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A simple, efficient and cheap method is reported for monitoring interactions between single stranded
desoxyribonucleic acids and proteins, using fluorescence spectroscopy and complexes of 50-dye–DNA
conjugates with bovine serum albumin as probes. In the presence of a single stranded DNA-binding pro-
tein the complexes with bovine serum albumin are disrupted, which results in a reduction of fluorescence
intensity.

� 2009 Elsevier Ltd. All rights reserved.
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Nucleic acids and proteins are ubiquitous in all forms of life.
Interactions between these molecules play a crucial role in many
steps of gene expression. Therefore, understanding of the kinetics
and thermodynamics of this process is of fundamental importance
for biological sciences.

Proteins are intrinsically fluorescent due to presence of trypto-
phan and tyrosine amino acid residues. Fluorescence of these chro-
mophores is affected (usually quenched) when a protein binds a
nucleic acid. This effect has been utilized to monitor protein–nu-
cleic acid interactions in real time.1 The method is quick and does
not require any special instrumentation. However, its sensitivity is
not sufficient in many cases since the brightness (e �Uf: extinction
coefficient � fluorescence quantum yield) of natural fluorophores
is low. The sensitivity can be improved by using molecular beacons
(MBs). A MB is a nucleic acid probe, whose termini are modified
with a fluorophore and a fluorescence quencher. The terminal se-
quences in these probes are usually complementary to each other.
As a consequence, in solution they are folded into the hairpin
structure, where the fluorophore is positioned in close proximity
to the quencher; in this state the probe is not fluorescent.2 When
a protein binds to the loop part of the beacon the hairpin is opened
and the fluorescence intensity is increased. MBs have already been
applied to monitor the interactions of nucleic acids with single
stranded DNA (ssDNA)-binding protein (SSP)3 and different lactate
dehydrogenase (LDH) enzymes.4

The price of MBs is high because their synthesis includes mod-
ification of both termini of nucleic acids with expensive building
blocks.5 Moreover, their hydrophobicity can make the purification
of MBs difficult. In contrast, probes that carry only one modifica-
tion are substantially cheaper and their synthesis and purification
are trivial. A method that relies on such simple compounds, rather
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than MBs, therefore has potential to become a valuable and
broadly accessible biochemical tool for studying nucleic acid–pro-
tein interactions.

Herein, we report on the development of such a method. Its
concept is illustrated in Figure 1. In particular, we use a 50-dye–
DNA conjugate, which binds bovine serum albumin (BSA) due to
a non-covalent interaction (dye–BSA). In the resulting complex
the fluorophore is located in the hydrophobic pocket of the protein,
so its Uf is high. In the presence of a ssDNA-binding protein, for
example, SSP or LDH, the BSA–dye–DNA complex is replaced by
a dye–DNA–ssDNA-binding protein complex. In the latter state
the dye is exposed to water and its Uf is low. Thus, a decrease of
fluorescence intensity correlates with concentration of ssDNA-
binding proteins.

Our first task was to obtain a dye whose Uf is low in water and
high in the presence of BSA. We have selected 4-substituted 1,8-
naphthaleneimides, since they are highly photostable, cheap and
their chemical modification is straightforward. Moreover, these
Figure 1. A method for monitoring of single stranded nucleic acid–protein
interactions: bovine serum albumin (BSA) is shown in grey color, a single stranded
DNA–binding protein—in blue color; the red sphere is a dye in the hydrophobic
pocket of BSA (fluorescent); the black sphere is the same dye in aqueous solution
(non-fluorescent).
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Scheme 1. Synthesis of dyes 3a–c and 4.

Table 1
Properties of 4-substituted 1,8-naphthaleneimide dyes

Dye Absorption:
kmax, nm

Emission: kmax, nm �BSA/+BSAa F(+BSA)/F(�BSA) (k, nm)b

3a 400 555/525 19.5 (525)
3b 430 544/525 1.9 (524)
3c 420 540/520 8.9 (518)

a Emission maxima of 3a–c with and without BSA (Sigma/Aldrich: PN A9647, Lot.
Nr. 10GH1395) 600 lM; kex = 400 nm; phosphate buffer 20 mM (pH 7), NaCl
50 mM.

b Emission intensity at a wavelength given in the brackets without (�BSA) and
with BSA 600 lM (+BSA).
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Figure 2. Fluorescence intensity (arbitrary units) as a function of BSA concentra-
tion; tris-(hydroxylmethyl)-aminomethane (TRIS) 20 mM (pH 7.5), NaCl 50 mM,
MgCl2 10 mM: open squares—dye 4, 10 lM; filled diamonds—F1–DNA1, 10 lM;
open circles—F1–DNA2, 10 lM; filled triangles—F2–DNA1, 2 lM.
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dyes exhibit large Stoke’s shifts due to formation of an intramolec-
ular charge transfer (ICT) state upon absorption of light.6 It is
known that the fluorescence of ICT-dyes is highly sensitive to their
environment.7

Synthesis of the dyes was conducted in accordance with
Scheme 1. In the first step a reaction between the ethyl ester of gly-
cine and 4-bromo-1,8-naphthalenedicarboxylic anhydride (1) has
resulted in imide 2. Then, dyes 3a–c have been obtained by nucle-
ophilic substitution of 4-Br with different alkylamines.8

All of the prepared compounds show fluorescence that is sensi-
tive to their environment (Table 1). The effect is large for 3a and 3c,
but is dramatically smaller for 3b. This tendency does not follow
the basicity order of the 4-substituents (R): morpholine > 2-picol-
ylamine > bis-(2-picolyl)amine.9 It can rather be explained by the
theory of twisted ICT states,10 which indicates that the ICT-state
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H2N~DNA2: H2N(CH2)6OPO2-GTTCATCACGCGCTCCCACTTTTT
DNA3: 3'-GCGTGGTGTTTGGAA
DNA4: 3'-CAAGTAGTGCGCGAGGGTGAAAAA
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Scheme 2. Synthesis of the 50-modified DNAs: PGs—standard protecting groups for
nucleobases; a) (1) F-OH, 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium-
hexafluorophosphate (HBTU), N-hydroxy-benzotriazole (HOBT) and diisopropyl-
ethylamine (DIEA); (2) aqueous NH3 (20%).
is destabilized in the case of 4-mono-alkylamino substituted dyes,
for example, 3b.

We have selected a morpholino-derivative for further studies.
3a was converted to carboxylic acid 4 (Scheme 1). The acid was
coupled to a 50-amino linker modified DNA, which was otherwise
fully protected and bound to a controlled pore glass (CPG) support.
The conjugate obtained was cleaved from the support and depro-
tected with aqueous ammonia solution and, finally, purified by
HPLC (Scheme 2).11 The purity of the conjugates prepared by this
method was higher than 90%.

Compared to dye 4, the affinity of conjugate F1–DNA1 to BSA is
substantially lower (Fig. 2). This is apparent from a comparison of
the BSA concentrations required to saturate the fluorescence of the
dye ([BSA]sat): 250 lM for 4 and 600 lM for F1–DNA1 (Table 2).
The affinity is not further reduced in the presence of 1 equiv of
complementary DNA3.12 This effect may be explained by repulsive
interactions between negatively charged DNA strands and hydro-
phobic sites within BSA.

Upon the addition of SSP to BSA–F1–DNA1 complex, its fluores-
cence intensity is reduced by 4.2-fold (Table 2). The resulting fluo-
rescence intensity matches that of the F1–DNA1 conjugate, which
is not complexed to BSA. SSP alone does not affect substantially
fluorescence of the F1–DNA1: F(�SSP)/F(+SSP) = 1.2. These data
indicate that the initial complex is dissociated in the presence of
SSP. The driving force for this process is binding of SSP to the
DNA part of the F1–DNA1 conjugate.

In some cases it may be useful to monitor protein–DNA interac-
tions directly in biological mixtures, for example, cell lysates and
Table 2
Fluorescence of F–DNA conjugates in the presence of BSA and single stranded DNA
binding proteins: SSP and LDH-5

DNAa F(+BSA)/
F(�BSA)b

[BSA]sat

mMc
F(+BSA)/
F(+BSA+SSP)d

F(+BSA)/
F(+BSA+LDH-5)

F1–DNA1 9.9 0.6 4.2 3.9
F1–DNA1/DNA3 9.0 0.7 2.4 3.2
F2–DNA1 5.5 0.5 2.6 3.1
F2–DNA1/DNA3 2.2 0.5 2.6 2.2
TAMRA–DNA1 1.0 — — 1.2
F1–DNA2 7.4 — — 4.9
F1–DNA2/DNA4 5.6 — — 2.5

a Probes: [F1–DNA1] = [F1–DNA2] = [TAMRA–DNA1] = 10 lM, [F2–
DNA1] = 2 lM; 1 equiv of DNA3 and DNA4 were used relative to the corresponding
labeled DNAs; buffer: TRIS 20 mM (pH 7.5), NaCl 50 mM, MgCl2 10 mM.

b Emission intensity at 525 nm (kex = 400 nm for the derivatives of F1), at 765 nm
(kex = 650 nm for the derivatives of F2) and at 585 nm (kex = 540 nm for TAMRA–
DNA1) without (�BSA) and with BSA (+BSA); [BSA] = 0.6 mM.

c [BSA]sat: saturating concentrations of BSA.
d [SSP] = 2.3 lM; [LDH-5] = 23 units/mL.
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serum. Since autofluorescence of the components of these mix-
tures will contribute to the background emission at <650 nm,13

the sensitivity of the assay based on the BSA–F1–DNA probe
(kem = 525 nm) is expected to be low. We solved this problem by
replacing F1 with a fluorescent dye, which emits at >650 nm. We
selected another ICT-dye, a derivative of perylene: F2-OH,
kem = 765 nm, kex = 650 nm. This compound was prepared by using
the known protocol.14 It has been reported that the natural pery-
lene, hypericine binds efficiently to IIA subdomain of human serum
albumin.15 Since this drug is larger than F2, one could expect that
the binding site of serum albumin will be able to accommodate F2
as well. F2 was attached to the DNA according to the approach out-
lined in Scheme 2. We were pleased to observe that the fluores-
cence of F2–DNA (2 lM) is also enhanced in the presence of BSA;
[BSA]sat = 0.6 mM. Further, we have tested whether the BSA–F2–
DNA complex can sense presence of SSP in solution. We have ob-
served that SSP reduces fluorescence of the BSA–F2–DNA complex
by 2.6-fold (Table 2). Analogously to the F1–DNA1 conjugate, SSP
alone does not affect fluorescence of the F2–DNA1: F(�SSP)/
F(+SSP) = 1.3. Thus, the BSA–F2–DNA as well as BSA–F1–DNA
can be applied for monitoring protein–DNA interactions. Another
ssDNA-binding protein, LDH-5 has a similar effect on both BSA–
F2–DNA and BSA–F1–DNA complexes (Table 2).

Next, we have prepared an analogue of F1–DNA1 (15-mer) with
a longer DNA strand: F1–DNA2 (24-mer, Scheme 2) to show that
the effect observed is not restricted to one particular DNA se-
quence. The fluorescence of F1–DNA2 is weakly modulated by
LDH-5 alone: F(�LDH-5)/F(+LDH-5) = 1.5, whereas the fluores-
cence of BSA–F1–DNA2 is strongly affected by LDH-5: F(�LDH-
5)/F(+LDH-5) = 4.9.

One could expect that BSA–F–DNA associates would bind
ssDNA-binding proteins stronger than BSA–F–DNA/complemen-
tary DNA associates would do. This was not the case for the 15-
mer F–DNA probes (Table 2) that indicates that the corresponding
duplexes are less stable than ssDNA–protein (LDH-5 or SSP) com-
plexes. In agreement with this assumption, the inhibitory effect of
the complementary DNA on the probes with the longer DNA strand
(24-mer, F1–DNA2) was significant (Table 2).

In contrast to the ICT-dyes F1 and F2, TAMRA fluoresces from
an S1 excited state. As expected, fluorescence of a control conjugate
TAMRA–DNA1 is affected neither by BSA nor the ssDNA-binding
proteins (Table 2).

In summary, we have developed a simple, efficient and cheap
method for monitoring interactions between single stranded DNAs
and proteins by using fluorescence spectroscopy. As probes, we
have selected fluorescent complexes of 50-dye–DNA conjugates
with physiological concentrations of serum albumin. In the pres-
ence of a single stranded DNA–binding protein (SSP or LDH) these
complexes are destabilized, and the fluorescence intensity is
reduced. We have used this signal change for monitoring ssDNA-
binding protein–DNA interactions in real time. We have also
demonstrated that two different dyes (kem = 525 and 765 nm)
may be applied in this assay, confirming that it can be tuned for
application-specific needs. For example, the assay could potentially
be used for monitoring protein–DNA interactions directly in cell
lysates.
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