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ABSTRACT: Synthesis of a set of new, azide bearing, biorthogonally
applicable fluorogenic dyes with large Stokes shifts is presented herein. To
assess the fluorogenic performance of these new dyes we have labeled a
genetically modulated, cyclooctyne-bearing protein in lysate medium.
Studies showed that the labels produce specific signal with minimal
background fluorescence. We also provide theoretical insights into the

design of such fluorogenic labels.

B INTRODUCTION

Modulation of biomolecules by fluorescent tags is of great
importance in biological research.'™ The popularity of
fluorescent manipulation of biological matter can be owed to
the highly sensitive and relatively cheap detectability of the
fluorescent signal with remarkable spatial and temporal
resolution, as well as their potential for multichannel imaging.4
Indeed, labeling of proteins, lipids, nucleic acids, sugars, or even
cells and viruses with synthetic fluorescent dyes has become an
indispensable tool in bioanalytical sciences.'>*~7 A special
class of fluorescent markers is represented by fluorogenic
labels.*™*® The characteristic feature of fluorogenic markers is
that their fluorescence intensity increases upon reacting with
their target biomolecules. Due to the distinct features of the
dark and emissive forms high signal-to-noise ratios are achieved,
which is particularly demanded in fluorescent technologies like
super resolution imaging techniques."*

In fluorescent live cell labeling schemes it is very important
that the chemical transformation is biocompatible, fast, and
high yielding, so bioorthogonal functions and reactions are the
methods of choice.'*™*? Bioorthogonal tagging reactions have
benefited greatly from the use of the azide group.”®*' Several
examples demonstrated the advantages of its highly energetic
yet quite stable nature in bioorthogonal transformation
schemes. Noteworthy is its selective reactivity with (cyclo)-
alkynes and phosphanes that enables reactions solely with these

-4 ACS Publications  © 2014 American Chemical Society

1370

Triazoles

3
o
i
=
-
w
c
-
]
E
[}
Qo
=
-4
o
W
g
=]
2
w

particular functions even in the presence of several other
functional groups present in biological media.**>*> Another,
less emphasized feature of the azide group is the fact that its
incorporation into fluorescent frameworks often results in
dramatic drop in fluorescence intensity.'®***” Importantly, the
originally quenched fluorescence reinstates upon the con-
version of azides into amines or triazoles.”**” Quite simply,
under suitable circumstances incorporation of azide moiety into
fluorescent scaffolds offers a two-in-one combination of
bioorthogonality and fluorogenicity. Despite their obviously
advantageous features azido quenched fluorescent tags are
rarely reported. Design of fluorogenic labels mostly relies on
empirical trial and error methods and very few examples use
theoretical prediction of such features.”” Recently we have
introduced new azide quenched frameworks whose spectral and
fluorogenic features were predicted with good reliability.”®
These probes exhibited excellent fluorogenic properties;
however, all showed excitation maxima in the UV region.
Therefore, using the same prediction methodology, we
intended to design new azide-quenched fluorogenic probes
with excitation wavelengths preferably in the visible region and
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emission bands in the red regime of the electromagnetic
spectrum.

B RESULTS AND DISCUSSION

Using empirical methods we have designed frameworks 5—6
(Figure 1.). Density functional theory (DFT) calculations were
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Figure 1. Proposed fluorogenic and bioorthogonally applicable
scaffolds.

also run to predict characteristic photophysical features,
namely, absorption and emission maxima and oscillator
strengths of transitions.

To obtain la and 1b (Scheme 1) the corresponding
carbaldehydes were condensed with 2-(4-nitrophenyl)acetic
acid. In case of 2a and 2b the carbaldehydes were allowed to
react with 2-methyl-6-nitro-1,3-benzothiazole in molten p-
toluenesulfonic acid. The nitro derivatives 1 and 2 were
reduced with tin(II) chloride in aqueous hydrochloric acid to
furnish the corresponding amines, 3 and 4. It is worth
mentioning that in case of 1b two products were formed in
similar ratio under these conditions, e.g,, 3b and its chlorinated
congener. In order to avoid chlorination at the 3-position of the
benzothiazole ring the reduction step was carried out in
absolute ethanol using anhydrous tin(II) chloride. Trans-
formation of the amines to the corresponding azides S and 6

was effected by diazotization and subsequent exchange with
sodium azide (Scheme 1).

In order to compare the spectral properties of the azides with
their triazole congeners compounds 5 and 6 were reacted with
N-(prop-2-ynyl)pivalamide. The 1,3-dipolar cycloaddition of
the azides and the alkyne was effected by catalytic amount of
[Cu(PhP;),]NO; in methylene chloride in the presence of
triethylamine® (see Supporting Information) to obtain
triazoles 7 and 8 in good yields.

We have studied the photophysical properties of click-
products 7 and 8 in comparison to their parent azides S and 6
in CH,Cl,, DMSO, and phosphate buffered medium (Table 1)
(see Supporting Information, Figure SI).

In line with our expectations and predictions, all azides
showed fluorogenic properties. In terms of fluorogenicity, Sb
performed the best. To our delight all triazoles were found to
be excitable in the visible range of the spectrum and possessed
remarkable Stokes shifts. Fluorogenic compounds with such
large Stokes shifts are rarely reported; in fact, to the best of our
knowledge the only one with similar properties was reported in
our recent work.”® For each azide—triazole pair we have
observed red-shifted emission spectra of the triazoles compared
to their corresponding azides. This is most likely in connection
with the change in molecular dipole moments associated with
the evolution of the triazole motif (Table 1). It should be
mentioned that in all cases hydrogen bond formation with
water decreased the fluorescence intensities.

Next, we were curious to investigate the performance of our
new dyes in a more challenging biological environment. We
used Amber suppression to genetically encode an unnatural
amino acid (UAA) with a reactive cyclooctyne (bicyclo[6.1.0]-
non-4-yn, BCN) site-specifically into nonfluorescent maltose
binding protein (MBP).****~* MBP encoding nonreactive
BOC-lysine serves as a negative control to the BCN lysine
UAA.

Experiments with MBP were performed for dyes Sa and 6a
only, since initial experiments with free BCN-Lys justified
further elaboration of these two dyes (see Supporting
Information, Figure S2). First, purified MBP derivatives
(BCN and BOC) were treated with Sa and 6a in buffer.

Scheme 1. Synthetic Route to Fluorogenic Labels S and 6
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Table 1. Photophysical Properties of Azides and Triazoles

fluorophore Sa 7a Sb
Amax (abs)/nm? 448 433 404
Anae (abs)/nm” 453 441 410
Amax (abs)/nm® 386 394 403
Amax (€xc)/nm® na. 442 na.
£/10* M'em™? na. 4.4 na.
£/10* M~ lem™'¢ n.a. 2.0 n.a.
Amax (em)/nm® 501 505 476
Apax (em)/nm® 510 510 504
Amax (em)/nm® 501 527 503
Stokes shift/nm® na. 133 na.

D (triaz.)/ Dy, (azide)?* 8.9
@ (triaz.)/ D (azide)“® 44
Ie(triaz.) /I (azide)?” 16.6
Ir (triaz.)/I; (azide) 12.4

7b 6a 8a 6b 8b
414 478 457 464 468
417 478 471 463 469
399 436 446 411 452
433 n.a. 448 n.a. 445
33 n.a. 4.2 n.a. 3.6
1.8 n.a. 2.2 na. 2.2
519 512 520 565 576
545 531 546 599 612
510 544 607 nd.? 630
111 n.a. 161 na. 178

62.7 5.0 5.3

174 4.2 6.0

121.1 74 7.8

26.3 7.9 9.0

“In CH,CL,. ®In DMSO. “In PBS. “Not detectable, in the background. “Compared at same absorbances at maxima. FExcited and measured at the

maxima of the triazoles.

Monitoring of the fluorescence intensities at corresponding
wavelengths over 24 h indicated continuously increasing
fluorescence in case of MBP-BCN while moderate changes
were observed for MBP-BOC (Figure 2A and SI Figure S3).
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Figure 2. Background corrected fluorescent changes at characteristic
emission wavelengths of dyes Sa and 6a upon reaction with MBP
derivatives in (A) buffered medium (B) in lysate.

The fluorescence intensity recorded for the MBP-BOC
system was used as background for correction. Next we
repeated these experiments in the presence of E. coli lysate.
Monitoring of fluorescent changes over time showed similar
trends to that observed in pure buffer with just slightly
increased background signals (Figure 2B and SI Figure S4).
Samples of these experiments were also analyzed on SDS-
PAGE. The gels were scanned with a 473 nm laser for
fluorescence, then stained with Coomassie Blue (Figure 3).

1372

Coomassie Blue Fluorescence scan

Z-UZ.U |_‘ .
QO © U O 6868
R A m m m M M m
+ 4+ o+ o+ + + + o+
@ w3 8 @ow 8 8
——

~—

-

—
—
—

Figure 3. (Left) Coomassie stained and (Right) fluorescent (A, = 473
nm) images of reaction products of Sa and 6a with MBP derivatives in
lysates.

Analysis of the gel under visible light excitation also supported
that fluorogenic tags Sa and 6a efficiently labeled the BCN
tagged MBP. MBP-BOC on the other hand showed very weak
or no appreciable fluorescence signal (Figure 3).

It should be noted that due to concentration limit of
fluorescence and the speed of the reaction, the experiments
were not conducted until reaching a plateau. The results rather
reflect qualitative trends as due to the relatively high
concentrations of the dyes (50 uM) nonlinear effects, like
self-quenching, the fluorescence of the dyes might even appear
lower.

From the fluorescent changes (Figure 2) and gel electro-
phoretic images (Figure 3) we can conclude that the two labels
can stand the challenging conditions of lysate medium and only
low fluorescent decomposition products are formed. These
results suggest that these fluorogenic labels can be used in
bioorthogonal fluorescent tagging schemes with low back-
ground fluorescence in complex biological environments.

Our continuous aim is to understand the fluorogenic nature
of azide quenched fluorescent frameworks. In order to get a
better insight into the design of such fluorogenic labels we
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performed quantum chemical calculations. The detailed
description of the computational procedure employed can be
found in our previous publication;*® only a brief summary is
given here. All calculations were carried out at the density
functional theory (DFT) level using the PBEO functional®>** as
well as the 6-311++G** basis set. The solvent effects were
taken into account with the aid of the polarized continuum
model®® with dichloromethane as solvent. For the excited states
the time-dependent DFT approach®® was invoked. In our study
we employed simplified model systems. For each fluorophore
the ethyl groups were replaced by methyl groups, and instead of
the click reagent used in the experiments propyne was
considered. All calculations were performed using the Gaussian
09 package.”’

The conclusions which can be drawn from the results of the
theoretical calculations are similar to those of our previous
paper.”® The optimized ground-state geometries are planar for
the azides, while the triazole ring forms an angle of about 30°
with the plane of the phenyl/benzothiazole ring in the case of
the triazoles. If the geometry optimization is started from the
ground-state-optimized structure, the relaxation of the geom-
etry in the S, state is moderate, only the torsional angle formed
by the triazole moiety and the phenyl/benzothiazole ring
changes considerably, which is between 0° and 20° for the
various compounds at the minimum of their S, surface. The
computed transition wavelengths and oscillator strengths are
displayed in Table 2, and we can conclude that the agreement
of the experimental and theoretical absorption and emission
wavelengths is reasonable.

Table 2. Calculated Transition Wavelengths (1) and
Oscillator Strengths for the I-’Iuorophoresa’l7

absorption emission
compound A/nm osc. strength A/nm osc. strength
Azides
sa 447 (448) 1.96 499 (501) 2.01
6a 471 (478) 213 519 (512) 224
sb 455 (404) 1.60 513 (476) 173
6b 506 (464) 1.76 381 (565) 2.01
Triazoles
7a 443 (433) 1.93 483 (505) 2.01
8a 468 (457) 212 506 (520) 226
7b 460 (414) 1.56 491 (519) 1.65
8b 510 (468) 172 575 (576) 1.96

“Calculated for CH,Cl, by using the polarized continuum model.
“Numbers in parentheses show the experimental results in CH,Cl,.

Obviously, the calculated transition probabilities do not
explain the significant difference between the fluorescence
intensities of the azides and triazoles. In our previous work™® we
pointed out that the low fluorescence intensities measured for
the azide derivatives can be explained by the existence of a
radiationless decay channel. The azide group can freely rotate at
room temperature, and due to the conformational change the
first excited state interchanges with a dark state with a low-lying
minimum, which suggests that the system can simply return to
its ground state via internal conversion processes. To verify the
existence of the nonemissive state for the current compounds
the excited-state geometry optimizations were repeated for the
azides starting from distorted geometries derived by rotating
the azide group around the bond connecting the latter to the
phenyl/benzothiazole ring. We successfully found these low-
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lying states with very low excited state — ground state
transition probability, which supports that the fluorescence of
the azides considered in this study is also quenched due to a
radiationless deactivation process.

We can conclude that our new, bioorthogonally applicable
azide quenched fluorogenic labels were found to be efficient in
bioorthogonal fluorescent labeling experiments. The visible
excitations and the remarkably large Stokes shifts of the labels
make these dyes especially applicable, e.g.,, in energy transfer
applications where separation of excitation and emission bands
is crucial. We have also provided theoretical insights into the
nature of such azide-quenched systems. According to our
findings in all cases a nonemissive “dark’-state interchanges
with the first excited state. Quenching efficiency of fluorescence
of the azides is dependent on the equilibrium of this process.
These results can be used in the design process of further
fluorogenic dyes with better stability, brightness, and polarity
suitable for in vivo imaging.

B ASSOCIATED CONTENT

© Supporting Information

Details of synthetic procedures, characterization data for small
molecules, and fluorescence spectra for 5—8 are available.
Details of protein labeling experiments with further spectra and
coordinates for optimized geometries are provided. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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