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Abstract: The absorption and steady-state emission properties of a series of N-alkyl- and N-aryl-9-
aminoacridizinium derivatives and two 9-sulfanyl-substituted acridizinium derivatives were investigated.
The N-alkyl derivatives and the 9-methylsulfanylacridizinium have an intense intrinsic fluorescence (¢r =
0.2—0.6), whereas the N-aryl-substituted compounds are virtually nonfluorescent in liquid solutions (¢; <
0.01). The emission intensity of the latter compounds significantly increases with increasing viscosity of
the medium. It is demonstrated that the excited-state deactivation of the N-aryl-9-aminoacridizinium
derivatives is due to two nonradiative processes: (i) torsional relaxation by rotation about the N—aryl bond
and (ii) an electron-transfer process from an electron-donor substituted phenyl ring to the photoexcited
acridizinium chromophore. The binding of several representative acridizinium derivatives to double-stranded
DNA was studied by the spectrophotometric titrations and linear dichroism spectroscopy. The results give
evidence that the prevailing binding mode is intercalation with binding constants in the range (0.5—5.0) x
10° M~ (in base pairs). Notably, the binding of most of the N-aryl-9-aminoacridizinium derivatives leads to
a fluorescence enhancement by a factor of up to 50 upon binding to the biomacromolecules. Moreover,
the addition of selected proteins, namely albumins, to N-(halogenophenyl)-9-aminoacridizinium ions in the
presence of an anionic surfactant (sodium dodecyl sulfate) results in a 20-fold fluorescence enhancement.
In each case, the emission enhancement is supposed to result from the hindrance of the torsional relaxation
in the corresponding binding site of the biomacromolecule, which in turn suppresses the excited-state
deactivation pathway.

Introduction with large extinction coefficientdsmall organic dye molecules

. . ._,_and luminescent complexes of transition metals with organic
Fluorescent probes are valuable tools in chemistry, materials .

science, biology, and medicine, mainly because of the high I|gan_ds offer the_ opportunity to vary the chemicgl and photc_)-
sensitivity of fluorescence spectroscgyWhile the use of physical properties of fluorescent probes by a deliberate choice
fluorescent nanoparticles and supramolecular conjugated den of the fluorophore and a systematic variation of the substitution

drimers offers distinct advantages, such as enhanced photoper (pattern and, thus, provide an access to an almost unlimited range

sistence and high luminescence quantum yields in combina'[ionOf possible applications.
In particular, fluorescent probes whose emission intensity

increases upon association with biomacromolecules, such as
DNA or proteins, are useful markers in genomics and proteom-
ics, because the binding event to the host molecule may be
followed by the appearance of an intense fluorescence emission
(“light-up probes”)® Their major applications are staining of
nucleic acids and proteins in gel electrophoresis and the
quantification of these biomacromolecufes. Thus, efficient
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probes for the fluorimetric detection of DNA are available, Chart 1. Structures Investigated and Discussed in This Study?
including numerous organic dyesnd several luminescent

H
ruthenium complexe$The fluorescent protein stains include, NS NH, N B
among others, 1-anilino-8-naphthalenesulfonate (1,8-ARS), N~ @O s N
® 3 R

Nile Red!! or the SYPRO dye family? Nevertheless, studies

) , - 2a: R=H
aimed at a better understanding of the origin of the fluorescence 1 2%: R =Me
properties of a given fluorophore, in particular the dependence %

on the environment, are scarcely addressed in the literature. The m

mechanism of the DNA-induced fluorescence enhancement of /g 7

ruthenium-based metallointercalators has been investigated in 3a-m

detail®P.chowever, the situation is less clear in the case of DNA-  2Assignment of substituents X, see Table 1.

sensitive organic fluorophores, in particular due to their vast

structural diversity. For example, the mechanism of the fluo- significantly quenched due to the photoinduced electron-transfer
rescence enhancement of ethidium bromide upon binding to reaction with the nucleic bases which is a major drawback with
DNA has been a matter of debate for more than 20 y&dfs.  respect to its use as a light-up praietherefore, we planned
Even less investigated is the mechanism of protein detectionto modify the structure ot (Chart 1) in such a way that it has
by light-up probes. Especially in the latter case, the discovery & Very low intrinsic fluorescence, which may increase upon
of novel efficient fluorescent probes rests mainly on serendipi- complex formation with DNA or other biomacromolecules.

tous finding35 and only few systematic strategies for théonal To impair the intrinsic fluorescence properties bf an
design of ||ght_up probes or detailed ana|yses of structure additional deactivation pa.thWay for the excited state was planned
property relationships are publish&d. to be introduced by an aryl substituent at the exocyclic nitrogen

Previous studies from our groups have shown that derivatives atom, which may result in two effects: (i) a photoinduced
of the acridizinium (benzdquinolizinium) ion represent a  €lectron-transfer reaction between the electron-rich phenyl
promising platform for DNA-binding compound$Along these substituent and the excited acridizinium chromophore; (ii)
lines, the 9-aminoacridiziniuml)® represents a system with ~ rotation about the Naryl bond, leading to the nonradiative
attractive photophysica| properties' such as absorption in thedeaCtiVation of the excited state. For Comparison, it has been
near-UV region of the spectrumi{a~ 390 nm), well separated ~ shown that in protein stains such as 2-anilino-6-naphthalene-
from the one of the nucleic bases; good quantum yield of sulfonate derivatives2e ANS; 2b: TNS)'° both effects take
fluorescence ¢ = 0.41 in aqueous solution);and a large place?! Similarly, the binding ofN-aryl-9-aminoacridizinium
Stokes shift A4 ~ 120 nm), allowing unambiguous detection ~derivatives to a host molecule may hinder one or both of the
without reabsorption effects and not interfering with the deactivation pathways, resulting in an increase of the fluores-
background fluorescence of biomolecules. However, upon cence Signal. Moreover, the use of the novel acridizinium-based
interaction with the DNA bases, the fluorescence lofis chromophore has advantages compared to comp@,beésause
the positively charged acridizinium chromophore provides
(9) (a) Friedman, A. E.; Chambron, J.-C.; Sauvage, J.-P.; Turro, N. J.; Barton, gppropriate DNA-binding properties. In addition, binding to the

J. K.J. Am. Chem. S0d.99Q 112, 4960-4962. (b) Hiort, C.; Lincoln, P; . . . .

Nordan, B. J. Am. Chem. S0d.993 115 3448-3454. (c) Olson, E. J. C.; negatively charged proteirsurfactant micelles in the presence

Hu, D.; Harmann, A.; Jonkman, A. M.; Arkin, M. R.; Stemp, E. D. A,; ioni i i i
Barton, J. K.; Barbara, P. B. Am. Chem. S0d.997, 119, 11458-11467. of an anionic surfactant, e.g., SDS, which is used in the gel

(d) Erkkila, K. E.; Odom, D. T.; Barton, J. KChem. Re. 1999 99, 2777- electrophoresis of proteilf$? may be possible and provide a
(10) gf"ﬁartman, B. K. Udenfriend, \nal. Biochem1969 30, 391—394. tool_for the visualizatio_n of proteins aftgr gel electrophoresis.
(b) Horowitz, P. M.; Bowman, SAnal. Biochem1987, 165, 430—434. Since the photophysical properties of intramolecular denor
(c) Edelman, G. O.; McClure, W. QAcc. Chem. Red.968 1, 65—70. B
(11) Daban, J.-R.; Bartolom.; SamspM. Anal. Biochem1991 199, 169- acceptor systems, such dsare often influenced by several
174. independent effects, their detailed investigation represents a

12 ﬁ)g?gﬂﬁnif'gggég‘%‘agkﬁ,fé;tgﬁ]e'C\?eé?é;;o':;;‘g‘;gg%%gglL"pez' challenging research fielland a systematic study is desirable.

2509-2521. (b) Steinberg, T. H.; Jones, L. J.; Haugland, R. P.; Singer, This, in part, may be achieved by the synthesis and detailed
V. L. Anal. Biochem1996 239, 223-237.

(13) (a) Oimsted, J., Ill: Kearns, D. Biochemistryl977 16, 3647-3654. (b) investigation of a series of derivatives with different substituents
I\_/ﬁ?(?r, %.Jégusrrsin.i98l 2J2, §2_152,65- (© Sﬂgh _Bt. Lh Nas(t:asti. ﬁ. J..in the phenyl ring, such as electron-donating, electron-withdraw-
1097 45 165-175. (d) Sailer. B. L- Nastasi A. J. Valdez 3. G. ing, or halogen substituents. Moreover, the substitution pattern
Steinkamp, J. A.; Crissman, H. 8ytometryl996 25, 164-172. (e) Heller, may be varied, too. This approach would allow the deduction
D. P.; Greenstock, C. LBiophys. Chem1994 50, 305-312. . . . . .

(14) Luedtke, N.; Liu, Q. Tor, YChem—Eur. J.2005 11, 495-508. of a structure-properties relationship and, as a final goal, tuning

(15) (a) Jisha, V. S.; Arun, K. T.; Hariharan, M.; Ramaiah,JDAm. Chem. the photophysica| properties of the System in such a way that it
Soc.2006 128 6024-6025. (b) Daban, J. R.; Bartolome, S.; Samso, M. R . . .
Anal. Biochem1991 199, 169-174. (c) Lee, S. H.; Suh, J. K.; Li, M. could match a particular practical application.
Bull. Korean Chem. So@003 24, 45—-48. in in<i i i i
(16) (a) Patonay, G.; Salon, J.; Sowell, J.; StrekowskiMblecules2004 9, TO.Obtam .In.s!ght Into the. photophysical properties .Of t.he
40-49. (b) Rabilloud, T.; Strub, J.-M.; Luche, S.; Girardet, J. L.; van 9-aminoacridizinium system in general, a study of the derivatives
Dorsselaer, A.; Lunardi, J. Proteome200Q 1, 1-14. (c) Rodembusch, i i
F S Leusin. F. P Medina. L. F. D.- Brandeli. A.: Stefan Rhotochem with substituents pther than gryl groups Wgs also planned. Thus,
Photobiol. Sci2005 4, 254-259. N-alkyl- or N,N-dialkyl-substituted derivatives of appeared
(17) lhmels, H.; Faulhaber, K.; Sturm, C.; Bringmann, G.; Messer, K.; Gabellini, ; ; ~ ;
N.: Vedaldi. D. Viola. G Photocher. PhotobioB0OL 74, 505-511. to be useful in studying the electron-donating effect of the alkyl
(18) Ihmels, H.; Engels, B.; Faulhaber, K.; Lennartz,Ghem—Eur. J. 2000

6, 2854-2864. (20) Bohne, C.; Faulhaber, K.; Giese, B.ifAer, A.; Hofmann, A.; lhmels, H.;
(19) In ref 18, a value ofps = 0.12 in water for compound has been given. Koéhler, A.-K.; PefaS.; Schneider, F.; Sheepwash, M. AJ_Am. Chem.
However, further experiments revealed that this value was under under- Soc.2005 126, 76—85.

estimated due to the use of an inappropriate quantum yield standard (21) Kosower, E. MAcc. Chem. Red.982 15, 259-266.
(quinine). The values in the present work were determined using Coumarin (22) Osterman, L. A.Methods of Protein and Nucleic Acid Research;
153 as a reference and are believed to be more reliable. Springer: Berlin, 1984.

J. AM. CHEM. SOC. = VOL. 129, NO. 5, 2007 1255



ARTICLES Granzhan et al.

groups on the 9-aminoacridizinium chromophore and, on the 2.0
other hand, serving as reference compounds for the investigation
of the effects of the aryl substituent. Finally, investigation of a
sulfur analogue of was planned, in which the amino group is
replaced with a sulfanyl or phenylsulfanyl substituent. Since
the sulfanyl substituent has different electron-donating properties
than the amino substituent ih, it was proposed that such
derivatives could represent a complementary defaceptor
system.

Absorbance
Fluorescence intensity / a.u.

Results

Photophysical Properties. A. Absorption and Fluorescence
Properties of 9-Amino-substitued Derivatives Compounds
3a—k were synthesized by aromatic cyclodehydration or nu-
cleophilic aromatic substitutio??. The acridizinium salts are
well-soluble in protic and polar aprotic solvents and moderately
soluble in halogenated solvents, such as dichloromethane and
chloroform (except fol). Unfortunately, the solubility of these
compounds in the solvents of moderate polarity (1,4-dioxane,
ethyl acetate) is lower than that required for UV/vis spectroscopy
which excludes investigations therein. The diluted solutions of
all investigated compounds are yellow. Representative absorp-
tion and emission spectra of selected 9-amino-substituted
acridizinium derivatives are shown in Figure 1; photophysical
parameters of the new compounds from spectrophotometric and
spectrofluorimetric measurements in aqueous solutions are given
in Table 1. The complete set of data on the absorption and
fluorescence properties of compouridand3a—m in various
solvents is presented in Table S1 (Supporting Information).

The most remarkable feature of the absorption spectra is the
close similarity of the positions and shapes of absorption bands
of all 9-aminoacridizinium derivatives. Thus, the introduction
of aryl substituents 3d—k) into the 9-aminoacridizinium
framework does not result in significant changes in the
absorption spectra as compared to the dialkyl-substituted
derivatives3a—b. At the same time, the absorption spectra of ]
all amino-substituted derivative8d—k) are red-shifted by-915 300 200 500 500 700
nm with respect to the parent compouhdvoreover, the shape

of the long-wavelength absorption band of the aryl-substituted Figure 1. Absorption and fluorescence spectra of compousaléA), 3d

compounds3f—k is essentially identical (Figure 1C and D). (), 3g (C), and3k (D). Solid lines: absorption spectra in water; dashed
Notably, absorption spectra of the derivatives with electron- lines: absorption spectra in dichloromethanes 50 xM in both cases.

donating substituents in the phenyl ringd( 3€) are slightly Dotted lines: normalized fluorescence emission spectra in water10
broadened as compared to the derivatigesk, although the M- excitation wavelengtiie,. = 390 nm.
positions of the long-wavelength maxima do not change
significantly in this case, either (Figure 1B). This broadening
is more pronounced in aprotic solvents, such as DMSO and
halogenated solvents. The absorption spectra of comp8&dnd
were investigated in a broad range of concentrations {0101
mM in dichloromethane); however, it was observed that the
shape of the absorption spectrum remains unchanged within thi
concentration range (Figure S1A; Supporting Information).
Acridizinium derivatives1l and 3a—k exhibit only weak

Absorbance
Fluorescence intensity / a.u.

Absorbance
Fluorescence intensity / a.u.

Absorbance
Fluorescence intensity / a.u.

Wavelength / nm

In the other solvents investigated (water, methanol, acetonitrile,
DMSO, chloroform), only minor shifts (8 nm at maximum) of
the absorption maxima were observed.

The solutions of the dialkylamino-substituted derivatives
3a—c exhibit a characteristic, bright yellow-green fluorescence
similar to the one of the parent 9-aminoacridizinium dal#
SThe fluorescence qguantum yield in dichloromethanex 0.5—

0.6; cf. Table S1, Supporting Information) is almost twice as
. . X high as in other solvents (e.g., f8Ba ¢t = 0.36 both in methanol
S°'Vat9°hr°m'3’*_‘- The photo_phys!cal properties of t_WO 'ePre- and acetonitrile). The emission spectra of these derivatives have
sentative derivative8b and3k in various solvents are displayed a maximum at 525540 nm, depending on the solvent, and a

n Tablzz.h'_l'f[]udsj t?ﬁ ﬁlbsorptlc;]n maxma;;: achorEpoun_ds are large Stokes shift (120140 nm) is observed. The Stokes shift
most red-shifted in dichloromethane (e.g.,3&r the absorption values are smallest in dichloromethane.

maximunmiass= 413 nm in dichloromethane vs 397 nm in water In contrast to compound3a—c, the arylamino-substituted
and acetonitrile; see also Table S1, Supporting Information). derivatives3d—k exhibit very weak fluorescence in various

(23) (a) Granzhan, A.: Ihmels, KDrg. Lett.2005 7, 5119-5122. (b) Granzhan, soIv_ents, usually just slightly exceeding the detection limit of
A.; Ihmels, H.ARKIVOC2007, (viii), 136-149. the instrumentgs = 1 x 1074). In some cases, the fluorescence
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Table 1. Spectrophotometric Properties of Acridizinium
Derivatives 1 and 3a—m in Water

s log e/ Aent! 8
compd X nm emiMmtb nm @i x 1024 §
1 NH. 387 4.26 512 41 s
3a N(CH2CH;,),0 396 4.30 528 40 2
3b N(CH,)4 404 4.33 535 36
3c NEt, 404 4.31 532 17
3d NH(4-CsHaNMez) 400 4.30 523 0.21
3d-H 397 4.34 523 0.38
3e NH(4-CsHsOMe) 399 4.28 530 0.02
3f NH(4-CsHsMe) 399 4.35 e e
3g NHPh 398 4.33 526 0.01 3
3h NH(4-CsH4F) 396 4.34 545 0.01 §
3i NH(4-CsH4Br) 398 4.33 550 0.01 5
3j NH(4-CsH4Cl) 397 4.32 513 0.07 8
3k NH(3-CsH4Cl) 397 4.33 550 0.08 <
3l SPh 390 4.24 475 0.04
3m SMe 389 4.17 493 21 . . .
300 400 500 600
2 Long-wavelength absorption maxime,= 50 uM. ® Molar decadic Wavelength / nm

absorption coefficientt Fluorescence emission maximum,= 10 uM,
excitation wavelengtiiex = 390 nm.® Fluorescence quantum yield (relative
to Coumarin 153, estimated errar 10%). © Fluorescence too low to be
determined.

Table 2. Absorption and Steady-State Emission Properties of
Representative Derivatives 3b and 3k in Various Solvents?

3b 3k

Absorbance

solvent? Aabs log € Aem @ x102  Aaps log e Aem @ x 10?2

H20 404 433 535 36 397 4.33 550 0.08
MeOH 404 440 534 40 400 4.36 542 0.05
MeCN 404 4.40 537 43 397 436 536 0.06
DMSO 406 4.37 546 41 402 433 552 0.18

CHCl, 409 440 526 59 413 429 527 059 400
458 4.13 .
CHCl; 404 4.41 538 53 403 428 531  1.40 o
449 413 3

. . € 200
a See footnotes to Table %In order of their decreasingr values®® §
[]
S

could not be detected3¢ 3f). The fluorescence intensity of o 0

most of the aryl-substituted derivatives is slightly enhanced in 400 500 600 700

chloroform solutions, reaching: = 0.014 in the case @k. If
Sf;;gtaab:% t::netgfjlO;r;pimg;nc;—o;j,gesn?ncognaﬂ:?dtz Isthu(:ua"y ure 2. (A and B) Spectrophotometric titrations of compousdi (50

ﬂM) with HCI in the Britton—Robinson buffer (A) and with TFA in
emission spectra of the brightly fluorescent dialkylamino dichloromethane (B). (C) Titration curves for the titration depicted in (A);
derivatives3a—c. However, in the solid state or in colloid numerical fits calculated foK, = 9.1 x 10°¢ M. (D) Spectrofluorimetric
soluions (e.g., in eihyl acetale) compourly—k show a [0 o oA L0310/ 1 derioonetiane) Arous ndicat changes
moderately intensive, orange emission with a broad maximum
centered at around 600 nm (Figure S1B).

The absorption and emission properties of the derivétje spectrum undergoes significant changes; that is, the long-
which carries a conjugated dimethylamino group, change wavelength tail of the absorption spectrum disappears, and a
significantly upon protonation. The photometric titrations of new band located at 320 nm arises. The titration curves may
hydrochloric acid to this compound in the BritteRobinson be fitted by the 1:1 protolytic equilibrium (Figure 2C); they
buffer (an aqueous buffer solution consisting of phosphoric, give the values of acidity constantsK(p at 293 K) of 5.04 (in
boric, and acetic acids and providing a smooth pH change in awater) and 4.05 (in dichloromethane, fits not shown). In the
broad range, 1= pH < 8)% reveal the presence of several fluorescence spectra od, the emission maxima remain
isosbestic points (Figure 2A). However, whad was titrated essentially unchanged during the acid titration, but the fluores-
with trifluoroacetic acid (TFA) in dichloromethane, the long- cence intensities increase. This effect is especially large when
wavelength isosbestic points were not conserved during thethis compound is titrated with TFA in dichloromethane (Figure
titration (Figure 2B). Remarkably, the position and intensity of 2D). In this case the fluorescence intensity increases by a factor
the long-wavelength absorption band (around 400 nm) do not of ca. 130, and the emission maximum shifts by 11 nm to shorter
change essentially during titration, while the other part of the wavelengths. In the other solvents, such as water and DMSO,
the fluorescence enhancement is not as pronounced (afsthe

Wavelength / nm

(24) Reichardt, CSobents and Selent Effects in Organic Chemistrgrd ed.; i i
Wiley—\VCH- Weinheim, 2003, values fpr the protonated and basic forms3dfin Table S1,
(25) Britton, H. T. S.; Robinson, R. Al. Chem. Soc1931, 458-473. Supporting Information).
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w
o
n

Absorbance
N
e
Wt. % glycerol

Fluorescence intensity / a.u.
Fluorescence intensity / a.u
N
o
1

o
I

(223
o
n

40

Temperature

Absorbance

204

Fluorescence intensity / a.u.
Fluorescence intensity / a.u

300 400 500 600 700 500 600 700
Wavelength / nm Wavelength / nm
Figure 3. Absorption and fluorescence spectra of compowBgA) and Figure 4. Fluorescence emission spectra of compo8h(A) in water—
31 (B). Solid lines: absorption spectra in water; dashed lines: absorption glycerol mixtures at 20C, the arrow indicates changes in fluorescence
spectra in dichloromethane, = 50 uM in both cases. Dotted lines: intensity upon increasing the glycerol content from 0 to 100%; (B) in

normalized fluorescence emission spectra in water,10 uM, excitation glycerol at varied temperatures, the arrow indicates the changes in the
wavelengthiexe = 390 nm. intensity with increasing temperature. For the experimental conditions, see
footnote to Table 3.

B. Absorption and Fluorescence Properties of 9-Sulfanyl-
substitued Derivatives The sulfanyl-substituted acridizinium
derivatives3l and3m show absorption and fluorescence spectra
(Figure 3) that are very similar to each other (&fiax = 390
and 389 nm for3l and 3m in water) and to the one of
9-aminoacridizinium I; Amax = 387 nm in water). The long-
wavelength absorption bands of these compounds are slightly
more structured than the ones of the amino-substituted ana-
logues, and three constituents may be identified. The solvato-
chromism of these compounds is also negligible; thus, the

absorption maxima of both compounds shift up to 395 nm (in g
dichloromethane). (Er(30) = 63.1 and 57.0 for water and glycerol, respectivéty),

The fluorescence spectra of compo@rd have a maximum allowing exclusion of influential factors other than viscosity on

at 490-500 nm and are thus blue-shifted by about 40 nm the fluorescence. The fluorescence of solutions of the aryl-
compared to thél,N-dialkylamino derivativeSa—c. The Stokes substituted derivatives in such mixtures increases drastically with

shift (80-110 nm, depending on the solvent) is large but slightly increasing glycerol_ co_ntent_. The representativ_e fluorescence
smaller than the one observed for the amino-substituted SPECtra of the derivativ8g in water-glycerol mixtures are

analogues. The fluorescence quantum yields are about 0.20 irShOWn in Figure 4A; similar changes were observed in the case
most solvents and thus are slightly smaller than the ones of Of &l other aryl-substituted derivatives, including compoghd
compoundl and N,N-dialkyl-substituted 9-aminoacridizinium 1 he values of fluorescence quantum yields in glycerol at 20
salts 3a—b (¢r ~ 0.4 in water). In contrast to the amino °C, as well as re_sults of the linear regression ar_1aIyS|s of the
analogues, such dsand3a—c, the fluorescence of compound double-logarithmic plot o vs 7, are summarized in Table 3.
3m is efficiently quenched in DMSOgf ~ 0.01). In the case of the methoxy-substituted compouBe), (the
Compared to compoun@m, the phenylsulfanyl-substituted ~ fluorescence is enhanced by a factor of 25 upon a change from
derivative3! shows a much weaker fluorescence in all solvents Water to glycerol. This enhancement is even more pronounced
investigated¢r < 3 x 1073). Similarly to theN-aryl-substituted in the case of derivative3f—i and3l (increase by a factor of
derivatives3d—k, the most intense fluorescence is observed in 60-130) and especially for the chloro-substituted compounds

(i) solvents of different viscosity were used at a constant
temperature, and (ii) a solvent whose viscosity changes to a
large extent with the temperature was employed at varied
temperatures.

The media of varied viscosity were provided by glycerol
water mixtures, since the latter allow investigations in a very
broad range of viscosities (from= 1.005 cP in water to 1499
cP in glycerol at 20.0C). The viscosity dependence of such
mixtures on their content is well-documen#doreover, both
glycerol and water are protic solvents with a comparable polarity

chloroform. The emission maximum &f is located at 476 3j and 3k (increase by a factor of 200 for both derivatives).
480 nm in most solvents, whereas in chloroform it undergoes a  The effect of the temperature on the fluorescence properties
significant bathochromic shift up them = 524 nm. was investigated for the solutions of several representative

C. Viscosity Dependence of the Fluorescence of the Aryl- ~ compounds in glycerol. Upon heating from 0 to 1UD, the
Substituted Derivatives To investigate the mechanism of the  Viscosity of this solvent decreases nonlinearly from 12 070 to
radiationless deactivation in the weakly fluorescent aryl- 14.8 cP% This causes a marked decrease of the fluorescence
substituted derivative8d—k and 3l, the dependence of their
fluorescence properties on the viscosity of the medium was (26) Andrussow, L.; Schram B. IrEigenschaften der Materie in lhren

. X . Aggregatzustaden: Transportphaomene | (Landolt-Bmstein, Bd. 5a)
studied. The latter was systematically varied by two methods: Schder, K., Ed.; Springer: Berlin, 1969; pp 3#B73.
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Table 3. Fluorescence Quantum Yields of Selected Acridizinium Derivatives in Glycerol and Results of the Linear Regression Analysis of
log ¢+ over log n2

regression of log ¢ over log n

@s (glycerol)/
compound substituent ¢ (glycerol) @r (water) slope k r2
3e NH(4-CsHsOMe) 2.2x 1073 25 0.45 0.998
3f NH(4-CsHaMe) 8.5x 1073 63 0.59 0.997
39 NHPh 1.6x 102 110 0.65 0.996
3h NH(4-CsH4F) 1.6x 102 130 0.69 0.996
3i NH(4-CsH4Br) 1.7x 1072 105 0.66 0.991
3 NH(4-CsH4Cl) 3.1x 102 200 0.77 0.991
3k NH(3-CsH4Cl) 7.1x 1072 205 0.76 0.991
3l SPh 3.3x 1072 85 0.63 0.997

a Experimental conditions: temperatufe= 20.0°C; concentratiort = 10 uM; excitation wavelengtiiex = 390 nm in all cases. Fluorescence quantum
yields determined with Coumarin 153 as a reference.

intensity of the aryl-substituted acridizinium derivatives (Figure
4B; see Figure S2 in the Supporting Information for the spectra
of other derivatives). At the same time, the positions of the
emission maximum change by 469 nm; thus, the emission
spectra are most red-shifted at temperaturesd®>C, whereas
at lower and at higher temperatures the emission maxima are
shifted to the shorter wavelengths. Remarkably, the fluorescence
quantum vyield of compoungj in glycerol reaches the value
0.17 at 0°C, and the yellow fluorescence of this compound
may be observed by the naked eye.

Interaction of 9-Substituted Acridizinium Derivatives with
DNA. A. Spectrophotometric Titrations. The interaction of
the representative derivativds, 3b, 3d, 3¢ 3i—k, and3m with
DNA was investigated by spectrophotometric and spectrofluo-
rimetric titrations with calf thymus DNA (ct DNA) in aqueous
phosphate buffer solutions at pH 7.0. Spectrophotometric
titrations of ct DNA to derivative$b and 3j and the sulfanyl
analogue3m are shown in Figure 5 (see Figure S3, Supporting
Information, for the titrations of the other derivatives). Upon
addition of DNA to the buffered solutions of the acridizinium
derivatives, a significant decrease of the absorbance (hypochro-
mic effect) and a red shift (+115 nm) of the long-wavelength
absorption maxima were observed. Simultaneously new weak
shoulders at longer wavelengths and one or more isosbestic
points were detected, indicative of an interaction of the
acridizinium derivative with DNA. Photometric titrations of
DNA to the halogen-substituted derivativ@s—j at a dye
concentration of 5@M turned out to be problematic, since, at . -
the beginning of the titrations, i.e., at high ligand-to-DNA ratios 300 400 500
(r > 0.25), the colored, fibrous DNAdye complex precipitated Wavelength / nm
from the solution. Nevertheless, upon further addition of DNA  Figure 5. Spectrophotometric titrations of ct DNA to compour8is(A),
(r < 0.16) the precipitate partly dissolved. For the evaluation 3j (B). and3m (C) at a dye concentration of 5M. The arrows indicate
of the DNA-binding co.ns.tant_s and binding-site sizes, the data;gﬁ:?gg%?g %fnt]l;e intensity of the absorption bands upon addition of the
from spectrophotometric titrations were represented as Scatchar
plots (Figure S4) and fitted to the neighbor-exclusion model of DNA ratios form aggregates which stack along the DNA

Absorbance

Absorbance

Absorbance

McGhee and von Hippéf. backbone. The binding of the compounds from the former
The binding constants of the investigated compounds are in Subgroup is more consistent with the pure intercalative mode.
the 16 M~ range within experimental error (Table 4). B. Linear Dichroism Spectroscopy Linear dichroism (LD)
Compound3b has the largest value ¢ = 4.4 x 106 ML, In spectroscopy is an efficient tool to evaluate the binding modes
general, the binding-site sizes for the dialkylamino-substituted between ligands and nucleic acids, based on the forced orienta-
derivatives3a—b and the methylsulfanyl derivativ8Bm are tion of nucleic acid molecules in an external hydrodynamic (so-
larger than the values for tid-aryl derivatives i = 1.2—1.5), called flow LD) or electric field?® To determine the binding

which may be explained by the assumption that the latter geometry of 9-substituted acridizinium derivatives, the flow LD
compounds, in addition to the intercalation, at high ligand-to-

(28) (a) Norde, B.; Kubista, M.; Kurucsev, TQuart. Re. Biophys.1992 25,
51-170. (b) Norde, B.; Kurucsev, TJ. Mol. Recognit1994 7, 141—
(27) McGhee, J. D.; von Hippel, P. H. Mol. Biol. 1974 86, 469-489. 156.
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Table 4. DNA-Binding Properties of Selected Acridizinium 0.000]
Derivatives from Spectrophotometric and Fluorimetric Titrations —_
Aabs/nM? Aem/Nm® §
free  bound shit A2 free bound shift A1 KY104M~! n =1 -0.005
3a 396 407 11 529 534 5 4F%0.2 24+0.1

3b 404 415 11 537 540 3 444 17401
3d 401 413 12 524 532 8 141 15+0.1
3e 398 413 15 519 519 0 6804 15+0.1 0.000-
3i 398 410 12 508 558 50 6804 1.2+0.1

3] 397 409 12 513 555 42 5802 14401 5 -0.002
3k 397 407 10 542 539 -3 e e -
3m 389 400 11 496 492 -4 75x06 3.7+£0.1 -0.004

a Absorption wavelengths that correspond to the free and bound dye
absorption maxima, as well as the shift upon complex formation with DNA.
b Emission maxima for the free and bound dye and the shift upon complex
formation with DNA. ¢ Binding constant (in bp), determined from fitting 0.000-
the Scatchard plots to the McGheeon Hippel modeld Binding-site size
(in bp), determined from fitting the Scatchard plots to the McGheam
Hippel model.® Not determined due to precipitation of DNAlye complex
during titration.

-0.005 4

LD (AA)

-0.010+

spectra of two representative derivativ8a and 3] were
measured at varied ligand-to-DNA ratias=€ 0.04, 0.08, and
0.2). The LD signals of both compounds (Figure 6) are negative -0.002+

0.000 1

at all mixing ratios both in the UV region where both the DNA '9' 10,004

bases and the ligands absom300 nm) and at wavelengths )

longer than 350 nm where only ligands absorb. Such negative -0.006 . r

LD bands are indicative of an intercalative mode of binding. 300 400 500
The reduced linear dichroism (L)Dspectra provide informa- Wavelength / nm

tion about the average orientation of the ligand transitions Figure 6. Linear dichroism (upper panels) and reduced LD (lower panels)
relative to the DNA base transitions. Typically, L§pectra are ~ SPectra of compoundia (A) and3j (B) in the presence of ct DNA. Arrows

| in th . f | ' f . ith indicate the changes in the intensity of the bands with increasing ligand-
structureless, except in the regions of overlap of transitions with (,_pNA ratios ¢ = 0.04, 0.08, and 0.2).

different polarizations, i.e., when different binding modes take

place simultaneously. In the case of derivaBeean essentially  gjalkyl-substituted compouncgaand3b show opposite changes
constant L[ value between 350 and 500 nm, comparable to of their—intrinsically high—fluorescence properties. Compound
the one of the DNA bases (at 280 nm), indicates that a single 353 shows a weak decrease of the fluorescence intensity similar
binding mode, namely inter_calation into the DNA, takes place. g that of the parent compourig while the fluorescence @b

In contrast, for compoungj, the values of LD are slightly slightly increases (Figure 7A). The emission maximum shifts

smaller than the ones of free DNA, which indicates a certain 5 |onger wavelengths in both cases, although the shift is small
degree of tilting of the transition moment of the dye, and thus (5 and 3 nm, respectively).

of the aromatic plane of the acridizinium chromophore, relative

to the plane of the base pairs. From eq S14 (Supporting A .
Information) it can be estimated that the transition dipole weak intrinsic fluorescence decreases even further (Figure 7B).

moment of the compoundj is tilted by 10—20° relative to In the (_:ase qf the bromo-substituted derivatBigthe fluores- _
the orientation perpendicular to the helix axis. At higher ligand- CENCe Intensity increases by a factor of about 2.3 but remains
to-DNA ratios ¢ > 0.08), the magnitude of the LDsignal rather low; at the same time, the emission maglmum.shlfts by
decreases due to the nonspecific association of the dyes on the? "M to longer wavelengths, and an isoemissive point-at
DNA surface with a random orientation. 508 nm is observed. The DNA-induced fluorescence enhance-
C. Spectrofluorimetric Titrations . Spectrofluorimetric ti- mept is, mo;t pronpunced in the case of the chloro-substituted
trations of ct DNA to the acridizinium derivativeda—b, 3e derivatives3j—k (Fl.gure 7C). The vgry W.eak fluorescence of
3i—k, and3m were performed in an aqueous buffer solution at [N€S€ compounds in agueous solutions increases by factors of
a ligand concentration of 1@M. At these conditions, no  aPProximately 30 and 50, respectively, upon addition of ct DNA
precipitation was observed. Since the interaction with DNA also (Figure 8). In the case of derivati, the emission maximum
leads to significant changes in the absorption spectra of the dyesUPon complex formation with DNA is considerably red-shifted
the excitation wavelengths for the fluorimetric titrations cor- With respect to the emission of the unbound compound (555 vs
responded to the isosbestic points, which were determined from>13 nm). However, for the derivativék, an opposite behavior
the spectrophotometric titrations. The changes in the fluores-is observed; thus, the emission maximum undergoes a small
cence emission spectra upon titration of ct DNA to selected hypsochromic shift (539 vs 542 nm).
derivatives are presented in Figure 7 and Figure 9A; the plots  Upon titration of ct DNA to the solutions of the sulfanyl
of the relative change of fluorescence intensity upon addition derivative3m, a marked decrease of the fluorescence intensity
of DNA are shown in Figure 8. is observed, whereas the position of the emission band does
The changes of the fluorescence properties of these com-not change significantly (Figure 9A). The quenching of the
pounds upon DNA addition show little regularities. Thus, the fluorescence in this case obeys the Steviolmer relationship

Upon addition of ct DNA to the methoxy derivatiag, its
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Figure 7. Spectrofluorimetric titrations of ct DNA to acridizinium derivativ8b (A, lex = 351 nm),3e (B, Aex = 362 nm), and3j (C, dex = 336 nm).
Ligand concentratiort = 10 M in all cases. Arrows indicate changes in the fluorescence intensity during the titration.
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Figure 8. Changes of fluorescence intensity upon titration of ct DNA to
the derivatives3e (@), 3j (O), and3k ().

(Figure 9B;r?2 = 0.986), and the quenching constant was
determined to bé&sy = 5.1 x 10* M~ (bp).

Interaction of N-Aryl-9-aminoacridizinium Derivatives
with Proteins. The interaction of the halogen-substituted
compoundssh and3j—k with selected proteins, namely, bovine 0 50 100 150
serum albumin (BSA), human serum albumin (HSA), and Cona ! HM
ChICke_n egg white albumm (CEA)’ V_Vas StUdled_by _spectropho— Figure 9. (A) Spectrofluorimetric titration of ct DNA to the derivative
tometric and spectrofluorimetric titrations. Upon titration of these  3m (c = 10uM, /&= 421 nm); the arrow indicates changes of fluorescence
proteins to the aforementioned acridizinium derivatives in intensity during the titration. (B) SterriVolmer plot for the titration.
aqueous buffer solutions, no significant changes in the absorp-
tion spectra of the dyes were observed. However, in most cases i )
an increase of the fluorescence intensity was detected. It Wasa!lquots of the SDS S.OIUt.'on were 'added to the dye solutions
further observed that, like in the case of some proprietary directly before each titration experiment.
fluorescent protein prob@8the anionic surfactant (SDS) shows A representative spectrofluorimetric titration of BSA to
a cooperative effect on the protein-induced fluorescence en-compound3k in the presence of SDS is shown in Figure S5B
hancement; therefore, in a preliminary experiment, an optimal (Supporting Information); the titration curves for the titration
concentration of SDS was determined. Thus, a solution of the of various proteins to different halogen-substitutedryl-9-
dye3k (10uM) in the presence of excess protein (3@PmL* aminoacridizinium derivatives are shown in Figure 10. Remark-
BSA) was titrated with a stock solution of SDS, and fluorescence ably, all investigated compounds show very similar behaviors
spectra were recorded. The concentration of SDS, which inducedupon binding to the proteins. Thus, the binding reaches
the most intensive fluorescence signal, was 0.05% w/v (Figure saturation at protein concentrations of 6@D0 ug mL™%; at
S5, Supporting Information); at lower and at higher surfactant this point, the relative increase of the fluorescence constitutes
concentrations, a decrease of the fluorescence was observed factor of about 20 for all compounds, although #isolute
Therefore, all further fluorimetric titrations of proteins were fjygrescence intensities for these dyes are different. The
performed in the presence of 0.05% SDS. It should be noted gpserved difference between various proteins is also minor; thus,
that, in the absence of proteins, SDS slowly induces the st ihe proteins investigated, BSA induced the steepest increase
aggregation of the des, Wh|(‘jh.(.:auses chgnggs in the fluores-of fluorescence. It should be noted that the concentrations of
cence spectra and irreproducibility of the titrations. Therefore, the protein solutions used in these titrations were determined

(29) Jones, L. J.; Haugland, R. P.; Singer, VBioTechnique®003 34, 850- by the conyenhonal Bradfo_rd assay, Wh!Ch is known to have
861. some protein-to-protein variabili,and this may cause some
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Figure 10. Titration curves for the spectrofluorimetric titrations of proteins
[(®) HSA, (O) CEA, (%) BSA] to derivatives3h (A), 3j (B), and3k (C);
c(3) = 10 uM in BPE buffer with 0.05% SDS; excitation wavelength
Aex =397 nm in all cases.

deviations in the actual titration curves. Remarkably, at low
protein concentrations (60 ug mL™1), the relationship
between the fluorescence intensity of the dyes and the protein
concentration is linear, as determined by the fluorimetric
titrations with diluted protein solutions (Figure S6, Supporting
Information).

Discussion

Photophysical Properties of 9-Substituted Acridizinium
Derivatives. With respect to the emission properties, the series
of the 9-substituted acridizinium derivatives investigated in this
work may be divided into two groups: (i) the parent compound
1,28its N,N-dialkyl-substituted derivative3a—c, and the sulfanyl
analogue3m show significant fluorescence properties with
moderate to large quantum vyieldg;(= 0.2—0.6, depending
on the solvent); (ii) thé&-aryl derivatives3d—k and the sulfanyl
analoguesl exhibit essentially no or very weak fluorescence in
solution (¢ =< 0.01). However, despite these substantial

26.0 T T T T
NH.® SMe
°
®
. 2554 SPh |
£
o
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1oF 25.0- ;
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-2.0 15 1.0 05
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Figure 11. Correlation between the energy of the long-wavelength transition
in 9-substituted acridizinium derivatives (in water) and the Hamat&tbwn
substituent parameter*.

Scheme 1. Donor—Acceptor Interplay in the 9-Donor-Substituted
Acridizinium Derivatives

@
|\\ X ' X
-
_N_~ Nz
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3l-m: X =SR

A. First Group: Derivatives with Intensive Intrin-
sic Fluorescence The photophysical properties of the
9-aminoacridiziniumi, i.e., large red shift of the absorption
compared to the unsubstituted acridizinium chromophore and
a remarkably large Stokes shift of the fluorescenté £ 120
nm), may be rationalized on the basis of two resonance forms
A and B (Scheme 1}8 Thus, in the ground state, canonical
structureA may be more favored, whereas the first excited state
is better represented by structuBe The energy difference
between these canonical forms determines the absorption shift,
as has been demonstrated for cyanine d9es.

This scheme may be applied also to the derivati¥asc
and 3m. Thus, the introduction of a stronger electron donor
instead of the amino group id, e.g., morpholino 3a) or
pyrrolidino (3b) residues, results in the bathochromic shifts of
the $ — S transition by 9 nm (590 cnt) for 3a and by 17
nm (1090 cm?) for 3b (the data refer to solutions in water, if
not stated otherwise). These results are in accordance with the
observations that morpholino and especially pyrrolidino sub-
stituents are stronger electron donors than the unsubstituted
amino group! A quantitative treatment of these data shows a
good correlation? = 0.93 upon exclusion of compouri
between the energy of the S S; transition and the Hammett
Brown substituent parameter” (Figure 11)32 The use of the
ot parameter (which has been determined for the heterocyclic
substituents only recentB# is reasonable because it ap-
propriately represents the-donating properties of the sub-
stituents in conjugated systems.

differences in the fluorescence properties, the position and the
shape of the long-wavelength band (S S, transition) in the
absorption spectra of the compounds from both groups are
similar (Amax &~ 390—410 nm). Moreover, the fluorescence
emission spectra of the compounds from the second group
the cases when an unambiguous detection was possitde
located in the same wavelength region as the ones of the
compounds from the second group ~ 510-550 nm).
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(30) (a) Fabian, J.; Hartmann, HLight Absorption of Organic Colorants
Springer: Berlin, 1980. (b) Ischenko, A. Atructure and Luminescent
Spectral Properties of Polymethine Dy@éaukova Dumka: Kiev, 1994
(in Russian).

(31) (a) Effenberger, F.; Fischer, P.; Schoeller, W. W.; Stohrer, W.-D.
Tetrahedron1978 34, 2409-2417. (b) Firl, J.; Braun, H.; Amann, A,;
Barnett, R.Z. Naturforsch.198Q 35b, 1406-1414.

(32) (a) Hansch, C.; Leo, C.; Taft, R. WChem. Re. 1991 91, 165-195.
(b) Mayr, H.; Bug, T.; Gotta, M. F.; Hering, N.; Irrgang, B.; Janker, B.;
Kempf, B.; Loos, R.; Ofial, A. R.; Remennikov, G.; Schimmel, HAm.
Chem. Soc2001, 123 9500-9512.
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It should be noted that the data for the 9-aminoacridizinium state. This leads to a bathochromic shift of absorption. In the
1 deviate significantly from the trend, presumably due to specific case of fluorescence emission, the same mechanism takes place
interactions of the protons of the amino group with the solvent, and lowers the apparent energy of the ground FC state, as the
which influence the apparent electron-donor properties of the fluorescence is accompanied by repolarization of the solvent
substituent. Thus, it has been shown that the position of the cage and finishes at the solvent-relaxgetBC state. This results
absorption band of in protic solvents undergoes a hypsochro- in an increase of the energy of the radiative-S S, transition
mic shift, which correlates with the acceptor number, i.e., the (hypsochromic shift). Such anomalous shifts of absorption and
electron-acceptor properties of the solvent, indicating the fluorescence bands and an increase of fluorescence quantum
formation of the hydrogen bond&Therefore, the unsubstituted yield in dichloromethane have been occasionally observed for
amino functionality is not an appropriate benchmark to compare cationic dye*3¢ but are rarely addressed in the literature, as
electron-donating properties. This explains why the replacementthese effects are usually masked by the more pronounced
with the methylsulfanyl substituent in compouBd, i.e., a polarity-dependent solvatochromic shifts and become evident
weaker donor than the amino group, results in a small batho- only in the case of polarity-independent charge resonance dyes.
chromic shift (2 nm, 130 cnmi) as compared to that for  Interestingly, chloroformd = 8.53 A3%) does not cause a similar
compoundl. effect in this subseries, although it is observed in tharyl

Remarkably, the shifts of absorption maxima, resulting from derivatives3d—k.
the replacement of the amino group with other substituents, are The reduced fluorescence quantum yield of the sulfanyl-
lower than those in other doneacceptor dyes. Thus, it has substituted derivativ8m (¢r = 0.15-0.20), as compared to
been shown that in the relateN-substituted 7-amino-1-  the amino analogue&a—c (¢; = 0.20-0.60), may be attributed
methylquinolinium salts replacement of the amino group with to the enhanced intersystem crossing rate3im due to the
a morpholine residue results in a bathochromic shift by 1090 presence of the sulfur atom in the chromophore (internal heavy-
cm~t, whereas the introduction of an alkylsulfanyl group causes atom effect}” A similar decrease of the fluorescence quantum
a hypsochromic shift by 850 cm.33 Even a more pronounced yield has been observed for the sulfur derivatives of charge-
effect has been observed in the cationic styrylpyridinium dyes; resonance dyes.The exceptional decrease of fluorescence of
i.e., the replacement of the amino group with a pyrrolidine 3min DMSO is presumably due to the higher reduction potential
residue results in a bathochromic shift ty1600 cnr?.34 of this chromophore compared to the amino analogues, in

The minor solvatochromic properties of the 9-donor- combination with the high electronic donor strength of the
substituted acridizinium derivatives may be rationalized assum- solvent. A similar quenching in DMSO has also been observed
ing a similar polarity of the ground and first excited states of for the unsubstituted acridizinium catih.Moreover, this
the chromophore. Thus, these compounds, along with the assumption is supported by the efficient fluorescence quenching
quinolinium analogue® represent the so-calledharge- of 3m by the DNA (cf. Figure 9).
resonancechromophores of the Bx—A™ X~ architecture, B. Second Group: Derivatives with Low Intrinsic Fluo-
which, in contrast to theharge-transfechromophores of the  rescence All N-aryl-9-aminoacridizinium salt8d—k possess
D—m—A type, are relatively insensitive to the polarity of the much weaker intrinsic fluorescence than the parent compound
medium. The solvatochromism usually arises from different 1 and the above-discussed derivatives. At the same time, the
stabilizations of the ground and excited states of the chro- absorption spectra of these derivatives, with the exception of
mophore by the solvent; however, since both structéresd the 4-(dimethylamino)phenylamino derivatiBel, closely re-
B (Scheme 1) are charged species, there is no significantsemble each other and the spectra of dialkyl-substituted deriva-
difference in the stabilizatioff. However, it was observed that tives3a—c. Moreover, the position of the absorption maximum
in dichloromethane solutions a significant red shift of the of the N-phenyl-substituted derivativ@g correlates well with
absorption maxima, a blue shift of the emission maxima, and the ot parameter for the phenylamino group (Figure 11). The
an increase of the fluorescence quantum vyield for these fluorescence bands of these derivatives, in spite of their low
derivatives take place (cf. Table 2). This observation may be intensity, also lay in the same region as the ones of the
attributed to the high polarizability of this solvert & 6.52 derivatives3a—c. These observations may be rationalized by
A3) 3 since it facilitates the fast redistribution of the polarizable the assumption that, in the ground state, the aryl substituents
electrons during excitation. Thus, after the vertical excitation do not interact with the chromophore, which is formed by the
upon photon absorption, the initially formed excited Franck  9-aminoacridizinium residue per se. Instead, in the ground state,
Condon (FC) state propagates to the solvent-relaxed FC statethe phenyl ring is oriented almost perpendicular relative to the
followed by the geometrical relaxation to the vibrationally plane of the aminoacridizinium chromophore, similarly to the
relaxed $ state (for a diagram that sketches the discussed orientation in 2N-arylamino-6-naphthalenesulfonate derivatives
mechanism and the relative energy levels, see Supporting13.3° Further support of this hypothesis comes from the analysis
Information, Figure S7)¢ From the latter state the fluorescence of the protolytic equilibria in compoundd.
and nonradiative processes usually occur at room temperature; :

. . . . (36) (a) Horng, M. L.; Dahl, K.; Jones, G. II; MaroncelNl. Chem. Phys. Lett.

In the case of a highly polarizable solvent the vertical electronic 1999 315 363-370. (b) Jager, W. F.: Kudasheva, D.; Neckers, D. C.
excitation is accompanied by an instant rearrangement of the @7 '\Nﬂﬁ‘ga%%%g\clf'ﬁfﬁgbﬁi g%tczgi%im_ Acta, Part 2001 57, 1449
electrons of the solvent cage, leading directly to the solvent- 1462

relaxed excited FC state and decreasing the energy of the excited3®) Sendig, J.; Helm, S.; Kreysig, D.; Wilda, J. Prakt. Chem1982 324

(39) (a) Kosower, E. MAcc. Chem. Resl982 15, 259-266. (b) Kosower,
(33) van den Berg, O.; Jager, W. F.; Picken, SJ.JOrg. Chem.200§ 71, E. M.; Dodiuk, H.; Tanizawa, K.; Ottolenghi, M.; Orbach, l.Am. Chem.
2666-2676. Soc.1975 97, 2167-2178. (c) Dodiuk, H.; Kosower, E. M. Phys. Chem.
(34) Gawinecki, R.; Trzebiatowska, Ryes Pigm200Q 45, 103—-107. 1977 81, 50-54. (d) Kosower, E. M.; Dodiuk, HJ. Phys. Chem1978
(35) Bosque, R.; Sales, J. Chem. Inf. Comput. S&2002 42, 1154-1163. 82, 2012-2015.
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Figure 12. (A) Viscosity dependence of fluorescence quantum yields for
compounds3e (<), 3g (O), and 3j (®), measured in waterglycerol
mixtures. (B) Plot of logps/(1 — ¢r)] vs log(/T) for compounds3c (O),

3f (®), 3j (@), and3l (k) in glycerol; x, slopes of the linear fits.

Compound3d with a 4-dimethylamino substituent in the
phenyl ring shows a very broad absorption band extending up
to 600 nm. Since the shape of the absorption spectrum remain

S2, Supporting Information), the formation of aggregates may

be excluded as a possible reason for such band broadening. On
the other hand, the long-wavelength part of this band decreases

upon acidification (Figure 2A and B). This observation indicates
that the long-wavelength absorption is due to a pronounced
excited-state electron transfer between plaga-aminophenyl

substituent and the acridizinium chromophore, which disappears

as the electron-donating properties of the dimethylamino

functionality are suppressed by the protonation. The observed

value of the acidity constant in water{p= 5.04 at 293 K) is
very close to the one df,N-dimethylaniline (K, = 5.15 at
298 KY© but significantly larger than the ones of doror
acceptor systems, such as 4-dimethylamiioy&nobiphenyl
(pKa = 2.35 in EtOH-waterf! or 9-[(4-dimethylamino)phenyl]-
10-methylacridinium perchlorate kg = 3.38 in water)? These
data indicate that the 9-aminoacridizinium chromophasea
whole acts as a very weak electron acceptor and has no
mesomeric effect on the attached aryl substituent.

While the unprotonated form &d is virtually nonfluorescent,
the protonated form exhibits a weak fluorescence with an
emission centered at about 51830 nm (Table 1; Figure 2C).

(40) Dean, J. A., Ed_ange’s Handbook of Chemistr§4th ed.; McGraw-Hill:
New York, 1992.

(41) Maus, M.; Rurack, KNew J. Chem200Q 24, 677—686.

(42) Jonker, S. A.; Ariese, F.; Verhoeven, J. Recl. Tra.. Chim. Pays-Bas
1989 108 109-115.
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s
essentially unchanged in a broad concentration range (Figure

This phenomenon is more pronounced in dichloromethane and
chloroform solutions, most likely due to the high polarizability
of these solvents.

C. Deactivation Pathways The fluorescence quantum yield
of N-aryl-9-aminoacridizinium salt3d—k increases drastically
with increasing rigidity of the medium, either by using solvent
mixtures with increasing viscosity or upon decreasing the
temperature. A similar behavior has been observed for a large
number of dyes that undergo a conformational change in the
excited state, such as di- and triphenylmethane é§pbenyl-
substituted heterocyclé$,and donoracceptor systems that
form a twisted intramolecular charge transfer (TICT) state, in
which the orbitals of the donor and acceptor constituents are
perpendiculaf®46 The ANS derivatived 3 also belong to the
latter group?® However, in certain doneracceptor systems the
intramolecular charge transfer takes place from an almost planar
geometry?’

Since it was demonstrated that the fluorescence emission of
theN-aryl derivatives3d—k originates from the 9-aminoacridi-
zinium chromophore, the possibility of the rotation about the
acridizinium C9-N bond may be excluded as the deactivation
pathway. Moreover, the fluorescence of the parent compound
1,8 as well as ofN,N-dialkylsubstituted derivatives, such as
3c, does not show any significant viscosity dependence (Figure
12B). Therefore, it may be proposed that a radiationless
deactivation of the excited state 3a—k is due to the excited-
state rotation about the-NC(phenyl) bond.

It has been shown that in the solutions of medium-to-high
viscosity the internal rotation (torsional relaxation) of the probe
molecules is controlled by the free-volume effects rather than
by the bulk viscosity of the solutiord§. Thus, an empirical
relationship (eq 1) between the fluorescence quantum yjeld,
of fluorophores which may undergo torsional relaxation and
viscosity of the mediumy has been proposed (eq£)*°

Pt
1_

o a(n/m)* @)

This relationship holds under assumptions that the intrinsic
radiative lifetime of the excited state is independent of the
temperaturél and viscosityy. Usually,x < 1 and emphasizes
the influence of the effective viscosity of the medium, which is
less than the bulk viscosity because of the free-volume effects.
Under conditions of constant temperature and small fluorescence
quantum yields¢r < 1), eq 1 may be simplified to the'Fier—
Hoffmann equation (eq 2), which reveals the power dependence

(43) (a) Oster, G.; Nishijima, YJ. Am. Chem. Socl956 78, 1581-1584.
(b) Farster, T.; Hoffmann, GZ. physik. Chem. NRE971, 75, 63—76. (c)
Vogel, M.; Rettig, W.Ber. Bunsenges. Phys. Cheh985 89, 962—-968.
(d) Gautam, P.; Harriman, Al. Chem. Soc., Faraday Tran$994 90,
697—701.

(44) Bellefee, M.; Sarpal, R. S.; Durocher, @hem. Phys. Lett1993 201,
145-152.

(45) Grabowski, Z. R.; Rotkiewicz, K.; Rettig, Wi&hem. Re. 2003 103 3899-
4031.

(46) (a) Loutfy, R. O.; Arnold, B. AJ. Phys. Cheml982 86, 4205-4211. (b)
Rettig, W. J. Phys. Chem1982 86, 1970-1976. (c) Wandelt, B.;
Turkewitch, P.; Stranix, B. R.; Darling, G. D. Chem. Soc., Faraday Trans.
1995 91, 4199-4205. (d) Demeter, A.; Bees, T.; Biszg, L.; Wintgens,
V.; Valat, P.; Kossanyi, 1. Phys. Cheml996 100, 2001-2011. (e) Bon
Hoa, G. H.; Kossanyi, J.; Demeter, A.; Biszd..; Bérces, T.Photochem.
Photobiol. Sci.2004 3, 473-482.

(47) Yoshihara, T.; Druzhinin, S. |.; Zachariasse, KJAAm. Chem. So2004
126, 8535-8539.

(48) Otto, D. Dissertation, Universit&iegen, 2007.

(49) Adam, W.; Matsumoto, M.; Trofimov, A. V. Am. Chem. So200Q 122,
8631-8634.
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of the fluorescence quantum yield on the viscosity of the
solution43P 10" 3-Cl

[ ]

@ = C )

The dependence of fluorescence quantum yields of selected

N-aryl-9-aminoacridizinium derivatives on the viscosity of the
medium, provided by waterglycerol mixtures at a constant
temperature, is presented in Figure 12A. An almost linear fit in
the double-logarithmic coordinates may be observed for all aryl-
substituted derivatives (Table 3). This behavior is in good
agreement with the Fster—Hoffman equation. Moreover, the
results show that th& values for theN-phenyl derivative3g

and for the derivatives with weak electron-acceptor substituents
(F, Br) in the phenyl group are very close to the valuk et

2/3, which has been theoretically derived by r&er and
Hoffmann for the rotation of the phenyl group and which has
been found for the triphenylmethane dyes and many similar
systems, e.g., 2-phenylindoleniffe.

10° ; r . .
0.4
Umlp

Figure 13. Dependence of the fluorescence quantum yield of derivatives
3e—k in glycerol on the Hammett substituent constant

thereby blocks the electron-transfer deactivation pathway, does
not lead to a significant increase of fluorescence at the low-
viscosity conditions, i.e., in an aqueous solution. However, when

The results of the fluorescence measurements of selectec&he protonation is performed in a highly viscous glycerol

compounds &f and 3j) in glycerol solutions at varied temper-

solution, an intense green fluorescence may be observed, as both

atures were treated according to the more exact eq 2. The results,qnra giative deactivation pathways for the excited state are

(Figure 12B) show a linear dependencermefl — ¢r) on (y/T)
in the double-logarithmic coordinates. Moreover, the values of
the exponenty = 0.62-0.68) are in good agreement with the

values found from the experiments at a constant temperature

and with the ones reported for the other systems with a phenyl
group that may undergo a torsional reorientafidmherefore,

it may be concluded that one of the main excited-state
deactivation pathways includes the rotation of the phenyl group,
most likely accompanied by the simultaneous elongation of the
N—C(phenyl) bond.

The data in Table 3 also show that the derivatives with an
electron-donor substituent in the phenyl ring have lokvweslues
thanN-phenyl-9-aminoacridiziniurBg and the derivatives with
electron-acceptor substituents. Thiuss 0.45 and 0.59 were
found for the derivativesSe (R = OMe) and3f (R = Me),
respectively, while the derivatives with the electron-acceptor
chloro substituents3{—k) have largek values (0.76-0.77) than
the compound3g (k = 0.65). Moreover, the values of the
fluorescence quantum yield of the derivatiBes-k in glycerol
solutions, i.e., under conditions when the rotational relaxation
of the excited state is impeded, are not equal but show an

hindered. Therefore, the s&itl may be regarded as a molecular
“logic gate” of the AND typé&° that transforms two different
input parameters (proton concentration and the viscosity of the
medium) into one output signal, namely fluorescence. Interest-
ingly, although many examples of both viscosity-depentiéft
and the pH-sensitivVe fluorescent probes are known, the
combination of both input parameters in one molecule has not
been described, to the best of our knowledge.

D. Interaction of 9-Substituted Acridizinium Derivatives
with DNA . The results of the spectrophotometric titrations of
selected 9-substituted acridizinium derivatives with DNA,
namely a significant hypsochromic effect of the long-wavelength
absorption band and the formation of new red-shifted bands,
indicate binding of these compounds to the DNA. The isosbestic
points, observed in most cases, indicate that one binding mode
takes place almost exclusively. An exception from this behavior
was observed for the halogen-substituted derivatBre, for
which the long-wavelength isosbestic point was not conserved
during the titration (Figure 5B), most likely due to the
contribution of an additional binding mode at these ligand-to-
DNA ratios. The linear dichroism spectroscopy of the dye

apparent dependence on the electron-donating strength of thgyy a complexes reveals that both compounga and 3j
substituent, as characterized by the substituent constantnecajate into ds DNA, as indicated by the negative LD bands

(Figure 13).

Therefore, it may be proposed that there exists another
radiationless pathway for the deactivation of the excited state,
the efficiency of which is dependent on the electron density on
the phenyl ring that is provided by the substituent. Similarly to
the ANS systen®, it may be concluded that this pathway is

in the presence of DNA (Figure 10). The reduced LD spectrum

provides further information on the average orientation of the

transition moment of the chromophore relative to those of the
DNA bases and allows distinguishing between homogeneous
and heterogeneous binding. For t@&l-dialkylamino derivative

3a, the LD spectrum is consistent with a coplanar orientation

represented by an excited-state electron transfer from the phenyl o chromophore plane relative to the plane of the DNA bases,

group to the photoexcited 9-aminoacridizinium chromophore
(Figure 14A). The validity of the proposed mechanism may be
demonstrated by the protolytic viscosity dependence of fluo-
rescence of derivatived (Figure 14B). Thus, the unprotonated

form of 3d is virtually nonfluorescent either in aqueous solutions
or at the conditions of increased viscosity (glycerol solutions),

confirming intercalation, such as in the case of the parent
compoundL.” In contrast, the analysis of the l.Bpectrum of
compound3j reveals a tilting of the acridizinium chromophore
by about 10 relative to the DNA bases. This observation
demonstrates that ionic interactions or groove binding also
contribute to the overall binding of this compound to the DNA.

where the rotational deactivation pathway is suppressed. Theqpig heterogeneous binding is confirmed by the loss of the

protonation of the dimethylamino group, which transforms it

from the electron-donor to the electron-acceptor substituent and(50) Raymo, F. MAdv. Mater. 2002 14, 401-414.
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used as fluorescent “light-up” probes for DNA detection.
Notably, the enhancement of fluorescence intensitykofipon
addition of DNA is larger than the ones observed for the
conventional DNA stains, such as ethidium bromitgy(lo ~
10) and Hoechst 33258,(:/lo ~ 30), so that this dye may be
used complementary to the already established ones.

E. Interaction of N-Aryl-9-aminoacridizinium Derivatives
with Proteins. The halogen-substituted derivativ@sand3j—k
exhibit a significant fluorescence enhancement upon interaction
with the proteins, such as human and bovine serum albumins
and egg-white albumin. This fluorescence enhancement becomes
more pronounced in the presence of an anionic surfactant (SDS),
which is known to denaturate the proteins and form structures,
in which the surfactant micelles are distributed along the
unfolded protein molecules (necklace-and-beads métEyw-
ever, excess SDS leads to a decrease of the fluorescence, since

i ii iii iv the surfactant begins to displace the protein-bound probe
Deactivation @ a 2 - molecules. A similar dependence of fluorescence on the
pathways: b b b - surfactant concentration has been observed for other fluorescent

Figure 14. (A) Proposed model for the radiationless deactivation of the probes, such as the ANS derivative TNEB)P* and Nile Blue3?

excited state inN-aryl-9-aminoacridizinium salts, including torsional  and has been used in some patented fluorescence-based assays
relaxation of the phenyl group (a) and excited-state electron transfer (b). T e :

The chromophore unit is shown red. (B) Photograph of solutiordan for quantification of proteins Ir_] solutiof?.It may therefore be .
water (i, pH 7), ag. HCI (ii, pHr 1), glycerol (i), and acidified (ca. 0.1 assumed that the role of SDS is the denaturation of the proteins,
M HCI) glycerol (iv) under UV illumination {. = 366 nm). Concentration ~ which provides access to the probe-binding sites which other-
¢ =504M in all cases. wise cannot be occupied by the dye molecules. Remarkably,
the factors of the fluorescent enhancement for the different
compounds investigated are essentially the same, which leads
to the conclusion that these probes occupy the same, or at least
very similar, binding sites. Such as in the case of the interaction
with DNA, binding of theN-aryl-9-aminoacridizinium deriva-
tives to the proteins reduces the conformational freedom of the

to-dye ratios, and at higher DNA concentrations another binding probe molecule and leads to hindered rotation of the phenyl

mode with a low binding constant takes place, which may be group and an increase of the fluorescence quantum yield.
assigned to the assembly of the dye cations on the surface of The fluorescence enhancement upon interaction of compounds
DNA. 3j—k with proteins [maflo = 20) is smaller than the one

observed for TNSl{alo &~ 100)82 however, the fluorescence
maximum of acridizinium derivatives are located at longer
wavelengths (540 nm vs about 460 nm in the case of TNS) and
thus more advantageous for the fluorimetric detection. It should
ebe noted that recently a series of squaraine dyes for the

isosbestic point in the UV/vis titration. Thus, it may be estimated
that dialkylamino-substituted derivativ8a—Db, as well as the
parent compound and the sulfur analogugm, bind to ds DNA
exclusively by intercalation, whereas in the case of mbatyl
derivatives the intercalative binding mode prevails at low DNA-

The interaction of the dye8a—k with the DNA has an
influence on their emission properties. While this influence is
rather weak in the case of compour@es—b, the derivatives
3i—k with halogen substituents in the phenyl ring exhibit a
remarkable fluorescence enhancement upon interaction with th . . ) . )
DNA. This enhancement is rather weak fgéirand significant fluorimetric detepﬂon of a,”?‘,’m'”s has been descnl’ff@r.‘lsuch
in the case o8j and3k (by factors of 30 and 50). Apparently, dyes possess high sensitivitinf/lo ~ 8.0) and_em_lt at_ long
the intercalation of the acridizinium chromophore into the DNA wavelengths Aem ~ 610 nm), but their appllcatlor_l in the
helix reduces the possibility of free rotation about thearyl presence of surfactants was not tested. Along these lihasyl-

bond, which prevents the nonradiative decay from the excited 9-amino-substituted acridizinium derivatives represent fluores-
state’ Compared to the derivatide which has a methoxy cent probes which are consistent with the surfactants used in

substituent in the phenyl ring, it may be assumed that in the the protein gel electrophoresis and may find application for

latter case another deactivation pathway, namely the electron-protein _detec_tior_1_in gel electrophores_is _due to the onv protein-
transfer process from the electron-rich phenyl substituent to thet0-protein variability. Moreover, quantitative fluorimetric detec-

acridizinium cation, prevents the fluorescence enhancement upor%Ion of the proteins in solution within this concentration range
association with DNA. The smaller fluorescence enhancement(Sl) @7 N 3 Lol X.GL 11995 11, 25252533, (b) Sant

. . . . a urro, . J.; Lel, X.- angmmr , . antos,
of 3i as compared t&j—k may be attributed to the internal S. F.; Zanette, D.; Fischer, H.; Itri, R. Colloid interface Sci2003 262,

heavy atom effect irBi. This asumption is supported by the 400-408. ,
. . CA (52) Lee, S. H.; Suh, J. K.; Li, MBull. Korean Chem. So2003 24, 45—48.
observation that the fluorescence intensity3ofs also lower (53) Daniel, E.: Weber, GBiochemistry1966 5, 1893-1900.

than the ones of the chloro-substituted derivatives in a highly (54) (a) Loutfy, R. OPure Appl. Chem1986 58, 1239-1248. (b) Bosch, P.;
Catalina, F.; Corrales, T.; Peinado, Chem—Eur. J. 2005 11, 4314-

viscous environment that suppresses the torsional relaxation 4325,

imi i (55) Haidekker, M. A.; Brady, T. P.; Lichlyter, D.; Theodorakis, E. A.Am.
pathway (cf. Table 3). A similar effect was found in the Chem. Sot2006 128 356-390

structurally similar ANS syster#f° (56) (a) Haidekker, M. A; Ling, T.; Anglo, M.; Stevens, H. Y.; Frangos, J. A.;
indi H H - Theodorakis, E. AChem. Biol.2001, 8, 123-131. (b) Haidekker, M. A.;
These results Ind_lcate that_’ with an _appr(_)p“ate substitution Brady, T. P.; Chalian, S. H.; Akers, W.; Lichlyter, D.; Theodorakis, E. A.
pattern,N-aryl-9-amino-substituted acridizinium salts may be Bioorg. Chem2004 32, 274-289.
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may be achieved, provided a calibration curve had been include, e.g., on-line monitoring of polymerization reactions and

constructed prior to the determination. aging of polymers$254 fluorimetric measurement of viscosity
o ) i .
Conclusions of liquids>>> and measurement of microviscosity of the cell
structures$s

The nonradiative deactivation pathways of aryl-substituted
9-donor-acridizinium derivatives include an excited-state rotation  Acknowledgment. This paper is dedicated to Prof. Waldemar
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Therefore, these compounds represent fluorescence probes,

almost insensitive to the changes in fiwarity of the medium Supporting Information Available: Experimental procedures,

but with a pronounced susceptibility to thegidity of the absorption and fluorescence emission data for all compounds,
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