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Introduction

Single-stranded DNA-binding proteins (SBP) are essential for DNA replication, recombi-

nation, and repair in all known organisms.1 Although their primary function is to provide

protection for transiently formed single-stranded DNA (ssDNA),2 SBP–ssDNA complexes 

additionally play highly dynamic functional roles,3 for example in disrupting ssDNA sec-

ondary structures.4,5 One such structure is a so called hairpin structure, a key building block 

not only of DNA but of many folded secondary structures found in nature, such as ribozymes,

miRNA, shRNA and mRNA. A hairpin consists of a base paired double-stranded DNA part

2

Abstract

Gene-V Protein (G5P/GVP) is a single-stranded (ss)DNA-binding protein (SBP) of 

bacteriophage f1 that is required for DNA synthesis and repair. In solution it exists as a 

dimer that binds two antiparallel ssDNA strands with high affinity in a cooperative 

manner, forming a left-handed helical protein-DNA filament. Here we report on fluo-

rescence studies of the interaction of G5P with different DNA oligonucleotides having a 

hairpin structure (molecular beacon, MB) with a seven base-pair stem (dT24-stem7, 

dT18-stem7), as well as with DNA oligonucleotides (dT38, dT24) without a defined sec-

ondary structure. All oligonucleotide were end-labeled with a Cy3-fluorophore and a 

BHQ2-quencher. In the case of DNA oligonucleotides without a secondary structure, an 

almost complete quenching of their strong fluorescence (with about 5 % residual inten-

sity) was observed upon the binding of G5P. This implies an exact alignment of ends of 

the DNA strand(s) in the saturated complex. The interaction of the DNA hairpins with 

G5P lead to the unzipping of the base-paired stem as revealed by fluorescence measure-

ments, fluorescence microfluidic mixing experiments and electrophoretic mobility shift 

assay (EMSA) data. Importantly, the disruption of ssDNAs secondary structure agrees 

with the behavior of other single-stranded DNA-binding proteins (SBPs). In addition, 

substantial protein-induced fluorescence enhancement (PIFE) of the Cy3-fluorescence 

was observed.
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(stem) and a loop sequence with unpaired nucleotides. When used as a sensing system like 

in the presented study, hairpin structures are usually labeled with photoluminescent species 

(one donor and one acceptor) at their two ends. Such labeled hairpin structures are called 

molecular beacons (MB). The stem part of a MB brings the donor dye and the acceptor dye 

(fluorescence quencher in this case) in proximity and ensures efficient quenching of the flu-

orescence emission, as well as signal generation when structural changes occur. This is why 

the MB technique is a powerful analytical tool that, among other applications, can provide 

information on SBP-DNA interactions.5–8 Fluorescence methods in general have proven to 

be extremely useful for quantitative studies of the equilibria and kinetics of protein–DNA 

interactions.9

In this study, we investigate the interactions of Gene-V Protein (G5P) and several ssDNA 

MBs, with and without a secondary structure. G5P is a single-stranded DNA-binding protein 

(SBP) of bacteriophage f1 that is required for DNA synthesis and repair. G5P was chosen 

since it is a well-studied SBP prototype. Its properties, structure, and complex formation 

with ssDNA was previously examined by electron microscopy,10 circular dichroism,11 surface 

plasmon resonance,12,13 Raman spectroscopy,13 fluorescence,12 small-angle X-ray scattering 

(SAXS),14 NMR15 and mass spectrometry16 methods. G5P also serves as a model system 

in radiation research for investigations of the chemistry of DNA–protein crosslink forma-

tion, as can be found in cancerous tissue with high radiation resistance.14,17,18 The G5P 

protein monomer has a molecular weight of 9.7 kDa and consists of 87 amino acids in a sin-

gle polypeptide chain which are mostly in the β-conformation, organized as a five-stranded 

antiparallel β-sheet and two antiparallel β-ladder loops with a broad connecting loop.19 The 

DNA binding motif is shared with the ssDNA-binding motif of human replication protein 

A.20 In solution G5P exists as a dimer with a 2-fold rotational symmetry axis and the DNA-

binding clefts positioned to bind two antiparallel ssDNA strands (Fig. 1).10,21 G5P, as well 

as other single-stranded DNA-binding proteins, saturates ssDNA with a high cooperativity 

of binding (cooperativity factor in the range of 500-5000).22,23 The number (n = Nt/G5P)
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Figure 1: Schematic drawing of the G5P dimer from two different perspectives. The two 
ssDNA-binding clefts which enclose two ssDNA strands are evident. The DNA bases are 
embedded in G5P and the phosphate backbone of the two DNA strands points towards each 
other. G5P dimer image created from the PDB structure 1GVP.21

of nucleotides (Nt) bound per G5P monomer (G5P) depends on the binding conditions. 

The n=4 binding mode is dominant when the Nt to G5P ratio in solution is higher than 

4.24–26 Below this ratio, the formation of more perfect G5P-ssDNA filaments and the oc-

currence of the n=3 binding-mode was reported.24–26 On the other hand, the G5P binding 

mode for dT oligonucleotides with more than 15 nucleotides was determined directly using 

ionization-mass spectrometry (ESI-MS) and, independently, size-exclusion chromatography 

to be predominantly n=4.16 The concentrations of G5P and oligonucleotides used there are 

comparable to this work. The accurate mass determination provides a precise measure of 

binding stoichiometry. We therefore assumed throughout the manuscript the G5P binding 

mode n=4. Furthermore, in complexes with phage DNA in vivo, G5P dimers form a su-

perhelical structure.27 Within the superhelix, each protein dimer is bound, with its two-fold 

symmetry, to the same strand of a long DNA going in opposite directions.19 Thus, the DNA

must wrap back at the ends of the complex. Size-exclusion chromatography and mass spec-

trometry experiments established that the dT16 oligonucleotide forms 4:1 complexes with

G5P, suggesting that the 16-mer is long enough to fold back and to interact with all the

four DNA binding sites in the protein dimer of dimers.16 In addition, at least for the dT18

4

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



Page 5 of 25

oligonucleotides, the mass-spectroscopy work cited above showed that in the concentration 

ranges corresponding nominally from n=6 to n=3 the binding mode remains unchanged.16 

The data presented in this work reveals a number of different processes and effects and pos-

sibly represents an important base for adequate interpretation of more sophisticated single-

molecule Förster resonance energy transfer (smFRET) investigations of the ssDNA-G5P 

system in the future.

Experimental

G5P expression and purification

The Gene-V Protein (G5P/GVP, Swissprot: P69544, 87 AA, Mw 9688 Da) from bacterio-

phage f1 was expressed and purified as follows: The G5P plasmid pET-30b was transformed 

into BL21:DE3 and grown on a 2YT agar plate with 50 µg/mL kanamycin overnight. A 

single colony was used for a 10 mL overnight culture in 2-YT medium. Two mL of overnight 

culture was inoculated into 200 mL of 2YT medium with 50 µg/mL kanamycin. The protein 

was expressed with 1 mM IPTG (end concentration) after OD600 = 0.5 was reached for 4 h. 

Cells were collected, resuspended in 5 mL of buffer (1 × PBS, with 25 mM NaCl), and soni-

cated. Cell debris was removed, and the supernatant purified with a 1 mL Resource Q anion 

exchange column using the ÄKTA FPLC (both GE Healtcare, Sweden). The flow through 

was collected and purified using 1 mL of Ni–NTA agarose (Qiagen, Germany). Resin was 

washed three times with 5 mL of buffer (1 × PBS, 20 mM imidazole), and incubated for 30 

min with the flow through of the Q anion exchange column and the protein eluded with 5 mL 

of buffer (1 × PBS, 250 mM imidazole). Eluate was concentrated in ultracentrifuge devices 

to a final concentration of 1.5 mg/mL and the buffer was changed to 1 × PBS using dialysis 

tubes (both Merck Chemicals, Germany). The protein concentration was determined by 

BCA assay. Protein was stored at -20 °C.
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0 ligonucleotides 

The labeled oligonucleotides were obtained from Eurofins Genomics, Germany (HPLC puri­

fied and lyophilized). The abbreviations (Fig. 2), for example dT24stem7, stands for molecu­

lar beacons (MB) with dT24 loop and the stem of seven nucleotide pairs (Cy3-5'-GCTGACT­

dT24-AGTCAGC-3'-BHQ2). The stem was identical in all cases. 

Structure 

Sequence 

Binding capacity 

of G5P dimers: 

n=4mode 

n=3mode 

dT24 

Abbreviation 

dT38 

Cy3-5. -dT24-3. -BH Q2 Cy3-5. -dT38-3. -BH Q2 

3 

4 

5 

6 

loop18stem7 loop24stem7 

hairpin hairpin 

Cy3-5'-GCTGACT- Cy3-5'-GCTGACT-
dT18-AGTCAGC- dT24-AGTCAGC-
3' -BHQ2 3'-BHQ2 

4 (loop: 2) 

5 (loop: 3) 

5 (loop: 3) 

6 (loop: 4) 

Figure 2: Structures and abbreviations of the MBs in this work, as well as their binding 
capacity for G5P dimers in binding modes n=4 and n=3 (n=Nt/G5P). Star represents Cy3 
and pentagon BHQ2 quencher. 

Electrophoretic Mobility Shift Assay 

Electrophoretic Mobility Shift Assay (EMSA) measurements were carried out using samples 

with 2.5 µM loopl8stem7 hairpin oligonucleotide mixed with different G5P concentrations 

(0 µM, 17.5 µm, 35 µM and 75 µM) in lx PBS solution. A 2 % agarose gel was cast using 

0.5x TRIS-Borat-EDTA-buffer (TBE-buffer, Merck Chemicals Germany) as solvent. The 

oligonucleotide and increasing amounts of G5P were incubated for 20 min at 30 °C, and then 

applied to the gel. Gel was run for 60 min at 60 V. The Agarose Gel was scanned via an 
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Amersham Typhoon Biomolecular !mager (GE Healthcare, Sweden) with excitation over a 

broad range from 513 to 556 nm. The emission was detected between 570-613 nm according 

to the fluorescence properties of Cy3 fluorophore. 

Sample 

20x 

Dichroic 

Filter 

' 

! Detector !

532nm 

Figure 3: (Left) Schematic drawing of the experimental setup used for the Cy3-fluorescence 
observations. The 532 nm laser light was focused into a 15 µl sample drop sitting on top 
of a cover slide or in the channel of the microfluidic mixing device. (Center) Photograph 
of the experimental setup for the dynamic fluorescence measurements and (Right) of the 
glass microfluidics herringbone mixing device (Darvin Microfluidics). G5P was injected into 
the mixing part of the device from the two outside channels and the DNA from the middle 
channel. The laser light coming from below was focused inside the channel close to the outlet 
(marked with x). During the measurements the mixer was shielded from the outside light 
( not shown). 

Equilibrium fluorescence measurements 

The measurements were carried out using a confocal Raman Microscope (Witec alpha300R) 

equipped with a 20x Zeiss EX Epiplan DIC objective (working distance 3 mm, numerical 

aperture 0.4), a laser (wavelength 532 nm), spectrometer UHTS-300-VIS (grid of 600 grat-

7 
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ings/mm) and a thermoelectrically cooled CCD-camera Andor DV-401A-BV-532 (at -62 °C). 

The laser light was focused: a) into a 15 µl drop of solution on a high-precision cover glass 

slide (Zeiss, 18 mm x 18 mm x 0.18 mm) in a high-humidity atmosphere to avoid evaporation 

as described previously in detail,28 or b) inside the microfluidic channel of the mixing device. 

Laser power (0.1 mW) was checked by Coherent Laser check device. For equilibrium mea-

surements G5P-DNA solutions were mixed 30 min before the fluorescence measurements. 

Ten spectra were recorded with an integration time of 0.5 sec. The temperature during 

the measurement was 24±2 °C. All the resulting data are an average over an ensemble of 

molecules. Therefore, the registered fluorescence signal hast to be interpreted as an ensemble 

average.

Time dependent measurements in the Herringbone Mixer

The Herringbone Mixer (Fig. 3) was obtained from Darwin (darwin-microfluidics.com). The 

microchannel of the mixer is structured with asymmetric herringbone-shaped grooves on its 

bottom to generate helical flow and chaotic stirring for mixing the two liquids injected in 

parallel. The two microfluidic entry channels serve to introduce ssDNA and G5P protein into 

the herringbone structured mixing part of the device. The laser light was focused directly 

into the channel close to the exit of the device. Protein and ssDNA were injected from two 

syringes within 2 s while the fluorescence spectra were taken continuously over at least 150 s 

at the focal spot.

Results and discussion

To provide comprehensive information about the G5P-DNA interaction, two oligonucleotides 

without a secondary structure, namely dT24 and dT38, were studied in comparison to two 

oligonucleotides with a hairpin structure, dT18stem7 and dT24stem7 (Fig. 4). We point 

out here, that the chosen DNA sequences do not naturally exist in bacteriophage f1, and
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their combination with G5P represent an optimized model system to obtain a mechanistic 

understanding of protein-DNA interaction and protein induced fluorescence enhancement 

(PIFE) phenomenon, aimed towards nanotechnology, sensing and controlled release, as well 

as functionalization of (bio)polymers. The fluorescence spectra of the DNA without G5P 

(red curves) and DNA+G5P (blue curves) in equilibrium and their intensities (at maximum 

at 576 nm) are presented in Figs. 4 and 5, respectively. In the case of the pure oligonu-

cleotides without secondary structure (A and B in Fig. 4, red curves) the shorter oligonu-

cleotide demonstrates lower fluorescence intensity. This agrees with a smaller persistence 

length between the fluorophore and the quencher for the shorter oligonucleotide as revealed 

in a study probing single-stranded DNA conformational flexibility using single-molecule sm-

FRET.29 Upon binding of G5P a nearly complete extinction of the Cy3 fluorescence (with 

5 % residual intensity) is observed for both oligonucleotides (Fig. 4 A and B, blue curves). 

This is consistent with the known fundamental property of the G5P-ssDNA superhelix ge-

ometry and implies the alignment of the antiparallel ends of the DNA and proximity of Cy3 

and BHQ2. It is interesting here to juxtapose this behavior with the behavior of the single-

stranded DNA-binding protein SSB. SSB binds to ssDNA, among other modes, by wrapping 

65 DNA nucleotides around its tetramer. Only at this binding geometry are the two ends of 

the ssDNA in proximity to each other.6

The spectra in C and D in Fig. 4 show the behaviors of two MB with hairpins and loops 

of different lengths. The lower fluorescence intensity of the probe with the smaller loop (D) 

agrees with an earlier study of the loop-size dependence of DNA and RNA hairpin stabil-

ity and their folding/unfolding kinetics using laser temperature-jump spectroscopy.30 These 

measurements revealed a steep dependence of single-stranded DNA hairpin stability on the 

length of the loop (L). The folding times (t) for ssDNA hairpins increased with loop size as 

t ∼ L2.2.30 In contrast to the oligonucleotides without secondary structure (Fig. 4, A and B) 

the MB with hairpins show an increase in the fluorescence upon binding of G5P (Fig. 4 C and 

D, blue curves and Fig. 5 blue bars). This increase is dependent on the G5P concentration
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Figure 4: Cy3-fluorescence before and after binding of G5P protein. A) and B) oligonu-
cleotides without secondary structure. C) and D) DNA hairpin probes. The star depicts 
Cy3 and the pentagon BHQ2. The notation shortcut, for example, dT24stem7 stands for 
MB with a dT24 loop and the stem of seven nucleotide pairs (Cy3-5´-GCTGACT-dT24-
AGTCAGC-3´-BHQ2). The stem is the same in all cases. The concentration of all oligonu-
cleotides and hairpins is 2.5 µM and that of the G5P protein 75 µM, with dilution due to the 
mixing already considered. Note the different Y scales between A, B and C, D, respectively. 
We point here that at these concentrations there is also contributions of PIFE effect to the 
spectra (see text).
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Figure 5: Fluorescence intensities at the maximum (567 nm) of the emission spectra in Fig. 4 
after linear background subtraction.

only the Cy3 fluorophore (control oligonucleotide, upper graph) and the other having both 

Cy3 and BHQ2 quencher attached to it (lower graph), on the n=Nt/G5P ratio and the G5P

concentration is presented. At low G5P concentrations (high Nt/G5P ratio) the Cy3-dT38 

DNA oligonucleotide forms a saturated filament with G5P up to a Nt/G5P ratio n=4. At

Nt/G5P ratios below n=4 (high G5P concentrations) an excess of G5P exist. The Cy3 

fluorescence increases with further addition of G5P due to PIFE effect (see below). Com-

pared to this, for the oligonucleotide with Cy3 and BHQ2 quencher but no defined secondary

11

and the Nt/G5P ratio in solution (see below). We point here nearly equal signal height in 

the presence of G5P for all constructs (Fig. 4 and 5).

In Fig.6 the dependence of the fluorescence intensity of two dT38 probes, one containing
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structure a decrease of the fluorescence persists down to about n=1.5. The fact that the 

decrease in the Cy3 intensity in the case of the oligonucleotide incorporating both Cy3 and 

the quencher proceeds up to n=1.5 could be related to changes of the relative orientation of 

the Cy3 and the quencher dipole moment induced by G5P.31 At Nt/G5P ratios below n=1.5 

an increase of the fluorescence signal can be detected (close up).

The photophysical properties of Cy3 have been well studied.32–34 There it was observed, that 

after excitation, in addition to the radiative decay pathway generating fluorescence, Cy3 can 

also isomerize from the trans- to the cis- configuration through a torsional motion, bringing 

Cy3 back to its ground state without photon emission. Such a behaviour, when the close 

proximity of a protein to Cy3 leads to enhancement of the fluorescence intensity, is the ba-

sis of Protein Induced Fluorescence Enhancement (PIFE).35 PIFE is a versatile method for 

studying protein-DNA interactions which uses a single fluorophore36 and has sensitivity at 

distances that are shorter than that of the FRET range.37 PIFE occurs in environmentally 

sensitive fluorophores of the cyanine dyes38 and has been explained by a decrease in the rate 

of the cis-trans photoisomerization35,38 due to protein influence on the rate of photoisomer-

ization through steric hindrance39 and specific contact with specific amino acids residues of 

the protein.35,38 In addition, influence of the solution viscosity on the fluorescence intensity 

of Cy3 has been proposed.40 Thus, the fluorescence intensity of free Cy3 in solution increased 

more than fourfold as viscosity was varied about a factor of twenty by varying the concen-

tration of glycerol or ethanol in PBS.40 However, the experimental condition in this study 

support the explanation that proteins additionally bound closely to Cy3 in the ssDNA/G5P 

complex are responsible for PIFE for the following reasons. We note here that in case of 

BamHI protein system a twofold decrease in PIFE was observed already for distance changes 

of only one base pair, which is less than 3.4 Å.37 BamHI displays PIFE sensitivity in a range 

of 10 base pairs.37 On the other hand, for our experimental parameters (excitation at 532 

nm and a 0.4 NA objective) the confocal volume is about 1 fL. A local concentration of 1 µM 

of oligonucleotides corresponds to about 600 molecules in the confocal volume, and 38 µM of
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Figure 6: Comparison of the Cy3-florescence intensities of Cy3-dT38 (control oligonu-
cleotide) and Cy3-dT38-BHQ2 oligonucleotides of the same length, as the function of the 
nucleotide/G5P ratio (n=Nt/G5P). The data were obtained within one experiment under 
identical experimental conditions. The oligonucleotide concentration after mixing with G5P 
was 1µM in both cases. The lowest and highest G5P concentrations after mixing with 
oligonucleotides are 5.43µM (n=7) and 76µM (n=0.5), respectively. The fluorescence in-
tensities of the two oligonucleotides at 1µM concentration without G5P in the solution are 
indicated in the figure with stars positioned arbitrary at the end of the range at n=12. The 
PIFE effect sets in at different Nt/G5P ratios, depending on the absence or presence of the 
quencher.
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G5P (n=1 for 38mer oligonucleotide) to about 23000 G5P molecules forming 11500 dimers 

of approximately 48 nm3 in the confocal volume. Even at this high protein concentration the 

total volume of all proteins together is more than 1600-fold smaller than the confocal volume, 

making viscosity effects unlikely cause of PIFE. Thus, a direct interaction of G5P bound to 

ssDNA is, therefore, a likely cause here for following reasons. If one G5P dimer requires 

4 bps to attach, Cy3-dT18stem7-(BHQ2) can bind up to 4 dimers and Cy3-dT38 up to 5 

dimers until full saturation. At a ratio of 1 µM oligos to 76 µM G5P, consecutive binding of 

G5P alone could be sufficient to induce PIFE in the presence/absence of the quencher. The 

binding at low G5P concentration should not affect Cy3, which is, in particular, true when 

the complex is not static and G5P can still slide along. For increasing G5P concentration, 

more and more dimers will bind to the ssDNA forming a loop and then form a filament as 

depicted in Fig. 8. In the quenching assay, this will bring Cy3 and BHQ2 together and lead to 

a decrease in fluorescence. With increased binding, PIFE will occur in parallel (which is still 

majorly quenched) but visible at higher concentrations. In the PIFE assay, this consecutive 

binding will not be seen at the beginning, but only for n < 4 when more molecules are bound 

until sufficient G5P molecules bind to the filament so that Cy3 starts being influenced by 

the presence of G5P. This interpretation would be in line with MBs, where the additional 

G5Ps start opening the beacon in addition (see below).

In Fig.7 (left) we present equilibrium fluorescence of the hairpin oligonucleotide loop18stem7 

as a function of n=Nt/G5P. The protein binds first the loop and saturates it. At higher pro-

tein concentrations the protein starts to open the stem region (unwinding process). To 

test the hypothesis that 2 complexes were formed at different Nt/G5P ratios, we have per-

formed EMSA experiments (Fig.7, right), whose results are in good agreement with the step 

wise formation of G5P/DNA complexes and fits to the proposed unzipping of the hairpin 

structure as explained in the following. Thus, even though the G5P has been usually consid-

ered as a sequence independent ssDNA binding protein, the early data of Gray et al. have 

identified DNA hairpins26,41 as being among the protein’s preferred binding sites. The G5P-
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Figure 7: (Left) Cy3-florescence intensity of Cy3-dT18stem7-BHQ2 hairpin oligonucleotide 
as the function of the nucleotide/G5P ratio (n=Nt/G5P). Note that this ratio differs some-
what from the one in Fig.6 because the overall length of the hairpin oligonucleotide is 32 
instead of 38. The oligonucleotide concentration after mixing with G5P was 1µM. The lowest 
and highest G5P concentrations after mixing with the oligonucleotide are 5.43 µM (n=8.31) 
and 76 µM (n=0.59), respectively. The fluorescence intensities of the oligonucleotide at 1µM 
concentration without G5P in the solution is indicated in the figure with a star positioned 
arbitrary at the end of the range at n=12. The protein binds first the loop. At higher 
protein concentrations the protein starts to open the stem region (unwinding process). The 
formation of such a filamentous complex results in the 2nd complex observed in the EMSA. 
The PIFE effect is observed at n>4. (Right) Electrophoretic mobility shift assay (EMSA) of 
2.5 µM dT18stem7 hairpin oligonucleotide and different G5P concentrations: A) no protein, 
B) 17.5 µM, C) 35 µM, and D) 75 µM. The proposed binding scenarios are marked in the 
figure.
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binding affinity to hairpins was estimated to be about 40-fold higher compared to ssDNA 

without hairpins. Their EMSA experiments show a two step binding of G5P to the haipin 

structure.26,41 Considering this, and the fact that G5P has dyadic DNA-binding sites, we 

conclude that G5P first binds to the loop region of the hairpin (Fig.7 right, Lane B and C), 

and in a second step the stem region is opened and the whole DNA covered with G5P (Fig.7 

right, Lane D).26 It is important to note here that these data are obtained by imaging the 

Cy3-fluorescence directly, and not as usual by a posterior staining of the gel. Therefore free 

G5P is not detected in this experiment, but only free ssDNA and the ssDNA-G5P complex. 

The initial intermediate complex is found to be a stable complex, in the sense that it does 

not facilitate the binding of further G5P dimers to the stem. However, the unzipping of 

the stem, and the formation of a fully saturated complex can be initiated when the G5P 

concentration is further increased above a critical point.26

In Fig. 8 changes in the fluorescence intensity of two DNA probes upon two successive in-

jections are presented. These dynamic fluorescence data compare two oligonucleotide probes, 

one with (blue curve) and the other without (red curve) hairpin structure. The data was 

obtained using a microfluidics mixer (Fig.3) as described in the experimental section. In the 

case of the oligonucleotide without hairpin structure (red curve) injection and mixing with 

G5P results in a sharp peak during injection and an extended region of very low intensity. 

This is in accordance with the known fast sequestering of ssDNA by G5P and merging of 

the ssDNA ends with Cy3 and BHQ2, bringing them in proximity. In contrast, the hairpin 

oligonucleotide (blue curve) with double-stranded stem shows a prominent broad peak. We 

tentatively assign this broad peak, which stretches over few tens of seconds, to processes 

involved in unzipping of the stem and the formation of the fully saturated complex. In this 

scenario, the stem7 is destabilized, most likely from the loop-side of the oligonucleotide, 

as G5P interacts with a few nucleotides of the stem. The shorter rest of the stem is then 

becoming destabilized, leading to a higher rate of opening and therefore to an increase in 

fluorescence intensity. At the same time, an unzipped stem is an appropriate conformation
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Figure 8: Cy3 fluorescence upon mixing of two DNA oligonucleotide and G5P using a mi-
crofluidics mixer. The curves show two successive experiments (mixing) using a hairpin 
DNA (blue curve above, dT38stem7) and a ssDNA without a secondary structure (red curve 
below, dT38). The DNA and G5P concentrations are 0.5 µM and 5 µM, respectively. Struc-
ture A corresponds to the structure where G5P has bound only to the hairpin region, while 
structure B depicts a fully saturated nucleoprotein filament. Structure C corresponds to two 
antiparallel bound ssDNA strands involving two dT38stem7 oligonucleotides. This structure 
is generally considered less likely in the case of equilibrium measurements, but is proposed 
here because the microfluidic data concern flow and high pressure conditions. However, 
with the experimental set-up we can not discriminate between structure B and C. Mixing 
dT38stem7 with G5P results in a broad fluorescence peak stretching over about 50 sec-
onds. During this time, the unzipping of the stem starts increasing fluorescence. In parallel 
complexes B and C are formed decreasing fluorescence. The two processes result in the 
fluorescence peak. For the sequence dT38 (no DNA hairpin) time dependent changes of the 
fluorescence can not be detected as the saturated complex is formed within ms range. The 
fluorograms are shifted vertically for clarity.
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for further binding of G5P and therefore for reduction of the fluorescence intensity. These 

two competing processes happening in the ensemble of molecules measured lead to the broad 

peak observed in Fig.8. This finding and proposed model is consistent with the two-stage 

binding of G5P to hairpins observed in Fig.7 (right) and early EMSA studies,26 concerning 

the G5P-hairpin interaction. We note here that other single-stranded DNA-binding proteins 

also destabilize secondary DNA structures such as hairpins. Thus, using single molecule total 

internal reflection fluorescence microscopy, a fluctuating smFRET signal is observed, which 

is consistent with the unzipping of the hairpin by SSB protein in two stages.6,7 In addition, 

using a single-molecule fluorescence approach, Nguyen et al.8 showed that human Replica-

tion Protein A (hRPA) protein diffuses along ssDNA to transiently invade and destabilize 

(unzip) a DNA hairpin structure. In conclusion, we propose that in the case of the hairpin 

oligonucleotides used in this study, an intermediate complex (where G5P binds antiparallel 

strands in the loop region) is immediately formed upon mixing with the protein. This is 

followed by a destabilization of the stem, as observed by the broad and delayed fluorescence 

feature after mixing, until the fully saturated DNA-protein complex is formed.

The molecular beacon data presented in this work are the first results applying a fluoro-

metric approach concerning the interaction of G5P with DNA and represent a base for the 

future investigations with methods such as smFRET.42 Finally, it is important to note here, 

that the described results should be largely considered as model studies of importance in 

(bio)nanotechnology and spectroscopy.
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