resulting
change in fluorescence was recorded.

First, to eliminate potential complications due to buffer
type or pH, experiments were conducted in water (pH 6.8)
only. Rye et al. reported that reproducible and stable
complexes of cyanine dyes with dsDNA could be formed
when dsDNA was added to the dye solution, but not if the
mixing order was reversed [26]. Thus, in separate reactions,
DNA was added in small increments to a constantly stirred

solution of each dye. Once the fluorescence signal had
stabilized (typically 10–100 seconds), the fluorescence
spectrum was recorded and a second aliquot of DNA was
added. This process was repeated until no additional
enhancement in signal was obtained. These data are
presented in Fig. 1.

The results in water only (Fig. 1a) show that all dyes
except SH1015-OH, exhibited negligible fluorescence in
the absence of DNA and significant fluorescent intensity
enhancement on DNA binding. Cyan-2, DC-21, DM-1 and
SH-0367 have typical saturation curves in this dsDNA
range, whereas DM and DMB-2OH do not, which may
result from very low affinity to dsDNA even at ratios of
20 bp per dye molecule. The fluorescence intensity en-

Table 1 Parameters of cyanine
dyes used in this work

aMolar extinction coefficient
of dye in dimethylformamide
(DMF) solution
b YO-PRO-1 was supplied in
dimethylsulfoxide (DMSO).

Dye name Dye structure εDMF×105

M-1cm-1 a λex/λem  /nm

Cyan-2
N
+

S

N

S

I

0.83 545/563

DC-21 N
+

S

N

S

OH

OH
ClO4-

0.82 551/567

DM
S

N

N
+

OH

OH

ClO4-

0.53 462/478

DM-1
S

N

N
+

OH

OH

ClO4-

0.63 513/530

DMB-2OH

S

N
+ N

S

OH

OH
I

0.71 434/462

SH-0367
Cl

S

N
+

OH

S

N

OH

1.04 557/568

SH1015-OH N
+

S

N

S

OH OHTos-

1.4 616/628

YO-PRO-1b 0.52 491/509

O
+

3
2

N

CH N(CH
2

)
3

N(CH
3
)
3

CH

+
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hancement in water ranged from a low of 5 for SH1015-OH
to a maximum of 459 observed for DC-21 (Table 2).

Although the structure of a dye is a critical issue for the
fluorescence enhancement that occurs on DNA binding
(Fig. 1a), buffer type and/or pH may affect the extent of
fluorescent intensity enhancement as well. To further
examine the influence of buffer type or pH on the
fluorescence enhancement of dye–dsDNA complexes,
DNA titrations were performed in ACES (pH 7.3), TrisOAc
(pH 7.5), and TAPS (pH 8.5) buffers. TrisOAc is used as it
is perhaps one of the more widely used buffers in biological
research. TAPS and ACES are used as these buffers provide
excellent signal/noise in single molecule experiments using
YOYO-1 (data not shown). The resulting, typical titration
curves are shown in Fig. 1b–d.

All of the dyes tested display typical saturation curves in
buffers, and further, the fluorescent intensity of each dye is
greater than that observed in water with the exception being
DC-21. Surprisingly, the fluorescence enhancement of DC-
21 decreased 4.5-fold in the presence of buffers relative to
that observed in water (Table 2). For the majority of the
dyes, the fluorescence enhancement was the highest in
TrisOAc buffer (Fig. 1c, Table 2). For both Cyan-2 and
DM-1, the enhancement in TrisOAc was only slightly lower
than that observed in ACES or TAPS buffer. For SH1015-
OH, a strong fluorescence signal was observed in the
presence of DNA that is the highest of all the novel dyes
(Fig. 1). However, due to the high signal in the absence of
the DNA, the fluorescence intensity enhancement is only
7±1, independent of solution conditions (Table 2). For the
remaining five dyes, the fluorescence enhancement was
generally higher in buffers than in water, with Cyan-2 and
DM-1 producing the highest enhancement of 423±72 and

631±12, respectively (Table 2). For DM-1, the fluorescence
intensity enhancement was independent of buffer type and
pH while for Cyan-2, enhancement increased as buffer pH
decreased from 8.5 to 7.3 (Table 2). Although both Cyan-2
and DM-1 exhibit a large fluorescent intensity enhancement
on DNA binding, this enhancement is significantly lower
than that observed for YO-PRO-1.

To evaluate the affinity of each dye for DNA, data from
the DNA titrations shown in Fig. 1 were analyzed using
Scatchard plots. The Scatchard plot for each dye was linear,
indicating non-cooperative binding (data not shown), and
the resulting, calculated binding constants are shown in
Table 3. The data show that the highest affinity for dsDNA
was obtained for Cyan-2, DM and SH1015-OH (Table 3).
These Kd values are 1.9-fold lower than that obtained for
YO-PRO-1. Intermediate affinities were observed for DC-
21 and DMB-2OH while those for DM-1 and SH-0367
were comparable to that of YO-PRO-1. As for the
fluorescence intensity enhancement (Table 2), Kd is also
influenced by buffer type and pH. However, the effects on
Kd are different from those on fluorescence enhancement.
For example, the Kd for Cyan-2 binding to dsDNA is
independent of solution conditions, while for DM and
SH1015-OH, Kd increases 127- and 33-fold respectively in
the absence of buffer (Table 3). However, it should be noted
that for DM, DMB-2OH and SH1015-OH, the Kd values
are at best, approximations since saturation of fluorescence
signal could not be achieved (data not shown).

In addition to measuring affinity for dsDNA, the affinity
of four dyes for M13 ssDNA was also determined.
Titrations of ssDNA relative to dyes were done in identical
fashion to those shown in Fig. 1 and values for Kd were
obtained from Scatchard plots. In contrast to the data for

Table 2 The novel cyanine dyes, Cyan-2 and DM-1, exhibit the largest buffer-independent enhancement on binding to dsDNA

Dye Fluorescent Intensity Enhancement (Fbound/Ffree)
a

H2O (pH 6.8) ACES (pH 7.3) TrisOAc (pH 7.5) TAPS (pH 8.5) Buffer average*

Cyan-2 326 501 408 360 423±72
DC-21 459 73 164 73 103±53
DM 99 148 163 138 150±13
DM-1 95 633 618 642 631±12
DMB-2OH 97 111 127 117 118±8
SH-0367 173 157 214 59 143±78
SH1015-OH 5 7 8 6 7±1
YO-PRO-1 723 785 794 786 788±5

a This ratio was calculated using the maximum fluorescence signal obtained at saturating concentration of DNA (20 μM) and divided by the
fluorescence signal in the absence of DNA. For several dyes, no signal was detected in the absence of DNA. Therefore, a value of 1 was used
instead. Novel dyes were measured at high PMT detector voltage, slit width: 2.5/5 nm. YO-PRO-1 was measured at medium PMT detector
voltage.
*The values were obtained by averaging the enhancement of each dye in each buffer.
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dsDNA, the Scatchard plots were non-linear, indicating
cooperative binding of dyes to ssDNA. Therefore, the Kd

values are only approximations. Surprisingly, Cyan-2 and
SH1015-OH exhibited a greater than 10-fold lower affinity

for ssDNA, while DM-1 and YO-PRO-1 displayed compa-
rable affinities for either DNA type (Table 3). Furthermore,
Cyan-2 has over a three-fold higher binding affinity than
YO-PRO-1 for either DNA type.

Table 3 Binding constants for single and double-stranded DNA

Dye Kd (μM
−1)

dsDNA* ssDNA**

H2O (pH 6.8) ACES (pH 7.3) TrisOAc (pH 7.5) TAPS (pH 8.5) Buffer average TrisOAc (pH 7.5)

Cyan-2 1.5±0.2 1.6±0.1 2.1±0.3 1.6±0.2 1.8±0.3 35.1±4.4
DC-21 2.9±0.4 1.9±10.3 6.2±1.6 2.6±0.2 3.6±2.3 ND
DM 292.3±353 2.6±0.2 1.2±0.2 3.2±0.2 2.3±1.0 ND
DM-1 4.5±0.4 9.9±2.4 10.9±0.9 5.3±1.2 8.7±3.0 8.9±0.6
DMB-2OH 194±200 5.6±1.2 3.5±0.2 2.1±0.2 3.7±1.8 ND
SH-0367 5.5±0.4 4.6±0.3 7.5±0.4 5.8±0.3 6.0±1.5 ND
SH1015-OH 52.1±10.1 1.8±0.6 2.3±0.5 0.8±0.4 1.6±0.8 26.0±4.8
YO-PRO-1 4.4±0.5 6.0±0.9 7.5±0.8 6.9±0.7 6.8±0.8 11.9±0.7

Data were obtained from DNA titration to a fixed concentration of 1 μM dye solution in various solutions except ssDNA titration only in TrisOAc
buffer at 20 °C (same condition as Fig. 1). All titrations were performed once. Novel dyes were measured at high PMT detector voltage, slit width:
2.5/5 nm. YO-PRO-1 was measured at medium PMT detector voltage for dsDNA titration and high PMT detector voltage for ssDNA titration,
respectively.
*Units are in base pairs.
**Units are in nucleotides.

Fig. 1 Fluorescence enhancement on binding to dsDNA is affected by
dye structure and solution conditions. Experiments were performed by the
addition of aliquots of dsDNA to a fixed concentration of 1 μM dye
solution in each buffer at 20 °C. The fluorescent intensity was measured
using the excitation/emission wavelength for each dye listed in Table 1
and em/ex slit widths of 2.5 and 5 nm. The values reported at each
concentration of DNA are from the resulting stable fluorescence signals

following each addition. Increase in fluorescent intensities of Cyan-2
(filled squares), DC-21 (empty squares), DM (triangles), DM-1 (filled
circles), DMB-2OH (inverted triangles), SH-0367 (diamonds) and
SH1015-OH (empty circles) upon addition of linear dsDNA in the
presence of water (pH 6.8) (a), ACES (pH 7.3) (b), TrisOAc (pH 7.5)
(c) and TAPS (pH 8.5) buffer (d)
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Cyan-2 and DM-1 exhibit the highest resistance
to displacement by magnesium ions

Liu et al. [40] reported that divalent metal ions, such as
magnesium ions, quench the fluorescence signal of the
YOYO-1-DNA complex by competitive binding to DNA.
If the dyes presented here are to be used in subsequent
studies to replace YOYO-1, the dye-DNA complexes
should be more resistant to the displacement by magnesium
ions than the monomeric form of YO or TO. To determine
the resistance of Cyan-2 and DM-1 dye–DNA complexes to
displacement by magnesium ions, DNA–dye complexes
were formed and challenged by the addition of small
volumes of 1 M Mg(OAc)2. To determine whether the
buffer affects the ability of dye to resist the displacement by
Mg2+, experiments were carried out in each of three buffers,
and water as before.

As expected, the fluorescence signal of dye–dsDNA
complexes was sensitive to Mg2+ concentration. Cyan-2 is
more resistant to displacement by magnesium ions than
DM-1, with a 50% reduction in fluorescence being
observed at 8±1 mM whereas it is almost 2-fold lower for
DM-1 (5±0.5 mM; Fig. 2 and Table 4). Further, at 50 mM
Mg(OAc)2, more than 75% of the starting fluorescent signal
of either complex is lost.

To determine whether each of the remaining dyes were
resistant to displacement by Mg2+, Mg2+ titrations identical
to those shown in Fig. 2 were done for each novel dye. The
concentration of Mg2+ causing 50% reduction in fluores-
cent intensity was calculated and is shown in Table 4.
Cyan-2 exhibits the greatest resistance to displacement,
followed by YO-PRO-1 and then DM-1. The DM, DMB-
2OH and SH1015-OH dyes are extremely sensitive to
displacement by Mg2+, as concentrations of only 2 mM are
needed to produce a 50% reduction in fluorescent intensity.

Novel cyanine dyes function as reporter molecules
in RecBCD DNA helicase assays

Several assays have been developed to measure the
unwinding of dsDNA [15, 37, 41, 42]. Two of these are
continuous assays that involve monitoring a change in
fluorescence. The first assay [37] takes advantage of the
intrinsic fluorescence of the Escherichia coli single-strand-
ed DNA binding protein (SSB protein), which is quenched
upon binding to ssDNA, the product of the unwinding
reaction. Thus, as a DNA helicase proceeds to translocate
and unwind dsDNA, SSB protein binds to the nascent
ssDNA, resulting in the quenching of the intrinsic fluores-
cence of SSB. Since many DNA helicases can be inhibited
by SSB, a complementary assay was developed by the
Kowalczykowski lab [15]. Here fluorescent dyes bind to
dsDNA resulting in their fluorescence enhancement. As the
DNA helicase translocates and unwinds the DNA duplex,
dye molecules are displaced resulting in a decrease in
fluorescent intensity. A decrease in the fluorescence signal
is proportional to the amount of ssDNA produced by a
DNA helicase. Consequently, the unwinding rate and extent
of reaction for a DNA helicase can be determined by
measuring the decrease in fluorescence signal as the dye is
displaced from dsDNA. This assay was successfully
demonstrated using both minor groove binding (DAPI,
Hoechst 33258) and intercalating dyes (TO, EthD) [15].

Schematics of the assay and typical traces for SSB
protein fluorescence and dye-displacement DNA helicase
assays are shown in Fig. 3. The assay shown uses the well
characterized RecBCD of E. coli, an excellent model
enzyme to study DNA unwinding. In phase I, the signal
from the intrinsic fluorescence of SSB protein or the
complexes of dyes with dsDNA is stable. In Phase II,
unwinding is initiated by the addition of ATP or RecBCD

Table 4 The Cyan-2–DNA complex exhibits the greatest resistance to displacement by magnesium ions

Dye Magnesium titration midpoint or MTMP (mM)

H2O (pH 6.8) ACES (pH 7.3) TrisOAc (pH 7.5) TAPS (pH 8.5) Mean

Cyan-2 9 7 7 7 8±1
DC-21 4 3 4 4 4±0.5
DM 2 2 2 2 2
DM-1 5 5 5 4 5±0.5
DMB-2OH 2 2 2 2 2
SH-0367 4 4 4 4 4
SH1015-OH 2 2 2 2 2
YO-PRO-1 6 6 7 6 7±0.5

All titrations were performed once. The MTMP corresponds to magnesium concentration at which the fluorescence signal is reduced by 50%.
Bold values indicate the highest MTMP observed under the conditions tested.
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(indicated by the arrow in Fig. 3b). The fluorescence signal
decreases dramatically due to either the dissociation of
prebound dyes or the quenching of the intrinsic fluores-
cence of SSB protein which occurs upon binding to the
nascent ssDNA produced by the helicase activity of
RecBCD. The fluorescence decrease is easily monitored
by a fluorescence spectrophotometer and precisely reflects
the helicase activity of RecBCD on dsDNA as demonstrat-
ed previously [15, 37]. When unwinding is completed in
approximately 60 s (at t=120 s), no change in the now
reduced fluorescent signal is observed, indicating that all
available dsDNA has been unwound (phase III). The slope
of the line (Δf/Δt) fitted to the data points in phase II is
used to calculate the initial rate of unwinding, while the
difference in total fluorescence (ΔF), represents the extent
of unwinding (Fig. 3b). The maximum achievable extent of
reaction was established in separate, control reactions by
adding an equimolar amount of ssDNA to reaction mixtures
containing either SSB alone for SSB binding or dye alone
for dye displacement (ΔF = FdsDNA−FssDNA). The initial
rate of unwinding was divided by the extent of unwinding
and then multiplied by the concentration of base pairs in the
reaction to yield the apparent rate in nM bp/s. Thus, if a dye
can function as a reporter for DNA unwinding, then a rapid
decrease in fluorescence signal is anticipated with a
resulting negative ΔF.

To determine whether the novel, monomeric cyanine
dyes could function as reporters for DNA unwinding, each
dye was tested in the fluorescence-based helicase assay.
The concentration of dye used here was 500 nM, a
concentration used to eliminate the lag behavior resulting
from the redistribution of dye molecules to vacant binding
sites on dsDNA [15]. Furthermore, based on our work with
YOYO-1 (data not shown) and by comparison to the
previous study [15], this concentration of monomeric dye
should not inhibit the helicase activity of RecBCD. Further,
SSB was included in reactions to bind to nascent ssDNA
and monitor DNA unwinding independently and concurrent
with dye displacement. Thus, in the data presented herein, a
time-dependent decrease in the fluorescence of DNA–dye
complexes and the intrinsic fluorescence of SSB protein is
simultaneously monitored during the unwinding of dsDNA
by RecBCD (examples of typical unwinding traces are
shown in Fig. 4a and b). If the dyes used in the reaction do
not inhibit the activity of RecBCD on dsDNA, the
unwinding rate should be identical to that observed in the
absence of dye, i.e., when monitoring SSB fluorescence.

Using the quenching of the intrinsic fluorescence of
SSB, the DNA unwinding rates for RecBCD are 28 nM bp/s
in the absence of dye, and 27 and 25 nM bp/s in the presence
of Cyan-2 and DM-1, respectively (Fig. 4). When monitor-
ing dye-displacement, the unwinding rates are 18 nM bp/s

Fig. 2 Cyan-2 and DM-1 are
displaced from dsDNA by mag-
nesium ions. Decrease in
fluorescent intensity of Cyan-2
(empty circles) and DM-1 (filled
circles) with dsDNA complexes
upon addition of Mg2+ in the
presence of water (pH 6.8) (a),
ACES (pH 7.3) (b), TrisOAc
(pH 7.5) (c) and TAPS (pH 8.5)
buffer (d). The arrows in each
panel indicate the magnesium
titration midpoint in each
reaction. Experiments were
performed by the addition of
aliquots of Mg(OAc)2 to a solu-
tion of 10 μM bp dsDNA
including 1 μM of either Cyan-2
or DM-1 at 20 °C. The ratio of
DNA bp/dye is 10. The fluores-
cent intensity was measured
using the excitation/emission
wavelength of 545/563 nm for
Cyan-2 and 513/530 nm for DM-
1 with em/ex slit widths of 2.5
and 5 nm, respectively. Values
for the MTMP for all dyes
are shown in Table 4
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for Cyan-2 and 16 nM bp/s for DM-1, respectively. These
values are similar to the value of 20–22 nM bp/s obtained by
Eggleston et al. for other monomeric dyes [15]. Thus, Cyan-
2 and DM-1 exhibit little or no inhibition of the helicase
activity of RecBCD.

To permit direct comparison, the unwinding traces
(Fig. 4a and b) were normalized to the starting fluorescence

of either SSB or the dye–DNA complexes (Cyan-2 and
DM-1), and then expressed as percentage of the starting
fluorescence signal (Fig. 4c). When analyzed in this way,
the shape of the curve for the SSB protein-fluorescence
assay is very similar to that of the dye-displacement assay.
However, the ΔF is different for SSB and dyes (Cyan-2
and DM-1), since displacement of dye from dsDNA and
rebinding to ssDNA does not lead to the complete
quenching of fluorescence intensity. In addition, the
presence of SSB in the reaction causes the displacement
of a small fraction of dye molecules from ssDNA (data not
shown). The Mg-displacement of dye may also contribute
to the larger ΔF for Cyan-2 and DM-1 than that for SSB.

For helicase assays, not only is the fluorescent intensity
enhancement of dyes bound to dsDNA (relative to ssDNA
or free in solution) important, but the fluorescent intensity
value is critical for assay sensitivity. As the remaining five
dyes did exhibit significant fluorescence increase in the
presence of dsDNA, they were tested in the DNA helicase
assay. For DC-21, an unwinding rate 24 nM bp/s was
observed. Unfortunately, the complex of DC-21 with
dsDNA gives a lower fluorescent intensity and less
resistance to the displacement by magnesium ions in
buffers. For SH-0367, the unwinding rate is reduced 2-fold
to 13 nM bp/s, indicating inhibition of the helicase activity
of RecBCD. The fluorescence of the dye–DNA complexes
of DM, DMB-2OH and SH1015-OH, do not decrease as a
function of time over the course of the reaction, even
though the DNA is unwound as evidenced by quenching of
the intrinsic fluorescence of SSB (data not shown). As they
do not follow the SSB protein-fluorescence trace, those
dyes are not regarded as suitable reporters for DNA
helicase assays.

Novel monomeric cyanine dyes do not inhibit RecBCD
whereas YOYO-1 does

YOYO-1 binds to dsDNA with high affinity (Ka =6×
108 M−1) [43] and has found widespread use in protein–
DNA and DNA studies. YOYO-1, however, can inhibit the
activity of many proteins including RecBCD (see below).
Therefore, to determine whether these monomeric cyanine
dyes could inhibit helicase activity, we compared the
unwinding rates of RecBCD on the fluorescent dye–DNA
complexes of Cyan-2 and DM-1 to those of YO-PRO-1 and
YOYO-1.

The reaction conditions were the same as those in Fig. 4
and reactions were initiated by the addition of ATP. The
DNA unwinding time courses monitoring quenching of the
intrinsic fluorescence of SSB protein in the presence and
absence of dyes are shown in Fig. 5a. To permit direct
comparison of fluorescence traces, fluorescence signals
were normalized to the starting fluorescence signal of

Fig. 3 Schematic of the continuous fluorescence assay used to
measure DNA helicase activity. a Schematic of the simultaneous
SSB protein fluorescence-quenching and dye-displacement assay is
shown. b Typical time-course curves for both assays. The fluorescence
signal at the beginning of the reaction is due to the intrinsic fluores-
cence of SSB protein in solution (red circles) or the fluorescence of
the dye–dsDNA (green stars) complexes (phase I). As the dsDNA is
unwound by RecBCD, SSB protein binds to nascent ssDNA, resulting
in the quenching of SSB fluorescence (black circles). Concurrently,
dye molecules are displaced from dsDNA and rebind to ssDNA or
remain free in solution (black stars) (phase II). When the unwinding
reaction is complete, the fluorescence signal is invariant as a function
of time (phase III)
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SSB prior to initiation of the reaction. The resulting kinetic
traces in the presence and absence of dyes are similar but
with different unwinding rates and ΔF. In the absence of
dye (i.e., SSB only), the reaction yields the largest ΔF,
whereas the ΔF is the lowest in the presence of YOYO-1.
In the presence of the monomeric dyes Cyan-2, DM-1 and
YO-PRO-1, an intermediate ΔF is observed. The unwind-
ing rates calculated from raw data without normalization
are displayed in Fig. 5b. The rate of unwinding in the
presence of DM-1 (25 nM bp/s), Cyan-2 (27 nM bp/s) and
YO-PRO-1 (24±2.1 nM bp/s) is, within experimental error,
the same as that observed in the absence of dye (28±
0.9 nM bp/s). In contrast, the rate of unwinding in the
presence of YOYO-1, 5±1.0 nM bp/s, is 5.6-fold less than
that in presence of either Cyan-2, DM-1 or YO-PRO-1,
indicating that at comparable dye concentration, dimeric
cyanine dyes inhibits the helicase activity of RecBCD
whereas the monomeric dyes do not.

Discussion

The primary conclusion of this work is that two novel
cyanine dyes, Cyan-2 and DM-1, bind to dsDNA with

relatively high affinity producing a significant fluorescence
enhancement. Binding is unaffected by buffer type and pH.
Those two dyes also resist displacement by magnesium ions
(compared to the remaining five dyes). Further, they do not
inhibit the DNA unwinding activity of a model helicase, the
E. coli RecBCD enzyme. Consequently, they will form the
starting point for additional studies to develop novel
dimeric cyanine dyes.

To develop novel, specific, fluorescent dyes as reporter
molecules for dsDNA and protein–dsDNA interactions in
ensemble and single molecule experiments, a new series of
cyanine dyes were synthesized (Table 1). They were made
by either the incorporation of a hydroxyl group into the
cyanine structure, changing the length of the linker, or β-
methyl substituted modification [21, 44]. Except for
SH1015-OH, these dyes have virtually negligible fluores-
cence when free in aqueous solution (Fig. 1). The
fluorescent intensity of each dye–DNA complex in water
is different, which can be ascribed to the different primary
structure or modification on the structure. The introduction
of a hydroxyl group or lysine template into the structure of
the cyanine dyes causes an increase in the emission
intensity of dsDNA complexes [44]. For SH-0367 and
DC-21, the hydroxylated varieties of Cyan-2, the fluores-

Fig. 4 Cyan-2 and DM-1 function as reporter molecules in RecBCD
unwinding assays. DNA unwinding assays were performed with
0.5 μM DM-1 (a) or 0.5 μM Cyan-2 (b). Reactions contained
0.25 nM RecBCD, 1 μM SSB and 10 μM linear pPB67. c Normalized
data from panels a and b. The fluorescence signal was normalized to
the signal obtained immediately prior to the addition of ATP to start
the reactions. Similarly, reactions times were normalized to the point at

which reactions were initiated. The unwinding reactions were
performed at 20 °C, and initiated by the addition of ATP, following a
5-min incubation of all the reaction components. The rate of
unwinding was followed using the decrease in fluorescent intensity
from SSB (ex/em 290/340), DM-1 (ex/em 513/530) or Cyan-2 (ex/em
545/563) using slit widths of 2.5 and 5 nm
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cent intensity in water is higher than the parent dye,
possibly due to introduction of the hydroxyl group. The
fluorescent intensity of DC-21 was much higher than that
of DMB-2OH, due to the longer polymethine chain length
of DC-21 reducing the steric hindrance for intercalation into
dsDNA. The higher fluorescent intensity of DM-1 than DM
is most likely due to the addition of the aromatic ring. The
incorporation of cyclopenthene group instead of the β-
methyl one into the polymethine chain negatively affects
the ability of cyanine dyes to bind to DNA, as evidenced by

the comparison of SH-0367 to SH1015-OH (Tables 1 and
2). The presence of positively charged nitrogen, similar to
that of the hydroxyl group, can result in the strengthening
of dye–dsDNA complexes and an increase in fluorescent
intensity, as observed for YO-PRO-1. Therefore, the
modification of the cyanine structure in heterocyclic
residues and polymethine chain significantly affects the
fluorescence enhancement of cyanine dyes that is observed
on binding to DNA.

In addition to dye structure, buffer type and pH also
influence the fluorescence of the dye–dsDNA complexes.
The effects are complicated as some dyes exhibit greater
fluorescence enhancement in buffer relative to water while
for others, the opposite effect is observed. For example, the
fluorescence signal of the DC-21–dsDNA complex is
dramatically reduced in buffers relative to that in water
(Fig. 1 and Table 2). In contrast, the fluorescent intensity
enhancement for DM-1 increases 6.6-fold in buffers relative
to that observed in dH2O (Table 2). The fluorescent intensity
enhancement of Cyan-2 and SH-0367, which are similar in
structure, is largely unaffected by the presence of buffers
relative to dH2O. For Cyan-2, the fluorescence enhancement
is pH-dependent with a lower signal being observed at
elevated pH (Table 2), which for SH-0367, this may be a
combination of buffer type and pH. The effect of buffer type
or pH is not simply due to a change in affinity of the dye for
dsDNA (Table 3). The statement holds true for the majority
of the dyes examined, although DC-21 and DMB-2OH are
notable exceptions (Table 3). Importantly, the enhancement
of DM-1 is both buffer- and pH-independent and binding
affinity is comparable to YO-PRO-1. The fluorescent
intensity of YO-PRO-1 is independent of solution condi-
tions and is more dramatically enhanced in the presence of
DNA (788-fold) than that either Cyan-2 (423) or DM-1
(631). This may be mainly due to two positive charges on
YO-PRO-1 (Table 1), which increases the fluorescent
intensity of the dye–DNA complexes.

The modification of the cyanine dye structure has
complex effects on the affinity for DNA that may be
further complicated in the presence of buffers (Table 3).
The introduction of the substituent containing hydroxyl
group into the dye heterocycle increases the fluorescence
intensity of dye–DNA complex but reduces the affinity of
the dye for dsDNA, (compare DC-21 and SH-0367 to the
parent dye, Cyan-2). Increase of the polymethine chain
length not only reduces the steric hindrance but also
increases the affinity of a dye for dsDNA, (compare the
Kd for DMB-2OH and DC-21 in water, Table 3). The
higher affinity of DM for dsDNA relative to DM-1 is
ascribed to the steric hindrance of the additional aromatic
ring in DM-1. YO-PRO-1 exhibits a slightly higher affinity
relative to DM-1 in ACES and TrisOAc, although the
buffer average is similar (Table 3). This may be due to the

Fig. 5 Monomeric cyanine dyes do not significantly inhibit RecBCD
enzyme. a Comparison of unwinding rates from reactions done using
conditions identical to those in Fig. 4. Data were normalized relative to
the starting fluorescence observed immediately prior to reaction
initiation. Similarly, time was normalized to the reaction start time for
all reactions. Dye was used at 0.5 μM and DNA was at 10 μM.
Reactions were performed at 20 °C and initiated by the addition of ATP.
The rate of unwinding was followed using the decrease in fluorescent
intensity from SSB (ex/em 290/340) with slit widths of 2.5 and 10 nm.
b Unwinding rates were calculated from time courses shown in panel a.
Data for Cyan-2 and DM-1 came from a single experiment while those
from YO-PRO-1, YO-YO-1 and no dye (SSB only) were done twice
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presence of cationic charges on the structure which are
expected to improve the binding affinity due to the
increased electrostatic attraction between dyes and the
DNA phosphates [45].

The binding of the cyanine to dsDNA can be described
by a model, which postulates that one or two of the dye
heterocycles intercalates between the stacked bases in the
double helix; while the remaining one accommodates into
the helical grooves. Further, electrostatic interaction with
phosphate groups of dsDNA stabilize binding [46, 47]. As
magnesium ions bind preferentially to phosphate groups,
the stability of dye–dsDNA complexes can be negatively
affected by the concentration of Mg2+ [48]. Higher
concentrations of Mg2+ would release more dye molecules
from dsDNA into the solution, reducing the intensity of the
dye–DNA complex and significantly increasing the back-
ground for single DNA molecule imaging (data not shown).
To compare the ability of dye–DNA complexes to resist
displacement by Mg2+, the magnesium titration midpoint
(MTMP) was used (Fig. 2 and Table 4). Cyan-2 and DM-1
have a higher MTMP, comparable to that of YO-PRO-1
(Table 4). In contrast, the MTMP for the remaining dyes,
DC-21, DM, DMB-2OH, SH-0367 and SH1015-OH is 2–
4 mM. Consequently, Cyan-2 and DM-1 were selected as
the potential reporter molecules for DNA helicase activity.

Minor groove binding dyes bind preferentially to
dsDNA but exhibit sequence-dependent binding [49–51].
In contrast, intercalating cyanine dyes are not only DNA
sequence-independent but also exhibit a greater fluores-
cence enhancement on binding to DNA [52, 53]. However,
those dyes can inhibit the activity of proteins involved in
replication, repair and transcription [54–57]. A continuous
fluorescence dye displacement DNA helicase assay was
used to evaluate the potential inhibition of the novel dyes
used in this study. The unwinding rate of RecBCD is
largely unaffected by Cyan-2 and DM-1 relative to the
control reactions carried out in the absence of dye,
demonstrating that these two dyes do not inhibit RecBCD
at the concentration of dyes tested, (i.e., 500 nM, producing
an average DNA/dye ratio of 10: 1 (μM bp: μM dye)).
Similarly, YO-PRO-1 does not significantly affect the rate
of unwinding by RecBCD. Since Cyan-2 exhibits higher
affinity to dsDNA and less affinity to ssDNA than YO-
PRO-1 and DM-1, Cyan-2 is a better reporter molecule than
YO-PRO-1 and DM-1 to precisely report the unwinding
rate of RecBCD. In contrast, at the same dye concentration,
YOYO-1 inhibits the helicase activity of RecBCD 6-fold
relative to the reaction in the absence of dye and in the
presence of the monomeric dyes. As YO-PRO-1 and
YOYO-1 are similar in structure, the inhibition observed
with YOYO-1 may be due to the dimeric version of this
dye binding to the DNA with higher affinity, thereby
impeding the progress of the enzyme.

The remaining cyanine dyes were also tested in the DNA
helicase assay. Unexpectedly, these dyes do not follow the SSB
unwinding trace. For DM, DMB-2OH and SH-0367, the
fluorescence signal was too low to see any change during the
reaction. As for DC-21 and SH1015-OH, the visible fluores-
cence signal was observed but no real change occurred during
the reaction. These phenomena are probably due to the poor
displacement of dyes from dsDNA or dyes rebinding subse-
quently to remaining dsDNA and ssDNA, even though SSB
does bind to ssDNA under the condition used in the assay.

In summary, the data presented demonstrated that
changes in the dye structure lead to significant changes in
fluorescence intensity of dye–dsDNA complexes and the
affinity of dyes for DNA. The fluorescence of a dye–DNA
complex is affected in a complex manner by buffer type,
pH and the presence of magnesium ions. From the group of
seven novel dyes, Cyan-2 and DM-1 are excellent
candidate molecules for further structural modification and
for the construction of the dimeric forms of either Cyan-2,
DM-1 or variants thereof.
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