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Novel monomethine cyanine dyes Cl-YO, F-YO, Cl-YO-Et, Cl-YO-Bu, and YO-Pent were evaluated as agents to de-
tect and characterise a small virus, the MS2 bacteriophage, using the dye and virus intrinsic fluorescence, kinetic
and thermal properties, chemical denaturation, and molecular docking and quantum chemistry modelling. The
examined compounds demonstrated enhanced fluorescence responses and high affinities (~1 M) for the in-
tact bacteriophage at physiological ionic strength. The linear Scatchard plots revealed the existence of one bind-
ing mode for most dyes. Strong evidence that the cyanines bind to the bacteriophage external surface were

l,\(,;"gv s;g;riophage obtained, although the possibility of the dye penetration through the virus shell and subsequent complexation
Cyanine dyes with the viral RNA was also tested. The main arguments in favour of the former were that i) the fluorescence
Fluorescence of the MS2-bound fluorophores decreased under the influence of protein denaturants, urea and guanidine hydro-
MS2 capsid chloride; ii) the fluorescence responses of the dyes to MS2 and bovine serum albumin were similar; and (iii) one
Scatchard plots order of magnitude higher sensitivity of the dyes to the yeast RNA was found. Simple docking studies suggested

Dye-capsid interactions that one cyanine molecule is trapped in a cleft formed by three proteins composing the virus shell. Significant role

of electrostatic forces in the stabilisation of the dye-MS2 complexes at low ionic strength (10 mM) was demon-
strated, while the influence of steric, hydrophobic, and van-der-Waals interactions was expected to increase at
physiological ionic strength. The spectral properties of the novel cyanine dyes compared to other fluorophores
demonstrated higher sensitivity of the cyanines to MS2, rendering them promising agents for the investigation
of the changes in the virus structure under the influence of heat (Cl-YO-Et, CI-YO-Bu), denaturants (CI-YO, F-
Y0), and ionic strength (all the compounds).

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Viruses have long been a focus of great research interest in a variety
of aspects due to their medical relevance, from the viral infection cycle
to the virus-based drug nanocarriers and gene therapy [1,2]. The MS2
bacteriophage, a small non-enveloped RNA phage that infects
Escherichia coli [3], has been extensively used as a model virus for im-
munological [4], evolutionary [5] and water disinfection [6-9] studies,
since its size (~27 nm), RNA and capsid structure are similar to those
of enteric pathogenic viruses [10]. Specifically, its single stranded RNA
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(3569 nucleotides, 1600 kDa [11,12]) is electrostatically attached to
the phage's T = 3 icosahedral capsid composed of 178 copies of the
coat protein and an asymmetric maturation protein [13]. The MS2
RNA packaging and its capsid formation are closely connected: i) the
RNA hairpins promote the arrangement of the coat protein dimers
into pentameric nuclei, thus, accelerating the capsid formation [10]; ii)
the genome forms two concentric shells, connected along the 5-fold
symmetry axes of the capsid [14]. MS2 is a soft bioparticle, because it
is permeable to water, ions, and small molecules [15] due to the pres-
ence of 32 pores, each 1.8 nm in diameter, covering >10% of the capsid
surface. Therefore, the phage has three structurally different layers, i.e.
the capsid outer shell (thickness ~2 nm), the capsid-bound RNA layer
(thickness ~3 nm), and the fully hydrated bulk RNA (filling a nearly
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spherical volume with ~8 nm radius) [14,16]. The capsid outer surface is
negatively charged at neutral pH [17], and it is stable within the pH
range 3-9 [18]. The all-atom model of the MS2 capsid at physiological
conditions has built recently [17] and the effect of ion distribution on
the capsid's surface stability was analysed using molecular dynamics
simulations [17], using similar approach as for the PCV2 capsid [19].
The above structural and physicochemical properties of MS2 enable
the encapsulation of the RNAs, DNAs [20], radioactive isotopes, antican-
cer agents [21] into an empty MS2 capsid and the modification of its ex-
terior surface [22], resulting in the design of MS2-based drug delivery
systems [20], highly sensitive diagnostic tools [21], and building blocks
for material construction [22].

One of the most powerful experimental approaches currently
employed to uncover the infectivity mechanisms of viruses and to ex-
tend the area of their biomedical applications involves the use of fluo-
rescence techniques. Fluorescence studies have been performed on
many viruses, including the measurements of: i) the intrinsic fluores-
cence of viral proteins [23,24]; ii) the spectral responses of the viral
RNA covalent labels, e.g. SYBR gold [24], YOYO-1 [25] (for bacteria de-
tection); and iii) the fluorescence of the capsid labels, viz. Rhodamine
B (for the estimation of disinfectant doses for viruses) [26],
carbocyanines Cy5 (for the development of capsid-based DNA markers)
[27] and Cy3 (for cell imaging and flow cytometry) [28], fluorescein (for
investigation of viral transport in porous media) [29], Alexa dyes (for
the in vivo visualization of the tumor angiogenesis in mice [30] and
for devising the photocatalytic materials [30]), etc. Despite the simplic-
ity and efficiency non-covalent labeling of whole viruses and virus-like
particles (VLPs) has rarely been used so far because of the difficulties in
the quantitative characterization of the dye-virus complexes and deter-
mining the precise location of the bound fluorophores. For example,
Nano Orange has been used as a fluorescent marker for MS2 and the
MS2-antibody immunocomplex [4], the cyanine dyes YO, YO-PRO, YO-
PRO17, BOXTO-PRO were found to be suitable for monitoring the bacte-
riophage T5 capsid permeability for small molecules [31]. In this respect,
the cyanines represent an attractive class of fluorescent markers whose
main advantages lie in the high extinction coefficients, long-wavelength
absorption, and emission covering the optical window for biological
samples [32,33]. The cyanine dyes have been successfully employed as
fluorescent markers of nucleic acids and proteins [34], small-molecule
agents for tumor-specific drug delivery [35], tumor photodynamic ther-
apy [36], inhibitors of amyloid fibril formation [37] to name a few.

The present study was undertaken to assess the ability of the novel
monomethine cyanine dyes to detect and characterise the MS2 bacteri-
ophage using the fluorescence spectroscopy technique. Specifically, our
objectives were i) to qualitatively and quantitatively analyse the dye-
bacteriophage interactions; ii) to determine what structural component
of the MS2 phage (capsid or RNA) preferentially accommodates the ex-
amined fluorophores by investigating the effects of heating, ionic
strength, ribonuclease (RNase), urea and guanidine hydrochloride
(GdnHC(l) on the dye spectral responses; and iii) to select the fluores-
cent compounds, which are the most sensitive to MS2.

2. Materials and methods
2.1. Chemicals and microorganisms

The grades of the reagents used were as follows. Bovine serum albu-
min (BSA, >96%, agarose gel electrophoresis), dimethyl sulfoxide (99%,
ACS reagent), guanidine hydrochloride >98%), ribonuclease A from bo-
vine pancreas (260% RNase A basis, SDS-PAGE), 1-anilinonaphthalene-
8-sulfonic acid (1,8-ANS, high purity), Thioflavin T (265%), NaCl (chem-
ically pure, 99.9%), and RNA from Saccharomyces cerevisiae (95%, Pi
(phosphate): 0.3%), phosphotungstic acid hydrate (high-purity grade)
for electron microscopy were obtained from Sigma (St. Louis, MO). Ac-
ridine Orange and Methylene Blue (high-purity grade), urea, Na,COs,
CuS04-5H,0, sodium citrate, NaOH and Folin-Ciocalteau phenol reagent

(all pure for analysis) were from Reakhim (Russia). TRIS (assay min.
99.9%, titration) was purchased from Serva. The monomethine cyanine
dyes (analytical grade) (Scheme 1), the trimethine cyanine AK3-1 and
phosphonium dye TDV (analytical grade) were synthesized and puri-
fied in the University of Sofia, Bulgaria, as described previously [38].

The coliphage MS2 (ATCC 15597-B1) and its host E. coli strain C-
3000 (ATCC 15597) were obtained from American Type Culture Collec-
tion (ATCC), followed by their propagation, expression and purification
as described below.

CaCl, (USP grade), MgCl, (analytical grade), TRIS (ultrapure) used
for the MS2 phage production and purification, were from Melford Lab-
oratories, UK. NaCl (analytical grade) was from Duchefa (Netherlands).
All other chemicals were used without further purification.

2.2. MS2 propagation, expression and purification

Two series of MS2, referred to here as ms2/s1 and ms2/s2, were pre-
pared and used in this study. Bacteria E. coli were cultured in Lennox L
Broth medium (Melford Laboratories) at 37 °C and infected with MS2
phage at middle log-phase. After complete lysis of the bacteria within
a few hours, the lysate was centrifuged at 10,000g for 15 min to remove
cell debris, and then centrifuged again at 100,000g for 4 h to pellet the
phage particles [39]. The pellet was resuspended in buffer containing
50 mM TRIS (pH 7.5), 150 mM NaCl, 5 mM CaCl, and 5 mM MgCl,, re-
vealing the first series of the particles (ms2/s1) [31]. The same protocol
was employed for the preparation of the second series of MS2 (ms2/s2),
although ultracentrifugation at 100,000 g was not used in this case in
order to reduce the extent of the phage aggregation [24]. Instead, MS2
was concentrated using Amicon_Ultra-15 centrifugal filter units con-
taining Ultracel 100 kDa membrane. The ms2/s1 was viewed by TEM
(Fig. S1A) [31]. The infective MS2 phage concentration was determined
by a plaque forming unit (PFU) assay using the overlay method [40],
yielding the values 10° PFU/ml (ms2/s1) and 10" PFU/ml (ms2/s2).

The MS2 amount was also quantified using the Lowry method
(Fig. S1B), and expressed in mg protein per ml [41]. The total protein
concentrations revealed by this method were 3.2 4+ 0.6 mg/ml (ms2/
s1) and 25 + 5 mg/ml (ms2/s2), respectively.

2.3. Preparation of working solutions

Cyanine dye stock solutions (50 pM) were prepared in dimethyl sulf-
oxide. To determine the dye concentration, the absorption spectra of the
diluted stock solutions (Fig. S2) were measured with the Hitachi U-2000

spectrophotometer (Hitachi, Japan). The extinction coefficients at the
absorption maxima 482-485 nm for the monomethine cyanine dyes,

al Cl-YO

. S Q
ﬁ/ 5 T %
cl Cl-YO-Et CI-YO-Bu
Q Qo ~
%

YO-Pent /\/
o ¢ N\

& =

N F

/

Scheme 1. Structures of the monomethine cyanine dyes under study.
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referred to here as CI-YO, F-YO, Cl-YO-Et, CI-YO-Bu, YO-Pent, were
72,600 M~! cm™!, 60300 M™' cm~! 64,000 M~! cm™,
90,500 M~! cm™"', 90,400 M~! cm™, respectively. The MS2 working
solutions, yeast RNA (0.5 mg/ml), bovine serum albumin (7 mg/ml)
and RNase (10 mg/ml) stock solutions were prepared in TRIS buffer
(pH 7.5,50 mM TRIS, 150 mM NacCl, 5 mM CaCl,, 5 mM MgCl,), referred
to here as TRIS-MS2 buffer. The 5 M NaCl was prepared by the salt dis-
solution in sodium phosphate buffer (5 mM, pH 7.4). The urea (8.3 M)
and GdnHCl (6 M) stock solutions were prepared in distilled water. To
study the effects of ionic strength on the dye binding to ms2/s2 some
experiments were also performed in TRIS buffer (10 mM TRIS, pH 7.5).

2.4. Steady-state fluorescence measurements

The emission spectra of the cyanine dyes were recorded in buffer
and in the presence of MS2, RNA, BSA, RNase, urea, and GdnHCI with
LS-55 spectrofluorimeter (Perkin-Elmer Ltd., UK) at 20 °C using
10 mm path-length quartz cuvettes. For all the examined cyanines the
excitation wavelength was 460 nm, with excitation and emission slit
widths being set at 10 nm. While measuring the intrinsic protein fluo-
rescence of the intact, heat-denatured, urea-denatured and GdnHCI-
denatured ms2/s2, the excitation wavelength was 280 nm. The fluores-
cence kinetic measurements of the dye binding to the heat-, RNase-, and
urea-treated ms2/s2 were performed at emission wavelength 504 nm,
with the time step 0.001 min, the excitation wavelength 460 nm, and
the excitation and emission slit widths 10 nm.

2.5. Binding studies

A simple one-site Langmuir adsorption model was employed to
quantitatively analyse the binding of the cyanine dyes to ms2/s1. To
quantify the amount of MS2-associated ThT, it was assumed that the
fluorescence intensity increase accompanying the formation of the
dye-virus complex (AFsq4) is proportional to the concentration of the
bound dye (B) [42,43]:

AFspq = F—Fg = FipoiB (1)

where F is the dye fluorescence intensity in the buffer solution, Fy,o; is a
coefficient proportional to the difference of the dye quantum yields in
the free and virus-associated states. In terms of the Langmuir adsorption
model the concentration of the bound dye can be represented as a func-
tion of the total concentrations of the dye (Z) and protein (P), associa-
tion constant (K;) and binding stoichiometry (F,o, mol of dye/mg of
protein per ml) using the following expression:

B B

~ (Z—B)(nP—B) _ F(nP—B) @)

Kq
where F is the concentration of the free dye. In the case when nP > B,
from Egs. (1) and (2) one obtains:

1 3
AF504 N F,,,DlnPKaZ FmoIZ

The y-intercept of the 1/AFsp4 vs. 1/P equals 1/(FpoiZ), thus yielding
the value of F,,, required for calculating B from Eq. (1). Next, the asso-
ciation constant and stoichiometry of the dye-virus binding were esti-
mated from the fluorimetric titration of ms2/s1 by the dye. The
concentration of the bound dye, B, at each titration point was calculated
as AFsg4/Fimo, and the concentration of the free dye equals to F = Z — B.
The Scatchard plots B/F = f(B) were used to calculate K, = — by, and
n = — bo/(b; - P), where b, and bg are the slope and the intercept of
the linear fit of the plot B/F (B) [44]. The same approach was employed
to quantify the dye association with RNA and estimating the F,, value
for the CI-YO - BSA complex.

2.6. Effects of heat, ribonuclease, NaCl and denaturants on the dye-virus
binding

To examine the effect of heating on the dye binding to ms2/s2, 2 ml
of the phage (0.06 mg protein per ml) was incubated in water bath at
72 °C for 20 min [45], cooled to the room temperature, followed by
the addition of 20 pl of the dye (to final concentration 0.5 pM) and sub-
sequent kinetics measurements for 5 min at room temperature. The
control sample was prepared with the intact ms2/s2 (0.06 mg protein
per ml) and 0.5 pM of the dye. The fluorescence spectra of the phage-
bound dyes were also measured after the equilibration was completed.

The RNase effects were studied by adding 50 pl RNase (to reach its
final concentration 0.24 mg/ml) to the heat-denatured and intact
ms2/s2 (0.06 mg protein per ml), followed by the kinetics measure-
ments for 5 min at room temperature.

An additional series of experiments was conducted to evaluate the
urea and GdnHCI denaturing effects on the MS2 phage. The ms2/s2
(0.06 mg protein per ml) suspended in the mixture of 1 ml TRIS-MS2
buffer and 1 ml urea (8.33 M) or GdnHCl (6 M) was incubated for
16 h at room temperature [24], followed by the addition of the cyanine
dye CI-YO (to a final concentration of 0.5 M) and measurements of its
fluorescence spectra. The control samples contained the dye, buffer, and
urea or GdnHCI. Alternatively, the kinetics measurements were con-
ducted after urea (to a final concentration of 0.44 M) addition to the
sample, containing the dye (2 pM) and intact MS2 (0.001 mg protein
per ml).

The effects of NaCl on the dye binding to the intact and heat-
denatured ms2/s2 (0.06 mg protein per ml) were studied by the fluo-
rescence spectra measurements of the ms2/s2-bound cyanines
(0.5 uM) in TRIS-MS2 and TRIS (10 mM, pH 7.5) buffers, followed by
the comparison of the fluorescence intensities at 504 nm. Furthermore,
the dye spectral response was also registered after the addition of NaCl
(to a final concentration of 1 M) to the above solutions of the MS2-
bound cyanines. The relative change in the fluorescence intensity of
the cyanines at 504 nm was calculated as follows:

Change, % = % -100%, (4)

where Iy and I are initial fluorescence intensity of the MS2-bound dye,
and the intensity measured after the virus modification by heat or dena-
turants, respectively.

2.7. Quantum chemistry calculations

The dye geometry optimisation and estimation of their quantum
chemistry parameters, such as i) the energy of the highest occupied
(EHOMO) and lowest unoccupied (ELUMO) molecular orbitals; ii) the
solvent accessible area (CA); iii) the COSMO volume (molecular vol-
ume) (CV); iv) the molecular length (L), height (H) and width (W);
v) the Mulliken atomic charges, were performed with the semiempirical
PM6 method (MOPAC 2016 Version18.012 L - free academic license
[46,47]). The Molinspiration software (http://www.molinspiration.
com/cgi-bin/properties) was used for evaluating the lipophilicity of
the examined compounds (LogP) (http://www.vcclab.org/lab/alogps/)
[48]. All the calculated parameters are presented in Tables S1 and S2.

2.8. Molecular docking and molecular dynamics simulations

To identify possible MS2 binding sites for the cyanine dyes and to
elucidate the nature of the interactions involved in the dye-protein
complexation in the virus capsid, the molecular docking studies were
carried out with the all-atom model of MS2 capsid built using the com-
bination of high resolution cryo-EM measurements and molecular dy-
namics simulations (under physiological conditions) [17]. Specifically,
the GROMACS 5.1 simulation package (AMBERO3 force field and TIP3P
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water model) was used for MD simulations. The X-ray structure was
subjected to energy minimization via steepest descent method and re-
strained equilibration during 5 ns. After this, the production run was
carried out for 50 ns at NVT ensemble (temperature of 298 K) with
three-dimensional periodic boundary conditions imposed. The time
step equaled 2 fs, the electrostatic interactions were computed by
means of the PME method and van der Waals interactions were cut-
offat 1 nm.

The two subunits of MS2 capsid: i) a trimer (composed of two A/B
dimers and one C/C dimer of the virus), i) a pentamer (composed of
five A/B dimers) were chosen as representatives to simplify the calcula-
tions [17,20]. Alternatively, the structure of the sSRNA stem-loop (with
the nucleotide sequence UGAGGAUCACCCA), taken from the MS2 coat
protein/RNA complex (PDB ID: 1ZDH) [49], was used to identify poten-
tial MS2 RNA binding sites for the novel dyes. The structures of the dye
monomers optimised using the semiempirical PM6 method [46,47]
were used for the docking studies, because the monomer dye species
are predominant in buffer solution at micromolar concentrations
employed here (Fig. S1B) [50,51]. The top 10 energetically favorable
dye-protein structures were obtained using the PatchDock algorithm
that is suitable for protein-ligand and protein-protein complexes, and
then refined by the FireDock, as described previously [52]. The docked
complexes were visually examined by the Visual Molecular Dynamics
(VMD) software (version 1.9.3).

3. Results and discussion
3.1. Qualitative analysis of the dye-MS2 binding

At the first stage of our study the dye-virus association time profiles
were measured (as described in Section 2.7) revealing very fast and sig-
nificant fluorescence response of the examined cyanines to the presence
of ms2/s2, similar to that of YO-PRO to the bacteriophage T5 [31]. Rep-
resentative curves are shown in Fig. 1 that indicate the comparable
rates of the dye association with the intact and heat-denatured (as de-
scribed in Section 2.6) phage. To rationalize these findings, two basic hy-
potheses were considered: i) the dye predominant binding to the MS2
capsid (Hypothesis 1) and ii) the dye preferential association with the
viral RNA (Hypothesis 2).

Hypothesis 1. The immediate formation of the dye-MS2 complex
(Fig. 1A) is most likely to occur on the phage exterior, because cyanine
penetration through the capsid pores should result in a slower rate of
binding. Indeed, despite the genome-free MS2 capsid surface is perme-
able to small molecules, for example fluorescein-aniline conjugates [15],
uranyl acetate [22], hybrid oligonucleotides [53], etc., high RNA density
near the pentamer pore is likely to impose steric restrictions to the dye

MS?2 (heat-denatured) + Cl-YO-Et

450
375
3004
= MS2 + Cl-YO-Et
3225
150
75
0 . . . .
0.0 0.5 1.0 1.5 2.0
time, min
A

binding inside the phage [14,22]. Presumably, only small species like
ions or singlet oxygen are capable of reaching the MS2 capsid interior
[17,22,54]. In turn, a large number of small ligands were reported to as-
sociate with the MS2 capsid through covalent interactions (fluorescein-
5-isothiocyanate, fluorescein, 5-(4,6-dichlorotriazinyl)
aminofluorescein [29]) and non-covalent/hydrophobic (Nano Orange
[4,55], rhodamine B [29], Sypro Orange [45]).

Thus, low probability of the dye collision with the MS2 pore edge
(total pore area is only 14% of the capsid surface) along with the theo-
retically predicted possibility of the pore size decrease upon increasing
the ionic strength (up to 1 nm at the ionic strength 100 mM) [16],
strongly suggest that the cyanines associate with the capsid of the intact
virus. Interestingly, the fast rates of the dye binding to the intact and
heat-denatured MS2 may reflect similar kinetic behaviours of the cya-
nine complexation with the capsid protein and RNA/RNA-denatured
protein assemblies [45].

Hypothesis 2. On the other hand, it cannot be excluded that at least
some part of the dye molecules can penetrate the capsid shell and asso-
ciate with the viral RNA, because the pore diameter (~1.8 nm) is greater
than the longest dimension of the investigated cyanines varying be-
tween 1.26 and 1.57 nm (Table S1). One should also bear in mind that
the cationic YO probes have been developed as specific DNA and RNA
fluorescent markers [50,51]. Furthermore, a fast rate of the cyanine
YO-PRO binding to bacteriophage T5 was attributed to the dye associa-
tion with the phage DNA packed inside the capsid [31]. Finally, a molec-
ular probe Sypro Orange (that is longer than the compounds under
study) was assumed to penetrate inside the MS2 particles after the
phage heating to 60 °C [45].

3.2. Quantitative analysis of the dye-MS2 binding

Taking into account the above considerations, our further efforts
were focused on evaluating the dye affinities to MS2, and identifying
the possible phage sites for the cyanine accommodation. Since the equi-
librium between the free and MS2-bound dye species was established
immediately (Fig. 1), the fluorescence titrations of the fluorophores
with ms2/s1, and vice versa, were performed. As seen in Figs. 2, S3-S5,
all examined cyanines showed substantial fluorescence increase in the
presence of MS2.

The fluorescence data were used to build the Scatchard plots (Figs. 3,
S6) and to determine the quantitative characteristics of the dye-MS2
complexation, as described in Section 2.5. The linear Scatchard plots
were obtained for all fluorophores, except YO-Pent, indicating the exis-
tence of one binding mode [44].

MS2 (heat-denatured) + Cl-YO-Bu

4501
3754
. MS2 + Cl-YO-Bu
<&
%2251
150
75
0 . . . .
0.0 0.5 1.0 L5 2.0
time, min
B

Fig. 1. Kinetics of association of CI-YO-Et (A) and Cl-YO-Bu (B) with intact and heat-denatured at 72 °C ms2/s2 (0.06 mg protein per ml), monitored by the increase in fluorescence intensity

at 504 nm.
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Fig. 2. Fluorescence spectra of CI-YO in the presence of ms2/s1: direct (A) and reverse (B) titrations. The dye and protein concentrations were 0.5 uM and 5.3 pg protein per ml, respectively.

As seen in Table 1, all cyanines showed comparable F,,, values, ex-
cept F-YO, that displayed the lowest fluorescence response to ms2/s1
presumably due to the effects of fluorine substituent in the benzoxazole
heterocycle on the spectral properties of the dye [56]. For example, the
LogP value of F-YO was 3 times smaller, than that of CI-YO, that could ac-
count for the observed differences in the F,,, (although the quantum
chemistry characteristics were similar for all dyes, Table S1). The associ-
ation constants for the dye-MS2 binding were found to be comparable
for the investigated compounds (showing slight increase for Cl-YO-Bu
and YO-Pent), being close to that reported for the cationic
monomethine cyanine dye T-284 binding to fibrillar a-synuclein [57].

To the best of our knowledge, there were no reports of quantitative
characterization of the non-covalent binding of the small organic li-
gands to the bacteriophage MS2. Instead, much work has been aimed
at evaluating the photo-induced inactivation and inhibition of bacterio-
phages [58-61], as well as studying their absorbance on different sur-
faces [62,63]. Interestingly, Yamamoto M. reported affinities of the
dyes, including Methylene Blue, Acridine Orange, Crystal Violet, for the
nucleic acids of the bacteriophage T5 ca. ~0.3-3 uM ™' [59], while the af-
finity of the MS2-binding protein for MS2 capsid was about 74 uM~!
[64], and the association constant of the MS2 capsid binding to MS2
RNA was ~333 uM ™! [65]. Thus, our results, revealing the association
constants ~1 uM ™" for the cyanine binding to ms2/s1, are comparable

A CI-YO-Et
CI-YO-Bu

Cl-YO

0.554 =
0.50
0.45 4

Bound dye/ Free dye

0.06 0.09
Bound dye, pM

0.40 +
0.35+

0.30+

Bound dye/ Free dye

0.25+
0.20+

0.15

010 015 020 025 030 035
Bound dye, uM

Fig. 3. Scatchard plots of the cyanine dyes in the presence of ms2/s1 bacteriophage (5.3 g
protein per ml).

with the affinity of the organic dyes for nucleic acids, and have lower
specificity to MS2 capsid than that of proteins and nucleic acids.

Similarly to the classical non-covalent protein marker Nano Orange,
the novel compounds appeared to detect MS2 in the very low concen-
tration range, ca. ~2-20 nM protein per ml [4]. In turn, the n value de-
creased ~3 times when the length of the alkyl substituent on the
quinoline heterocycle exceeded the methyl group length (Table 1).
Thus, the steric hindrances may result in the decrement of the number
of MS2 binding sites for CI-YO-Et, CI-YO-Bu and YO-Pent, possessing
bulky alkyl substituents. On the other hand, the steric factors may pro-
mote the appearance of the second (highly specific) MS2 binding site
for YO-Pent (K, Table 1) presumably due to the enhanced van-der-
Waals and hydrophobic dye-MS2 interactions, especially at a relatively
high ionic strength (~0.15 M), when the intermolecular electrostatic in-
teractions are partially screened (Table 1) [45,66]. For instance, Rhoda-
mine B [29] and Sypro Orange [45] were reported to attach to the
hydrophobic sites of the intact and partially denaturated (at 60 °C)
MS2 capsid. The above assumptions are also corroborated by simple
docking studies (Section 2.8), providing the MS2 capsid binding sites
for the cyanine dyes. A negatively charged external surface of the capsid
attracts the cationic dyes [17], which may further accommodate in the
low charge density sites, i.e., clefts, formed by the three (2 A/B, 1C/C)
or two (A/B) neighbouring dimers of the capsid trimer and pentamer,
respectively (Figs. 4A, S7) [20]. The trimer cleft is presumably a specific
MS2 binding site for the dyes because it is deep and has a greater num-
ber of neighbouring amino acid residues capable of interacting with
small ligands [67]. In turn, theoretical possibility of the dye penetration
through the MS2 pore (Hypothesis 2) was also shown by molecular
docking (Figs. 4B, S8).

Interestingly, if we assume that the cyanines associate with the cap-
sid exterior (Hypothesis 1), MS2 (mole of particles)/dye (mole) ratio
would be ~0.02 and ~0.0015 for the direct and reverse titrations, respec-
tively. Next, taking into account the fact that one MS2 particle has 60
clefts formed by three (2 A/B, 1C/C) dimers, ~0.9 and 11 dyes may the-
oretically associate with each capsid trimer under the conditions of di-
rect and reverse titrations (at the final titration point), respectively

Table 1

Quantitative characteristics of the dye binding to MS2 bacteriophage.
Dye Finols Ko uM ™! n, tM/mg ngp, dye/MS2

x10° M~! (M/M)
cl-yo 14 + 03 12 +£ 02 0.08 £ 0.02 174 + 35
F-YO 0.7 + 0.1 09 + 0.2 0.13 + 0.03 269 + 54
Cl-YO-Et 3.0 + 0.6 0.7 £ 0.1 0.04 + 0.01 76 £ 15
Cl-YO-Bu 3.0 + 0.6 24 £ 05 0.03 £ 0.01 59 4+ 12
YO-Pent 1.8 + 04 K;1=53 + 1.1  n;=0.04 + 001  ng,=78 + 16
Kpp=35+7 n;=0.03 £ 0.01  ngp=61 4 12
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Fig. 4. Schematic representation of the typical energetically most favorable cyanine dye (CI-YO) complex with the cleft of the MS2 trimer (subunit, formed by the two A/B dimers and one
C/C dimer) [20] (A), and geometric correspondence between the Cl-YO size and the MS2 pentamer pore size (the model is taken from [17]) visualised by VMD software (B). CI-YO is
coloured in blue. Acidic and basic residues (Asp - red, Glu - pink, Lys - cyan, Arg - white) are represented in bonds (A). Cl-YO is shown as VDW spheres. The MS2 pentamer is
represented as surface (grey), and the pore is coloured in black. Scale is 0.1 nm (B). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

[14]. However, the estimated dye/MS2 ratios (Table 1, ngp) when di-
vided by 60 (total number of MS2 trimers) were ~ 1-4.5 (for the reverse
titration). These estimates point to the incomplete binding of the cya-
nines to MS2 capsid. Notably, cyanine self-assembly on the MS2 scaffold
is hardly possible (although it occurred in nucleic acids) because no
shifts in the dye fluorescence spectra were observed in the presence of
the phage (Figs. 2, S3-S5) [68,69].

Therefore, 3 CI-YO or ~5 F-YO molecules are unlikely to form com-
plexes with one MS2 trimer, although ngp/60 values for these dyes
were 3 and 4.5, respectively (Table 1). Thus, despite the linear Scatchard
plots (Figs. 3, S6), one may also assume the presence of the secondary
binding modes for Cl-YO- and F-YO-MS2, that is the dye binding be-
tween the two (A/B) neighbouring dimers of the capsid pentamer
(Fig. S7). In turn, CI-YO-Et, CI-YO-Bu, YO-Pent (possessing long alkyl
substituents in the quinoline heterocycle) showed the lowest ng,/60
values of ~1-1.3, suggesting the binding of one dye molecule per the tri-
mer cleft.

Finally, the Scatchard plot of YO-Pent (Fig. S6) has a convex shape
most probably arising from a negative binding cooperativity [70],
since the calculated Kj; value (Table 1) seems to be incredibly high. It
is also noteworthy that a negative cooperativity is unlikely to result
from the YO-Pent-induced alterations in the capsid structure, because
only penetration of the small molecules inside the phage followed by
the RNA extension is believed to induce capsid destabilization [31].
Overall, presence of both the chlorine atom in the benzoxazole hetero-
cycle and the long alkyl chain in the quinolone moiety of the dyes
under study (Cl-YO, CI-YO-Et, CI-YO-Bu) induced greater F,,,; values of
the MS2-bound fluorophores as compared to those for other com-
pounds (F-YO, YO-Pent, Table 1). Among these, CI-YO-Bu is likely to
be the best non-covalent marker for MS2 due to the highest affinity
for the phage, as well as due to the existence of one binding mode for
the dye to the phage.

By analogy with the calculations of the dye/MS2 capsid molar ratios,
the ratio of the MS2 RNA nucleotide to the dye molar concentrations at
the final titration point (reverse titration), were estimated as follows
(Hypothesis 2): i) the MS2 RNA concentration (mg/ml) was calculated
using the proportion: molecular weight (MW) of MS2 capsid/MW of
MS2 RNA = 2.1 - 10%(g/M)/[1.6 - 10%(g/M)] ~ 1.3— MS2 RNA concen-
tration = 0.0053 mg protein per ml (experimentally determined pro-
tein concentration, Section 2.3)/1.3 = 0.004 mg/ml [12]; ii) the
average molar weight of the MS2 RNA nucleotide is 339.5 g/M [71],
therefore, the MS2 RNA nucleotide concentration equals ~12 pM; iii)
P/D ratio = 12/1.7 (dye concentration in the final titration point) ~7,

pointing to enough space for the dye monomer binding to RNA without
further dye self-association [50]. Analogously, the calculations for the
direct titration (Figs. 2A, S3) were performed, yielding the P/D ratio ~
90. Furthermore, the stoichiometry of the dye complexation with MS2
(Table 2) was converted from: pM (dye)/mg (protein) to: nucleotides/
dye (M/M) (the number of the MS2 RNA nucleotides to the number of
the bound dye molecules): ngya(nucleotides/dye, M/M) = 3569/[n(uM/
mg) - 2.1 - 10%(g/M)], where 3569 is a number of the MS2 RNA nucleo-
tides [10]. Interestingly, the ngna values obtained experimentally (ca.
~20-60) were found to be significantly higher then 7 (a theoretically es-
timated P/D ratio at the final point of the reverse titration). This finding
can be regarded as an argument in favour of the Hypothesis 1 stating the
preferential cyanine binding to the MS2 capsid [16,31]. Moreover, the
unexpectedly high ngya values are inconsistent with the high affinity
constants of the YO dyes for MS2 (Table 2), as well as with previously
reported selectivity of these species to the nucleic acids [50,72,73].

Nevertheless, the docking studies demonstrated the principal possi-
bility for the cyanine binding to the MS2 RNA (Hypothesis 2). Interest-
ingly, YO-Pent, CI-YO-Bu prefer the major groove of the RNA stem-
loop, in contrast to the other dyes, associating with the minor groove
(Fig. S7C). Interestingly, the monomethine cyanines were reported to
be the DNA intercalators [31,74,75]. Therefore, a highly efficient
intercalative binding of these compounds to the MS2 ssRNA duplex,
that is predominant at relatively high nucleotide to dye (P/D) ratios
(~4:1-10:1) [76,77], cannot be excluded [78]. However, at the ionic
strength of 100-150 mM, exterior association of the cyanines to the
DNA backbone was reported even at high P/D values [76]. It can be as-
sumed that the dye binding to the RNA surface may occur due to the
salt-induced (50-200 mM NaCl) conformational changes in MS2 RNA,
involving the decrease in the radius of gyration and strengthening of in-
tramolecular hydrogen bonding [79]. Thus, the cyanines may have
lower access to the RNA binding sites at high ionic strength due to steric
restrictions in tightly coiled polynucleotide, allowing only the super-
ficial RNA binding [79]. Interestingly, a geometric correspondence
between the cyanine size and the MS2 pentamer pore size was
shown, revealing that the investigated compounds can penetrate
through the MS2 pentamer pore, mostly when the dye long axis is
parallel to the pore axis (Fig. S8), although the hydration shell of
the fluorophore may hinder this process [17]. Thus, a fast penetra-
tion of the compounds under study in the MS2 interior seems to be
is unlikely, and the observed rapid binding of the cyanines to ms2/
s1 can be attributed to the capsid ability to accommodate the dye
molecules (Fig. 1).
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Table 2
Quantitative characteristics of the dye binding to yeast RNA.

Dye Fpnon x10° M™! Koy pM ! n, uM/mg n;, nucleotides/dye (M/M)
Cl-YO 30.6 + 6.1 3.7 +£0.7 0.004 + 0.001 851 £+ 170

F-YO 173 £ 35 23 +05 0.004 + 0.001 875 + 175

Cl-YO-Et 193 £ 39 39 +£08 0.004 + 0.001 788 + 158

Cl-YO-Bu 15.1 £ 3.0 32+ 06 0.003 + 0.001 926 + 185

YO-Pent 46 4+ 09 n/d n/d n/d

3.3. Binding of the cyanine dyes to RNA and BSA

To further substantiate the cyanine-MS2 binding mode, we com-
pared the quantitative parameters for the dye interactions with a
model protein (BSA) and ribonucleic acid (yeast RNA, composed of GC
nucleotides similar to that of MS2 RNA) (Section 2.5). The representa-
tive titration spectra are shown in Fig. S9, while the rest are in
Figs. S10-S11.

It appeared that the F,,, value (~1000 uM~?) for the CI-YO-BSA com-
plexation was comparable with that of the dye-ms2/s1 association
(Table 1), suggesting that the dye-virus and the dye-BSA complexes
are stabilized by similar non-covalent (electrostatic, steric, van-der-
Waals and hydrophobic) interactions [75]. In turn, the F,,,; estimates ac-
quired for the cyanines and yeast RNA were one order of magnitude
greater than those obtained for the MS2 phage (Table 2). These findings
indirectly support the assumption of the dye complexation with the
capsid (Hypothesis 1).

Next, the linear Scatchard plots were obtained for the four yeast
RNA-bound dyes (Fig. 5), except YO-Pent (data not shown), and the re-
covered association constants were 1.3-6 times greater than the corre-
sponding values for the dye-MS2 binding (Table 2). Notably, the higher
values of the association constants may result from the stronger electro-
static interactions between the dyes and RNA compared to the MS2 cap-
sid (Hypothesis 1).

In the following the ratio of yeast RNA to the dye molar concentra-
tion at the final titration point (P/D ratio) for the reverse titration was
estimated (Fig. S10), using the RNA concentration in the sample
41 uM (the RNA amount in the stock solution, 1563 uM nucleotides,
was calculated based on the yeast RNA extinction coefficient at
260 nm 9250 M~ ! cm™! [80]), and the dye concentration in the final

0.124
2 CL-YO-Et
3 0.09-
Q
2
S
2 0.061
E |C1-YO-Bu
2
A 0.03- e
0.00

0.024 0030 0036 0.042

Bound dye, uM

0.018

Fig. 5. Scatchard plots of the cyanine dyes in the presence of yeast RNA (0.013 mg/ml) at
varying dye concentrations. Linear plots (except for YO-Pent, data not shown) reveal the
one distinct binding mode of the probes to RNA.

titration point — 2 pM. Remarkably, the obtained P/D ratio of ~20 sug-
gests the intercalative binding mode of the dye monomers to yeast
RNA [49]. Indeed, intercalation of the YO compounds between the
DNA base pairs resulted in the restriction of the internal rotation
followed by a significant enhancement of the fluorescence intensity, as
compared to buffer [75].

Furthermore, high affinity of the examined cyanines for yeast RNA
provides evidence for the dye intercalation between the RNA bases, be-
cause strong association of the structurally similar monomethines, YO-
PRO-1 [76], 6-CI-YO-1 [50], YO-PRO [31], with the nucleic acids was
also reported at the high P/D ratios. For example, 6-CI-YO-1 affinity for
ds-RNA (poly A-poly U) was estimated to be ~10 uM ™!, although at
low ionic strength (50 mM) [50]. However, despite the above argu-
ments in favour of the intercalative binding mode, the external dye
binding to both yeast RNA and MS2 RNA (predominantly via the elec-
trostatic interactions) may occur due to the structural changes of the
nucleic acids at the ionic strength 150 mM [79,81,82].

The obtained n values (uUM/mg) were translated to nucleotides/dye
(M/M) as described in Section 3.1, and represented in Table 2. The
final formula was as follows:, n;(nucleotides/dye,M/M) = [n(uM/mg)/
3154 - 10~5(M/g)]~ ! where 3154 - 10~ is the number of RNA (nucleo-
tide) moles in 1 g of yeast RNA. The n; values obtained for the yeast RNA
appeared to be several times higher than those for MS2, further rein-
forcing the Hypothesis 1.

3.4. Effect of heating on the dye association with MS2 bacteriophage

Since the exposition of ms2/s2 phage to 72 °C resulted in the capsid
disruption, i.e., its disassembly and dimer denaturation, while the ge-
nome remained unchanged [24,45,79], a series of heating experiments
(Section 2.6) was performed to check whether the cyanines have a
stronger selectivity to the viral RNA as compared to the capsid surface.
Notably, the kinetics of the dye binding to the ms2/s2 was not signifi-
cantly altered upon the protein denaturation as discussed in
Section 3.1 (Fig. 1), that allowed us to suggest the external association
of the cyanines with MS2. As seen in Fig. 6A, the heating of ms2/s2 in-
duced a shift in tryptophan fluorescence maximum from 333 nm
(close to that of the fully assembled capsid, ca. 327 nm) to 354 nm, re-
vealing the coat protein denaturation [24]. Furthermore, the absorbance
at 265 nm (the maximum similar to that of the viral RNA) [83] de-
creased by ~ 22% upon the ms2/s2 heating, while the absorbance at
230 nm (reported to be very sensitive to the conformation of the
tryptophan-rich polypeptides) completely disappeared confirming the
coat protein unfolding (Fig. S12) [84]. Interestingly, the absorbance of
the capsid-free viral RNA increased by ~ 10% upon heating to 72 °C
[79], indicating that the phage absorbance decrease at 265 can be ex-
plained by the protein denaturation (Fig. S12). Notably, in order to com-
pare the above results for the intact and heat-denatured MS2, the
measured absorption spectra were corrected for the sample turbidity
[85].

Next, relative increase (ca. 3-87%) in the cyanine fluorescence inten-
sity at the emission maxima (~504 nm) was observed after the capsid
disassembly, revealing the accessibility of the RNA binding sites to the
dyes at high P/D ratio ~90 (Fig. 6B) [83]. Specifically, a substantial rise
in the CI-YO-Et, CI-YO-Bu and YO-Pent fluorescence responses in the
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Fig. 6. Fluorescence spectra of the intact and heat-denatured ms2/s2 (72 °C, 20 min [45]) recorded in the TRIS-MS2 buffer (50 mM, 150 mM Nacl, 5 mM CaCl,, 5 mM MgCl,). The ms2/s2
concentration was 0.005 mg protein per ml (A). Fluorescence intensity change (at 504 nm) after MS2 heating. ms2/s2 concentration was 0.06 mg protein per ml. The dye concentration

was 0.5 uM.

presence of thermally denatured ms2/s2 may be provoked by the capsid
disruption and subsequent dye association with the RNA surface. How-
ever, the spectral responses of Cl-YO-Et, Cl-YO-Bu and YO-Pent bound
to the heat-denatured MS2 were lower than those of the yeast RNA-
associated fluorophores (Table 2), revealing that the denatured capsid,
but not the MS2 RNA, can essentially contribute to the observed effects
[45]. It should also be emphasized that the interpretation of the above
data is complicated by the possibility of the formation of large
protein-RNA aggregates upon the phage heating, while the studies of
the capsid-free genome [31] and the empty capsids [15,30] cannot be
directly transferred to the behaviour of biologically active phage. Next,
particles up to 100 nm in diameter were detected upon MS2 heating
to 72 °C for 10 min [45], although the neat RNA did not aggregate in
0.15 M Nadl [79]. Furthermore, heating does not induce a complete de-
tachment of the MS2 RNA, because of the strong affinity (hydrogen
bonding) of the stem-loops to the coat protein [49,86,87]. Taking into
account the above rationales, a moderate increase of Cl-YO and F-YO
fluorescence after addition of the heat-denatured MS2 may be also
due to the shortest lengths of the alkyl substituents on the quinoline
heterocycle, resulting in the weaker affinity for the exposed hydropho-
bic patches of the capsid. Alternatively, one may suggest similar rigidity
of the MS2 capsid and RNA binding sites resulting in the comparable
fluorescence intensities of the cyanines in the intact and heat-
denatured viruses.
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3.5. Effect of ribonuclease on the dye spectral properties in the presence of
intact and heat-denatured MS2 phage

As seen in Fig. 7A, the ms2/s2-bound cyanines did not show any sig-
nificant fluorescence response to the ribonuclease treatment (incuba-
tion for 5 min at room temperature) indicating that the RNA of the
intact phage is not accessible to RNase [45]. Notably, a slight enhance-
ment in the dye emission can be produced by the dye-enzyme binding
(data not shown). In turn, the incubation of the dye-heat-denatured
MS2 complexes in the presence of RNase (5 min at room temperature)
resulted in the decrease of CI-YO and F-YO fluorescence by ~55-60%,
providing strong evidence for the accessibility of the viral RNA to
RNase after the particle disruption (Fig. 7B) [45]. Thus, CI-YO and F-YO
seem to change their binding mode in the presence of heat-denatured
ms2/s2, in a way that ~50% of the dyes become associated with the
phage RNA. These compounds are likely to have similar fluorescence re-
sponses to the viral RNA and intact MS2, since no significant changes in
the dye fluorescence were observed after the virus heating (Fig. 6B).
Since the RNase treatment combined with heating of MS2 was often
employed to remove RNA from the phage [45,88], the retained fluores-
cence exceeding the background level is likely to result from the dye
partial binding to the denatured capsid. Alternatively, the coat protein
may hamper the RNA digestion by RNase [49,86,89], the effect being en-
hanced by the formation of the protein-RNA aggregates at 72 °C.
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Fig. 7. RNase effect on the fluorescence of the dyes bound to the intact (A) and heat-denatured (B) ms2/s2. ms2/s2 and dye concentrations were 0.06 mg protein per ml and 0.5 pM,
respectively. RNase concentration was 0.24 mg/ml. The experiments were performed in TRIS-MS2 buffer (50 mM, 150 mM Nacl, 5 mM CaCl,, 5 mM MgCl,).
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Small amounts of Cl-YO-Et, CI-YO-Bu and YO-Pent may bind to RNA
of the thermally disrupted phage, resulting in a slight sensitivity to
RNase treatment (~7-30% fluorescence decrease) (Fig. 7B). Indeed, a
greater fluorescence enhancement of these dyes, possessing the long
alkyl substituents in the quinoline heterocycle, in the heat-denatured
phage, as compared to the intact MS2, suggests their preferential bind-
ing to the denatured MS2 capsid via hydrophobic interactions (Fig. 6B).
This assumption is corroborated by the fact that the MS2 hydrophobic
domains are exposed to solvent upon heating and the charge of the cap-
sid exterior becomes less negative [45]. In turn, steric hindrances may
restrict CI-YO-Et, ClI-YO-Bu and YO-Pent access to the viral RNA sites,
as reported, e.g., for YO-PRO binding to the DNA of T5 bacteriophage
[31]. Specifically, the observed effect resulted in a lower YO-PRO
(possessing long hydrophobic tail) affinity for the densely packed T5
DNA than that of YO (without a hydrophobic tail) in 1 M NaCl [31]. Al-
ternatively, the low sensitivity of CI-YO-Bu and YO-Pent to RNase treat-
ment may be explained by the higher K, values of their association with
RNA, resulting in the partial stabilisation of the viral genome structure
against its degradation by RNase (Table 1). Indeed, small molecules
(both intercalators and groove binders) possessing high affinity for
the nucleic acids were reported to exert such stabilizing effects
[90-92]. However, this suggestion would be relevant for the investi-
gated cyanines only if no restrictions were imposed on the dye binding
to RNA of the heat-denatured phage that is hardly possible. Overall, the
observed RNase effects provided additional evidence for the integrity of
the studied MS2 particles, as well as revealed the predominant associa-
tion of the dyes with the heat-denatured MS2 capsid via hydrophobic
interactions, although about 50% of Cl-YO and F-YO strongly associated
with the viral RNA. This can result from the formation of the coat
protein-RNA aggregates upon the phage heating and significant restric-
tion of the dye binding to the MS2 RNA.

3.6. Sensitivity of the dyes to MS2 disruption by urea and guanidine
hydrochloride

Urea and GdnHCI have been widely employed to induce protein de-
naturation, including the virus stability studies [24,93-95]. In the pres-
ent study these agents have been employed to further confirm the dye
binding to MS2 capsid (hypothesis 1). As seen in Fig. 8, the tryptophan
fluorescence maxima of ms2/s2 were at 358 and 351 nm in 4.2 M urea
and 3 M GdnHCI, respectively, revealing the coat protein unfolding
[24]. Indeed, Lima and coworkers reported a substantial disruption of

S —— MS2 + urea
---- MS2 + GdnHCI

Fluorescence intensity, a.u.

300 350 400 450 500
Wavelength, nm

Fig. 8. Fluorescence spectra of ms2/s2 (0.06 mg protein per ml) denatured by urea (4.2 M)
and GdnHCI (3 M). Incubation was performed for 16 h at room temperature. The phage
intrinsic fluorescence was excited at 280 nm.

the MS2 shell in the presence of the above amounts of urea and GdnHCI
[24]. The ms2/s2-bound CI-YO was found to display ~50 and 60% fluo-
rescence decrease upon the addition of urea and GdnHCI, respectively,
revealing strong dye sensitivity to the capsid denaturation (Fig. 9A). In-
deed, GdnHCl is widely used for RNA extraction from, e.g., plant tissues
[24,96], suggesting the RNA stability upon GdnHCl treatment. Further-
more, at low urea concentration (0.44 M) that is not enough to induce
significant alterations in the MS2 capsid structure [24], the fluorescence
decrease from 9 to 22% was observed, suggesting the dye sensitivity to
slight conformational changes of the capsid (Fig. 9B). The spectral prop-
erties of the free cyanines in buffer were significantly altered by the de-
naturants, with the effect being more pronounced for GdnHCI (Fig. 9). In
view of this, the effect of denaturants on the capsid surface demon-
strated with CI-YO can be underestimated due to the dye fluorescence
enhancement in urea and GdnHCI. Taken together, the above findings
strongly support the Hypothesis 1, because the viral RNA is not sensitive
to urea and GdnHCl [24].

3.7. Nadl effects on the dye binding to MS2 phage

The electrostatic interactions were reported to be predominant be-
tween the ms2/s2 phage and the sorbent surfaces [5,63], induced inac-
tivation, adhesion, and aggregation of the phage, and play a
predominant role in the stabilisation of the cationic cyanine dye-
polynucleotide complexes [31,97,98]. In view of this, the last phase of
the study was aimed at investigating the effects of ionic strength on
the dye- ms2/s2 binding. It appeared that the examined compounds
bound to the phage show much lower fluorescence in TRIS-MS2 buffer,
as compared to that in TRIS buffer (10 mM), with the effect being more
pronounced for the intact ms2/s2 (Fig. 10). These data support the pre-
dominant role of the electrostatic binding of the dyes to the viral capsid
(Hypothesis 1), despite MS2 exterior was reported to have many hydro-
phobic patches [29,99].

Interestingly, the heat denaturation resulted in a partial screening of
the dye-capsid electrostatic interactions, leading to a less significant ef-
fect of NaCl (Fig. 10B). These results can be explained by the preferable
dye binding to hydrophobic patches of the heat-denatured capsid, be-
cause the dye association with the viral RNA seems to be electrostati-
cally driven [31]. Similarly, increased ionic strength resulted in the
screening of the YO and YO-PRO affinities for the DNA of bacteriophage
T5 [31].

Despite fluorescence intensity of the cyanines bound to the intact
ms2/s2 in TRIS buffer (10 mM) was greater compared to that of the de-
natured phage, the opposite tendency was observed in TRIS-MS2 buffer
(containing 0.15 M NaCl), suggesting stronger contribution of other,
most likely, hydrophobic dye-heat-denatured MS2 interactions to the
stability of the complex (Fig. 11).

In line with the results obtained by Eriksson and co-workers for the
cyanine dyes binding to bacteriophage T5, 1 M NaCl was enough to
screen the electrostatic interactions within the dye-heat-denatured
MS2 complex, because the addition of salt induced similar fluorescence
of the cyanines in TRIS (10 mM) and TRIS-MS2 buffers (Fig. 11B) [31].
Furthermore, the measured fluorescence was only about two times
higher than that of the free dyes in buffer, further confirming the pre-
dominant role of electrostatic interactions in the formation of the
fluorophore-MS2 complexes.

Similar results were observed for the intact phage, although fluo-
rescence of the dye in TRIS-MS2 buffer (+ 1 M NaCl) was ~40%
smaller than that in TRIS buffer (10 mM, + 1 M NaCl), revealing
stronger electrostatic interactions between the cyanine and intact
MS2 (Fig. 11A). Overall, the effects of NaCl on the cyanine binding
to ms2/s2, confirmed the predominant stabilisation of the dye-
phage complexes by electrostatic interactions, especially for the in-
tact MS2 at low ionic strength, although the role of hydrophobic
forces increases in 0.15 M NacCl.
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3.8. Binding of the dyes of different classes to MS2 phage

Inspired by a strong affinity of the novel monomethine cyanine dyes
to MS2 capsid and their sensitivity to the capsid stability, we also tested
several classical (1,8-ANS, Thioflavin T, Acridine Orange, Methylene
Blue) and novel (trimethine cyanine AK3-1 [100], phosphonium dye
TDV) dyes for their ability to detect and characterise the phage. The
fluorescence spectra of the dyes in buffer and in the presence of ms2/
s1 are shown in Fig. S13. It appeared that Thioflavin T, AK3-1 and TDV
display a moderate fluorescence response to the presence of MS2 (di-
rect titration). For example, at the phage concentration 0.006 mg pro-
tein per ml, the dye fluorescence in the maxima increased by 60-80%.
These findings reveal an impact of the steric dye-ms2/s2 interactions
on the fluorophore association with the capsid, because Thioflavin T,
TDV and AK3-1 share common properties of the molecular rotors,
showing the enhanced quantum yields upon the restriction of the inter-
nal rotation of the species bound to the macromolecules [73,101,102].
Interestingly, MS2-bound CL-YO, F-YO, CL-YO-Et, Cl-YO-Bu and YO-
Pent, sharing similar structure with the YO dye, showing significant
fluorescence response upon binding to DNA due to the restriction of
the rotation of the benzoxazole ring with respect to the quinolone moi-
ety [73], should also possess properties of the molecular rotors. In other
words, association of the studied cyanine compounds (YO derivatives)
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with MS2 surface (e.g., with the MS2 trimer cleft as suggested in
Section 3.2) may induce restriction of their internal rotational mobility,
and, as consequence, significant increase in the quantum yields of the
fluorophores. Furthermore, presence of quinoline rings in the dye struc-
ture is likely to provide better entrapment of the ligand into the MS2
binding sites, and therefore, YO derivatives and AK3-1 showed better
fluorescence response to the presence of MS2 than that of ThT
(Figs. 2A, S3, S13). The monomethine cyanine dyes are better MS2
non-covalent markers, because they do not aggregate at micromolar
concentrations [50], unlike trimethine cyanine dye AK3-1 that may
form non-fluorescent aggregates in solution and upon binding to MS2
(Fig. S13D) [103].

As shown in Section 3.7, electrostatic interactions are very important
for the association of the monomethine cyanine dyes on the MS2 sur-
face. Furthermore, positively charged YO derivatives, ThT, AK3-1 and
phosphonium dye TDV showed the highest fluorescence response to
the presence of MS2. In turn, 1-anilinonaphthalene-8-sulfonic acid
that is sensitive to the protein hydrophobicity, did not show any signif-
icant fluorescence response to ms2/s1 [104]. Interestingly, Acridine Or-
ange and Methylene Blue forming the stable complexes with proteins
[105,106] and DNA [106-108] via electrostatic and/or hydrophobic in-
teractions (but these dyes are not sensitive to restriction of the internal
rotational mobility) did not show any spectral sensitivity to the
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Fig. 10. Decrease in the fluorescence (at 504 nm) of the dyes bound to the intact (A) and heat-denatured (B) ms2/s2 in TRIS-MS2 buffer (50 mM, 150 mM NacCl, 5 mM CaCl,, 5 mM MgCl,)
as compared to the phage-bound fluorophores in TRIS buffer (10 mM). The ms2/s2 concentration was 0.06 mg protein per ml.
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buffers, in the absence and presence of NaCl. The ms2/s2 concentration was 0.06 mg protein per ml.

presence of the MS2 phage (Fig. S13). Thus, both steric restrictions and
stabilizing electrostatic interactions seem to be necessary for the dye
fluorescence increase in the presence of MS2, i.e. relative rotation of
the dye moieties can be effectively restricted if the compounds are elec-
trostatically fixed on the MS2 surface.

3.9. Conclusions

In conclusion, the present study proved the feasibility of using the
novel monomethine cyanine dyes as non-covalent fluorescence
markers of the MS2 bacteriophage. Despite simple and effective detec-
tion of viruses is of great demand, few studies addressing this topic
have been reported [4,31]. Our results revealed significant fluorescence
responses and micromolar affinities of the five YO derivatives for the
MS2 phage in 0.15 M Nadl, although they showed a sensitivity to
yeast RNA and bovine serum albumin, as well. Similarly to the classical
protein marker Nano Orange, the examined dyes were able to detect the
MS2 phage in the very low concentration range ca. ~2-20 nM protein
per ml [4]. The molecular docking, quantum chemistry calculations, ki-
netic, thermal and chemical denaturation studies pointed to the dye as-
sociation with the MS2 capsid exterior via electrostatic, steric, van-der-
Waals and hydrophobic interactions. It was found that up to 50% of the
fluorophore molecules formed complexes with the viral RNA that be-
came accessible for the cyanines after the capsid thermal disruption, al-
though a significant fraction of the dyes were also bound to the
denatured coat protein. The electrostatic cyanine-MS2 interactions
were predominant at low ionic strength, while at physiological NaCl
concentration the steric interactions seem to play prevalent role in the
stabilisation of the dye-phage complexes. This conclusion was derived
from the fact that among the classical and novel fluorophores tested in
this study, only those sharing the properties of molecular rotors (includ-
ing the YO compounds) exhibited noticeable fluorescence responses to
the presence of MS2 phage. The obtained results can be employed for
the development of highly specific fluorescence viral markers for bio-
medical applications.
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