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ABSTRACT: Novel uorogenic dyes based on the GFP chromophore are developed. N

The compounds contain a pyridinium ring instead of phenolate and feature large Stokes | >

shifts and solvent-dependent variations in the uorescence quantum yield. Electronic Z

structure calculations explain the trends in solvatochromic behavior in terms of the N

; X ; L . YR

increase of the dipole moment upon excited-state relaxation in polar solvents associated N

with the changes in bonding pattern in the excited state. A unique combination of such 07\ ER staining
optical characteristics and lipophilic properties enables using one of the new dyes for 100 7

imaging the membrane structure of endoplasmic reticulum. An extremely high
photostability (due to a dynamic exchange between the free and absorbed states) and
selectivity make this compound a promising label for this type of cellular organelles.

luorogenic dyes, compounds that are non uorescent in free

state but show uorescence enhancement upon binding
with target objects, are very attractive in bioimaging® because
they can be used in uorescence microscopX for staining various
parts of living systems including proteins,” nucleic acids,® and
other components.* © Among numerous uorogenic dyes
particularly interesting are structurally modi ed analogues of
the chromophores of the uorescent proteins from the GFP
family.” ° These compounds, representing diverse benzylidene
imidazolones (BDIs),'® ** have intense and multifarious colors,
are small, highly soluble in water, and easy to synthesize.*®
Despite being highly emissive inside intact proteins, the
chromophores have an extremely low uorescence quantum
yield (FQY) in a free state,"* which suggests their potential
utility as uorogens. The low FQY of free chromophores is
attributed to the exibility of benzylidene moiety.” °*?
Immobilizing the chromophores in a rigid matrix results in a
several orders of magnitude increase in uorescence,t**#*> 19
The applicability of GFP-derived chromophores as uorogenic
labels in living systems has been illustrated; however, they were
used to stain RNA™® 2 or proteins®**® that were optimized for
interaction with speci ¢ compounds. Their use for staining the
cells’ components has been limited to staining all cell
membranes indiscriminately.”® Here we present synthesis and
spectroscopic and computational characterization of novel
highly uorogenic pyridinium analogues of the GFP chromo-
phore (Figure 1) designed for measuring local polarity in cells.
Their unique properties, large Stokes shifts and large environ-
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ment-dependent variations of the FQY, enable their use for
selective staining of endoplasmic reticulum (ER).

ER plays a key role in cellular metabolism, protein synthesis,
and transport of intermediates and signaling molecules.
Characterization of the ER structure in living cells is challenging
due to a wide 3D interconnected network of attened,
membrane-enclosed sacks or tube-like cisterns and tubules
with di erent thicknesses. A number of uorescent dyes for
imaging ER structure have been reported,?’ including
commercial dyes ER Tracker Red”® and Green?® and Thermo
Fisher Scienti ¢ E34250, E34251, and E12353. However, most
of these dyes mainly Il the ER cavities (ER Tracker Red, Blue,
and Green produced by Invitrogen), leaving its membrane
structure unknown. Yet, membrane transport and changes in
the composition of membranes determine the most important
ER functions.

Serendipitously, we found that one of the HBDI derivatives
containing the pyridinic cycle, compound 1 in Figure 1, shows
dramatic solvent-dependent variations of FQY. Such behavior
was only observed in 2,5-disubstituted BDIs.*® ** Because the
emission wavelength of 1 is too short for imaging applications,
we synthesized several of its analogues featuring extended
conjugated -system, compounds 2 and 3a ¢ (Figure 1). All of
these molecules belong to the class of cyanine dyes owing to
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Figure 1. HBDI (core of the GFP chromophore) and analogous pyridine chromophores 1 3.

Table 1. Optical Properties of 1, 2, and 3c in Various Solvents

Abs (nm) Abs (eV)
solvent max Ee Ext. coe . (M-cm) ?
water 1 347 3573 10500
2 368 3.369 16500
3a 408 3.039 11000
3b 425 2197 13500
3c 402 3.084 14000
EtOH 1 351 3532 11500
2 377 3.289 17500
3a 411 3.017 10500
3b 433 2.863 12000
3c 408 3.039 17000
CH,CN 1 356 3.483 10000
2 377 3.289 16000
3a 408 3.039 11000
3b 428 2.897 13000
3c 408 3.039 15000
EtOAc 1 353 3512 11500
2 379 3271 17500
3a 408 3.039 10500
3b 423 2931 12000
3c 408 3.039 16000
dioxane 1 357 3473 11000
2 379 3.271 17000
3a 411 3.017 10000
3b 422 2938 12500
3c 408 3.039 16000

E., (nm) E., (eV)
max Eey QY SS (nm) SS (eV)
464 2.672 0.65 117 0.901
477 2.599 0.69 109 0.770
560 2214 0.40 152 0.825
577 2.149 0.29 152 0.768
542 2.287 13 140 0.797
453 2.737 3.3 102 0.795
477 2.599 7.3 100 0.690
550 2.254 99 139 0.763
570 2175 0.27 137 0.688
545 2.275 28 137 0.764
452 2.743 4.7 96 0.740
475 2,610 4.8 98 0.679
550 2.254 11 142 0.785
574 2.160 0.26 146 0.737
541 2.292 3.3 133 0.747
442 2.805 8.9 89 0.707
472 2.627 18.6 93 0.644
544 2279 17 136 0.760
566 2191 0.3 143 0.740
535 2.317 4.1 127 0.722
439 2.824 16.5 82 0.648
471 2.632 46.6 92 0.639
546 2271 29 135 0.746
564 2.198 0.50 142 0.740
537 2.309 4.8 129 0.730

their common structural feature, a methyne bridge connecting
conjugated aromatic moieties. In HBDI the two aromatic
groups are imidozalinone and phenol, whereas in 1 3 the
phenol ring is replaced by pyridinium. Compounds 1 and 2
were synthesized according to a standard procedure using
corresponding carboxymidates.” ®*°**3* Compounds 3a ¢
containing an additional double bond were synthesized by
condensation of 1 with a range of aromatic aldehydes.** The
synthetic pathways, compounds properties, and characterization
are described in the Supporting Information (SI).

An important feature of 1 3, which is essential to their use as
uorescent reporters of local polarity, is a strong dependence of
their spectroscopic properties on solvent polarity. All
synthesized compounds have extremely large Stokes shifts,
which increase signi cantly in polar environment (Table 1).
The increase in the Stokes shifts is accompanied by a marked
decrease in the uorescence intensity (Figure 2). The
absorption maxima in various solvents are very close and the
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increase in the Stokes shifts is due to bathochromic shifts in
emission. As expected, the absorption and emission maxima of 2
and 3 are shifted to longer wavelengths relative to 1 (Figure 2
and Figure S3, Table 1). Unfortunately, the FQYs of 3 are low
and nearly the same in all solvents, which precludes their use as

uorogenic dyes. In contrast, 2 has the largest variation of FQY:
more than two orders of magnitude upon the transition from
water to dioxane (Figure 2).

The solvatochromic behavior of 1 and 2 can be described by
the Kamlet Taft model,* which correlates the spectral shift
of the solute with the solvent parameters describing its acidic
( ), basic ( ), and polar ( *) solvating properties

M= o+p*+a +b

€

The relative magnitude of solute’s parameters p, a, and b re ects
the sensitivity of a particular property (e.g., absorption maxima)
to solvent polarity, hydrogen-bond-donating, or hydrogen-
bond-accepting abilities, respectively. The results of the analysis
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Figure 2. Optical properties of compounds 1, 2, and 3c. Top:
Absorption and emission spectra in EtOAc. Bottom: FQY in various
solvents.

are summarized in the SI (Tables S1 and S2). An increase in
parameter p upon excitation of both compounds suggests a
signi cant increase in the dipole moment, which is typical for
other BDIs?***°3® and is con rmed by electronic structure
calculations. Also, in both cases, we observe a change in the
parameter a, which indicates changes in proton-accepting
properties upon excitation and suggests high photoacidity of the
corresponding protonated form*" which is explained by
calculations (Section 4.6 of the SI). Similar analysis of the
FQYs reveals that the increase in the polarity and acidity/
basicity of the solvent results in uorescence quenching. This
behavior is typical for many other uorophores, including GFP
chromophore derivatives®®=° *? and the compounds containing
the pyridinium moiety.*® A likely cause of reduced FQY in polar
solvents is partial bond-order ipping associated with strong
charge-transfer character, which is stabilized in polar media.
Changes in bond orders lead to reduced barriers for torsional
motion in the excited state, thus facilitating radiationless
relaxation. However, the behavior of 1 and 2 is di erent; in
particular, 1 has an extremely low FQY in hexane. This indicates
possible changes in the nature of the excited state or in the
quenching mechanism. The change in electronic state is
con rmed by calculations.

Nr-Potr $o-Fars

Figure 3. NTOs for the two lowest excited states of 1 in the gas phase.

To understand the nature of the large Stokes shift and the
e ect of solvent polarity on the uorescence properties of the
chromophores, we carried out electronic structure calculations.
As shown in the SI, the computed excitation energies correlate
reasonably well with the experimental peaks maxima: although
the theoretical values of absorption and emission are system-
atically blue-shifted relative to the experiment, the magnitude of
the Stokes shifts is reproduced well by calculations. Figure 3
shows natural transition orbitals (NTOs) corresponding to the
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two lowest excited states of 1 at the ground-state geometry (see
also Figure S11 in the SI). Importantly, the lowest excited state
of 1 is dark at the ground-state geometry; it can be described as
ann * transition. The bright state corresponds to a *
transition; the respective NTOs resemble those in HBDI.*%%
In all three model compounds, the NTOs of the bright state are
localized on the methyne bridge and imidazolone ring (see
Figure S12), with only minor contributions from the pyridinium
moiety. In compounds 2 and 3c, the bright state is always the
lowest. To assess uorescence properties of the chromophores,
we optimized the structures of the lowest excited state. In
isolated chromophore 1, the structural relaxation does not
change the character of the state and S; remains dark, which, by
virtue of Kasha's rule, means low FQY. The calculations
including solvent reveal that while solvent has a small e ect on
the energies of the excited states at the ground-state geometry
(i.e., vertical excitation energies of the S; and S, states shift by

0.12 eV), it profoundly a ects structural relaxation, leading to
the reversal of the state ordering in the polar solvents, such that
1, which has very low FQY in hexane, becomes uorescent in
polar solvents. This behavior can be explained by the change in
the dipole moment in the excited state and by the trends in the
transition dipole moments. * electronic excitation results
in a dipole moment increase by 2 to 3 D, which further increases
upon structural relaxation. The change in dipole moment is
associated with the changes in bond lengths; that is, in the
excited state, formally double bonds elongate and formally
single bonds slightly contract (largest changes occur on the
methyne bridge). These trends are well documented® “* in
GFP-like chromophores and can be explained by the Huckel
model.*® At the ground-state geometry, neither permanent nor
transition dipole moments are a ected by solvent polarity.
However, structural relaxation in polar solvents leads to even
higher charge separation in the excited state, which results in
noticeable solvent-induced variations of respective permanent
and transition dipole moments. This explains the large
solvatochromic shifts in emission that lead to solvent-induced
variations in Stokes shifts. Figure 4, which shows the computed
Stokes shifts versus the di erence of the permanent dipole
moment () in S; and S, illustrates that the main factor
responsible for large solvent-induced variations in the Stokes
shift is the change of the dipole moment. The optimized
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Figure 4. Computed Stokes shifts versus the change in permanent
dipole moment (= (S  Sp).
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excited-state structures (Figures S13, S16, and S19 in the SI)
reveal that in polar solvents changes in bond lengths are more
pronounced for all three model compounds. A signi cant
solvent e ect on the shape of excited-state potential energy
surfaces has been observed in the HBDI chromophores;*® in
this study,*® the calculations revealed that in the anionic form of
HBDI, polar solvent increases changes in bond alternation upon
photoexcitation, which is similar to the trends observed here.
The changes in bond lengths are related to partial bond-order

ipping, in particular, on the methyne bridge. The scans along
torsional degrees of freedom in anionic HBDI have shown that
the changes in bond alternation are accompanied by the
reduced barriers to rotation, which are ultimately responsible
for the enhanced radiationless relaxation in polar solvents.
Given the similarity in the solvent-induced structural changes in
chromophores 1 3 and HBDI,*° a similar e ect is likely to be
operational here (see Section 4.6 in SI).

Remarkable solvatochromism of the emission maxima and
FQY of 2 suggests that it can be used for measurements of local
polarity in living cells or as a uorogenic dye for labeling cell
organelles or lipids. The addition of 2 to cellular media leads to
the instantaneous appearance of intense uorescence inside the
cells. This staining is much more selective than with other
analogues of the GFP chromophore,®® and the main stained
cellular part is ER. Various lipid droplets and the small vacuole-
like structure were stained, too, but the addition of 20% of
Pluronic F-127 in DMSO stock of 2 dramatically decreases the
percentage of the stained vacuoles and lipid drops. The addition
of 3 20 mkM of 2 from x1000 DMSO-Pluronic stock to HeLa-
Kyoto and NIH 3T3 cells results in a selective staining of ER, as
con rmed by colocalization with 0.5 mkM ER-tracker Red
(Invitrogen) (Figure 5; see Section 1.2 of the SI for more
details). A slight di erence in the staining was detected in NIH
3T3 broblasts, cells having lamelopodia at the head-part of the
cell, for which 2 stains additional structures attached to ER or
additional ER parts in the plasma membrane region (Figure 5).
We assume that these structures can be the thinnest or the most
dense ER compartments into which the selected tube- lling ER-
tracker penetrates poorly. The xation of HelLa-Kyoto cells
stained with 0.5 mkM ER-tracker Red and 5 mkM of 2 using 4%
formaldehyde leads to 2 elution, while ER-tracker Red is
retained in ER (Figure 5, bottom). However, upon adding
another 10 mkM of 2, the staining of the ER membranes was
again observed, but the proportion of nonsegregated mem-
branes of vacuole-like structures increased (Figure 5, bottom).
Furthermore, when 90% methanol or Triton X-100 was used for
cell permeabilization, both dyes were washed out of the cells,
presumably due to the destruction of the membranes and the
integrity of the membrane cisterns. All this suggests that the
observed staining is due to an increase in FQY and
accumulation of 2 in the ER membranes.

Under the conditions of cell microscopy, 2 is remarkably
photostable. We analyzed the performance of 2 in HeLa-Kyoto
cells compared with the ER-localized blue uorescent protein
BFP-KDEL. The uorescence of BFP-KDEL was photo-
bleached two-fold in 1.5 to 2.0 min of 14% 405 nm laser
irradiation, while 2 showed no uorescence decrease at all
(Figure 6). The apparent interminable photostability of 2
suggests its high mobility in cell membranes, causing
continuous exchange of bound and free dye molecules from
the solution in the eld of bleaching, as observed for other

uorogens.””?® Note that during a more extended irradiation
the uorescence intensity of 2 only increases (Figure 6A). The
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Figure 5. Confocal microscopy of the HeLa-Kyoto and NIH 3T3 cells
labeled with ER-Tracker Red (0.5 mkM) and 2 (5.0 mkM). 559 nm
excitation and TRIC for ER-tracker Red and 405 nm excitation and
450 550 nm emission window for 2 with 60x magni cation were
used. Top: Labeled alive cells; scale 10 mkM. Bottom: Stained cells
xed with formaldehyde right after the xation (A,B) and after the
addition of an extra portion of compound 2 (C); scale 15 mkM.

e ect can be explained by the photodamage of the membranes
due to a high laser power and recruitment of more dye
molecules into damaged membranes from the surroundings.
This e ect disappears in xed cells upon decreasing the laser
power or exposure to irradiation (Figure 6B). Such a rapid
exchange probably indicates that the staining does not occur
due to some chemical interactions of 2. Moreover, the staining
is reversible the replacement of the medium leads to a
noticeable weakening of uorescence, which can be reversed by
adding a new portion of the dye. Also, the staining did not result
in death of cells, which were stable for 10 12 h (at
concentrations 20 mkM), while the test with trypan blue dye
did not demonstrate any membrane damage (not shown). We
also investigated the pH dependence of optical properties of 2
(Figure S4) and found that its imaging utility should not be
a ected by pH-dependent transitions in cells. The pK, of 2 is
3.6, which lies far beyond the physiological range (the value and
nature of the optical transition is typical for many other
BDIs*?). Because one of the uorogenic staining mechanics is
the formation of uorescent agglomerates, we tested 2 for
possible aggregation-induced emission and showed that this
compound demonstrates no visible emission in crystal solid or
in freshly precipitated forms. Thus we conclude that 2 stains ER
membranes because of its unique combination of hydrophobic
and uorogenic properties.

To assess the possibility of using these chromophores in the
two-photon excitation regime, we computed”® 2PA (two-
photon absorption) cross sections for several excited states for 1
and 2 and compared them with the prototype HBDI; the results
are collected in Table S12. The calculations suggest that
although 2 is less bright than HBDI in 2PA regime, the cross
sections are su ciently large for it to be used in two-photon
excitation imaging. In contrast, 1 has very bright 2PA transition
at 458 nm. If the intensity of this band spills over to longer
wavelengths due to inhomogeneous broadening and vibronic
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Figure 6. Bleaching behavior of HeLa-Kyoto cells labeled with 2 and with ER-localized BFP-KDEL protein. Top: Fluorescence intensity of alive (A)
and xed (B) cells in a time-lapse uorescence microscopy. Bottom: Fluorescence images of alive HelLa cells during the photobleaching.

interactions (as observed, for example, in a recent study of
stilbenes**), 1 might actually be brighter than HBDI in two-
photon excitation regime.

We presented a novel group of uorogenic dyes derived from
the GFP chromophore. The compounds containing a
pyridinium ring in the original chromophore’s core feature
large solvent-dependent Stokes shifts and solvent-induced
variations in the FQY. The calculations explain the observed
trends in terms of the increase in the dipole moment upon
excited-state relaxation in polar solvents, which is associated
with the changes in bond lengths and partial bond-order

ipping in the excited state. A unique combination of such
optical characteristics and lipophilic properties enables using
one of the new dyes for the ER staining. Owing to its extremely
high photostability (ensured by a dynamic exchange between
the free and absorbed states of the compound) and selectivity
(demonstrated by several examples), in combination with pH
independence in the physiological range, 2 is a promising label
for this type of cellular organelles.
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