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Three novel monomethine cyanine dyes were synthesized carrying electron donating groups to obtain
even brighter nucleic acids probes. Photophysical properties of these dyes were evaluated with DNA and

selected dyes with RNA. A great variation in brightness and binding properties of the dyes was observed.
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Fluorescent probes are an essential part of the molecular biologist’s
instrumentation to image nucleic acids in a wide range of applica-
tions. These include for example PCR," melting curve analysis,*”
quantification of nucleic acids from environmental samples® and
gel electrophoresis.’ A widely utilized probe for these applications
is, for example, SYBR Green I, which has been very popular since it
was introduced.'® Monomethine cyanine dyes exhibit all the
expected qualities for excellent fluorescent probes for nucleic acids:
turn-on fluorescence with low background emission, desirable
photostability and they are less toxic to cells when compared to
another popular DNA stain, ethidium bromide."" However, during
recent years the demand for selective dyes for different types of
nucleic acids has increased. The increasing interest to study RNA,
for example to the develop antivirals'> and RNA vaccines,'® has
only amplified the appeal to research RNA specific fluorescent
probes. Also designing even more sensitive dyes to accommodate
the new challenging applications, such as studying the opening
mechanism of viruses is equally important.* By understanding the
structural elements underlying the biological activity of these dyes,
is one possible way to achieve these goals.

In recent years we have systematically studied the structure
of SYBR green related cyanine dyes, trying to find the key points
that change the photophysical qualities of these dyes. 14 newly
synthesized monomethine cyanine dyes and their structural
differences and their effect to the photophysical qualities have
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Moreover the X-ray crystal structures are presented for two dyes.
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been studied by us. The goal is to identify the important
elements, so that the best structural features can be combined
to produce the ultimate fluorescent probe for nucleic acid
staining. In our previous studies, the binding properties were
investigated for all 14 dyes with DNA and for selected dyes, also
with RNA, to understand the phenomena behind the great turn-
on fluorescence. The molecular modelling indicated that the
dyes synthesised by us bind in the minor groove of the DNA
double helix, while it had been widely accepted that SYBR
Green related dyes are mainly intercalators.'”'® It was also
shown that one way to improve the brightness of the dyes could
be by enhancing the rigidity of the molecule when binding the
dsDNA. We also noted that the heteroatoms in different posi-
tions of the dye core had great effect to the photophysical
qualities and just by changing one heteroatom, for example
oxygen to sulphur, clear difference in these qualities could be
observed. The effect of heteroatoms on the photophysical
qualities have intrigued many scientists working in the wide
field of fluorescent probes, such as rhodamines,>! which has
been extensively studied as well as difluoroborates.>> Moreover,
all our dyes have had highest molar absorption coefficients in
ethanol or DCM where the dyes are fully soluble."*" Kurutos
et al.*® have previously showed that one way to improve mono-
methine cyanine dyes qualities and make them more user
friendly is to improve the water solubility by adding substitu-
ents to alkyl chains with additional charges to the main core of
the dyes.

With all these results in mind, we designed modifications
for the terminal phenyl group in a way that aims to improve the
binding rigidity and/or the water solubility of these dyes
(Fig. 1). As we had a demonstrated earlier, we had a core
structure of OxN (4) which already has many of the desired
qualities for a fluorescent probe - good quantum yield, photo-
stability even in prolonged studies, strong binding with DNA
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Fig. 1 Novel dyes 1-3 compared to previously published dyes 4-6° and
commercial dyes SYBR Green I'°%° and SYBR Green 11.142°

and great turn-on fluorescence with low background emission.
By further modifying this core we wanted to achieve two goals:
increase the water solubility along with binding affinity and to
gain more understanding how these structural modifications
change the photophysical properties of the dyes.

Dimethylamine as a substituent was obvious choice since we
had already seen that it improves the binding and brightness
compared to thiol">'® and since it its capable of hydrogen
bonding with the lone pair electrons, it could also improve the
water solubility and at the same time enhance the binding
affinity with the DNA. PEG group was included to for certain to
see if the water solubility could be the answer to brighter and
perhaps more user-friendly usage. Since OxN-PEG has the out-
reaching oxyethylene chain, we also wanted to include control
of just methoxy group to see if the length of PEG chain affects
the binding properties.

Dyes 1-3 were synthesized by using previously published
methods.***>** The dye synthesis were done using the cyanine
condensation method with quinoline salt and benzoxazolium
salt as starting materials. In inert conditions, using triethyl-
amine as a base catalyst, condensation is achieved in room
temperature within four hours. Our synthesis also has addi-
tional substitution step to replace chloride in the quinoline
moiety with dimethylamine. Purification is done with flash
column chromatography, which are usually done at least twice
to achieve desired purity. PEGylation of 4-iodophenol was done
according to procedure by Nguyen et. al.>® Detailed synthesis
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routes along with X-ray crystal structure parameters and
geometry calculations can be found in ESL¥

Suitable crystal quality for single crystal X-ray diffraction
(SCXRD) analysis were obtained from 1 and 3. The crystal data
and other experimental details for dyes 1 and 3 are given in the
ESL7 As observed with the related dyes in our previous study,'®
the main molecular skeletons of 1 and 3 including benzoxazo-
lium and quinoline moieties are planar in the solid state
(Fig. S15 and S16, ESIt). The overall structures are also very
similar to the quinoline containing dyes previously described
by us.'® The most notable deviation from the planarity of the
entire molecules is observed with the phenyl ring bonded to
quinoline nitrogen. The plane of the phenyl ring shows angles
of 67.0° in 1 and of 71.6° (72.7°, 2nd molecule) in 3 to the plane
of the dye skeleton. The high-level DFT [M06-2X, def2-TZVP
with acetonitrile (dielectric = 37.50] as a solvent using C-PCM
model) calculations match extremely well with the SCXRD
geometry of OxN-NMe, (1), OxN-OMe (3) and previously'®
studied dye PyrON (5) (Fig. S19, ESIt).

For absorption, emission, and excitation maxima (Fig. S22
and S23, ESIY), only few nanometre shifts between the dyes 1-3
are seen, essentially, all new dyes have similar maxima as the
core dye OxN (4). This is also observed with Stoke’s shifts, the
shifts only vary from 29 to 34 nm (Table 1). Previously, we had
observed that even small, one heteroatom changes in the
chromophore could change these maxima drastically in the
nanometre scale.

Molar absorption coefficients (¢) were measured in three differ-
ent solvents, ethanol, tris-EDTA (TE) buffer and 100 pM ct DNA in
TE buffer solution. To investigate if the binding with DNA alters the
absorption coefficient of the dyes, TE buffer was used as a reference
for the final ctDNA solution. Ethanol was chosen as organic solvent
to investigate the effect of solubility to the absorption coefficients.
All dyes (1-4) have the highest absorption coefficients in ethanol
(Table 1), following the trend previously observed.'>'® Interestingly,
OxN-NMe, (1) and OxN-PEG (2) have the lowest absorption coeffi-
cients in TE buffer. This could potentially indicate that without
DNA in solution, dyes can for example aggregate, which is known
quality of cyanine dyes,”® lowering the absorption coefficients.
While DNA offers favorable binding site where the dyes can fit,
preventing the aggregation from happening and the dyes having
higher absorption coefficients in ctDNA solution.

Table 1 Photophysical and binding parameters of the studied dyes. Full details of the measurements can be found in ESI

Dye OxN (4) OxN-NMe, (1) OXN-PEG (2) OxN-OMe (3) SYBR Green I
Jabs (NM) 464 462 463 463 497

£max (TE buffer) M™' em™* 56500 + 800 52500 + 400 13300 =+ 200 51000 £ 900 730001
£max (Ethanol) M~! em ™" 73600 + 600 93000 + 400 26900 + 150 77900 + 300 43300
&max (100 UM ctDNA) M~ " cm ™! 47300 =+ 200 61600 + 1005 20300 + 200 49800 + 500 29500
Jemi (M) 492 496 493 492 520
Stoke’s shift (nm cm™") 28/1230 34/1480 30/1310 29/1270 23/890

@ ~1 0.014 ~1 ~1 0.8
Brightness (M~' cm™1) 47300 868 20300 49800 34640

K, (x10° M) 8.5 + 1.50 0.2 + 0.02 57.9 + 3.00 12.8 + 1.10 5.9 + 0.05
Kq (nM) 118 4100 17.3 78.1 167

n 3.4 £+ 0.40 4.7 + 0.30 6.0 £+ 0.30 3.9 + 0.09 3.2 £ 0.11
AG° (k] mol ™) —39.0 —27.7 —43.1 —41.2 —38.0
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OxN-NMe, (1) and OxN-OMe (3) both had excellent absorp-
tion coefficients across all media, especially OxN-NMe, (1)
having highest value of 93000 M~' cm ' in ethanol. While
OxN-PEG (2) did not excel with the absorption coefficients,
including PEG arm did not completely shut down the absorp-
tion of the dye. Surprisingly, no clear evidence could be
observed for the PEG increasing water solubility in UV-vis
measurements.

Quantum yields of the dyes were determined with fluores-
cein standard (Fig. S25, ESIT) to gain more knowledge how the
dyes perform when fully bound with ctDNA. Since all experi-
ments so far gave consistent results between the dyes, same was
expected for quantum yields. OxN-PEG (2) and OxN-OMe (3) do
follow the trend, since the quantum yield was determined to be
1 for both dyes matching the quantum yield of OxN (4).
Surprisingly, the quantum yield of OxN-NMe, (1) was only
0.014 meaning that the additional amine group at the terminal
phenyl group significantly quenched the fluorescence intensity
of OxN-NMe, (1) when binding ctDNA. This result indicates
that this additional electron donating group may alter the
relaxation method of the dye after excitation.

Selected dyes (1, 3-6 and SYBR Green I and II) were also
studied with RNA, to evaluate their performance compared to
DNA. In this study, dye concentrations were kept at 0.05 pm in
either DNA solution with concentration of 4.9 ng pl~" or in RNA
solution with concentration of 4.4 ng ul ™", respectively. As we
can see from Fig. 2, The new dye OxN-OMe (3) performs best
with DNA, and almost as good as OxN (4) with RNA. Interest-
ingly, the OXN-NMe, (1) performed very poorly with both DNA
and RNA. OxN-OMe (3) and OxN (4) outperformed both com-
mercial dyes, SYBR Green I and II as they have higher normal-
ized emission values with DNA. OxN (4) and OxN-OMe (3) have
slightly higher exaltation (ratio of intensity) with RNA than
SYBR Green II, but the intensities are quite similar. PyrON (5)
and PyrN (6) presented in our previous studies,'® have

Normalized emission of selected dyes with DNA
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significantly lower exaltation compared to the commercial dyes
SYBR Green I and II, but a slight preference could be seen -
PyrON (5) has higher exaltation with DNA and PyrN (6) with
RNA, respectively. The only structural difference between these
two is the change from oxazolium (PyrON (5)) to thiazolium
moiety (PyrN (6)). Hence, with one heteroatom change from
oxygen to sulfur, we can observe significant change in the
photophysical qualities. When dyes have oxygen moiety, ben-
zoxazolium, they seem to prefer DNA over RNA and when dyes
have sulfur, benzothiazolium moiety in this study, they seem to
prefer RNA. SYBR Green II also has the same thiazolium moiety
as PyrN (6), hinting that the sulfur might be a possible key
element in synthesizing RNA selective dye. To support this
theory Lu et al®” presented an RNA targeting dye with also
thiazolium moiety combined with additional thiol substituent.

The binding properties of the dyes were evaluated using
McGhee Von Hippel equation (Fig. $24, ESIt).*® Due to the poor
quantum yield of the OxN-NMe, (1), it was also suspected to
bind poorly with the ctDNA. This hypothesis was confirmed in
our studies since the binding constant (K,) was only 0.2 x 10°
while previously synthesized OxN (4) has had the highest
binding constant so far of 8.5 x 10°% indicating that the
OxN-NMe, (1) has relatively loose binding with the ctDNA
compared to previously seen values. However, OxXN-OMe (3)
and especially OXN-PEG (2) shows even higher binding affi-
nities than OxN (4) and SYBR Green I. OxXN-OMe (3) has binding
constant of 12.8 x 10° but OxN-PEG (2) is in other level
compared to rest of the dyes; it has binding constant of
57.6 x 10°. This result indicates that the oxygen rich functional
sidechain enhances the binding, which could already be seen
for the short methoxy chain in OxN-OMe (3). Binding site sizes
(n) for OXN-NMe, (1) and OxN-OMe (3) are in same level than to
OxN (4) which has binding site size 3.4, OXN-NMe, (1) binding
site size being 4.7 and OxN-OMe (3) 3.9, respectively. Both dyes
having slightly larger binding sites due to the additional

Normalized emission of selected dyes with RNA
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Fig. 2 Normalized emissions of studied dyes with DNA and RNA. The plots are normalized with the emission intensity of the highest emitting dye,
OxN-OMe for DNA and OxN for RNA, to allow comparison of possible trends. For each measurement, dye concentrations were 0.05 pM. Nucleic acid
solutions were prepared in TE buffer where DNA concentration was 4.9 ng ul~* and RNA concentration was kept at 4.4 ng pl™?, respectively.
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functional groups in the terminal phenyl group. Similarly,
OxN-PEG (2) has noticeably larger binding site size of 6.0 due
to the longer side chain.

Finally, to have one number to compare the dyes, brightness
was calculated for each dye by multiplying absorption coeffi-
cient in ctDNA solution with the determined quantum yield.
This value estimates how many of the absorbed photons can
eventually be emitted, hence giving a single value how well the
dye can perform as fluorescent probe. Due to the low quantum
yield, OXN-NMe, (1) has the lowest brightness of 868 M~ ' cm ™!
even though it had the highest absorption coefficient when
bound with ctDNA. Great quantum yield and high absorption
coefficient of OxXN-OMe (3) makes it slightly brighter than OxN
(4) and commercial dye SYBR Green I with brightness of
49800 M ' cm ', Similar methoxy group enhancement was
also observed with indole-based copper probes®® and tuning
thiazole orange with electron donor and acceptor.’® OxN-PEG (2)
lands right in the middle, having great quantum yield, but the
PEG group lowering the absorption coefficient even though it
binds remarkably strongly with ctDNA.

To conclude, three new monomethine cyanine dyes with
additional functional groups at the terminal phenyl group were
synthesized and compared to the commercial dyes SYBR Green
Iand IT and to selection of our previously published ones. Effect
of different electron donating groups at terminal phenyl group
to the photophysical properties were investigated. X-ray crystal
structures were solved for OxN-NMe, (1) and OxN-OMe (3).
Methoxy (OxN-OMe (3)) increased the molar absorption coeffi-
cient and emission compared to the dye without any functional
group at the same position (OxN (4)). However, including amine
at this position (OxN-NMe, (1)), did increase the molar absorp-
tion coefficient of the dye, but it also quenched the emission
intensity almost completely since the quantum yield dropped
from 1 to only 0.014. Similarly, also the binding properties of
OxN-NMe, (1) dropped significantly compared to other dyes.
Interestingly, OXN-PEG (2) seems to bind extremely tightly with
ctDNA compared to other studied dyes. The PEG substituent
could provide additional binding interactions due to the oxygen
lone pair electrons in the PEG chain which could interact with
the DNA double helix, as observed by Howerton et al.*

In the end, we were able to design new and even better dye
with excellent photophysical properties, OxN-OMe (3) exhibit-
ing brightness of 49800 M~' cm™', quantum yield ~1 and
tight binding with ctDNA. Noting that OxN-OMe (3) is also
significantly brighter than commercially available SYBR Green I
with brightness 34 600 M~ cm ™. In this paper we also demon-
strated that OxN (4) and OxN-OMe (3) are excellent choices to
image viral RNA, even though they are not selective towards
DNA or RNA, but they are more sensitive than the commercially
available SYBR Green II, which prefers RNA. Additionally
compared to other popular nucleic acid stains, ethidium bro-
mide and YOYO-1, our dyes OxN (4) and OxN-OMe (3) exhibit
higher quantum yields and brightness as well as better quan-
tum yield than TOTO-1.*> It is also noted that including
sulphur to the dyes seemed to shift their preference from
DNA towards RNA. We believe OxN-OMe (3) with additional
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electron donating group is excellent choice to image nucleic
acids in future since it is very sensitive with both ctDNA and
RNA. This researched also revealed extremely valuable informa-
tion about how small changes of the functional groups outside
the main chromophore can have drastic effects to the photo-
physical properties of the dyes.
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