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In this work, we examined in depth the photophysical behavior of the probes acrylodan (1-[6-
(dimethylamino)naphthalen-2-yl]prop-2-en-1-one), ANS (8-anilinonaphthalene-1-sulfonate), and prodan (1-
[6-(dimethylamino )naphthalen-2-yl]propan-1-one) in several pure solvents and aqueous mixtures of MeOH,
i-PrOH, EtOH, and 2,2,2-trifluoroethanol between 0—90% (v/v). Although these probes have been widely used
to study biological systems, the properties that govern their 7,,, emission remain somewhat obscure. These
alcohols are soluble in all proportions in H,O, and are frequently used in peptide and protein studies as
denaturing agents or because of their ability to substantially increase secondary structure or alter the folding-
unfolding kinetics of proteins. The aim here was to rationalize the interpretation of 7,,,, emission of these probes
in terms of specific and general effects of the solvent. To this end, we used the mixture parameters SA (solvent
acidity), SB (solvent basicity), and SPP (solvent polarity/polarizability). The results suggest that it is incorrect
to categorize these compounds purely as probes of polarity, when using these solvents.

Introduction. — Proteins exhibit intrinsic fluorescence that arises largely from tyrosine
and tryptophan residues, and that has been used in studies of kinetic mechanisms,
catalytic mechanisms at active sites, conformational changes, and folding-unfolding
processes [1][2]. But the information that can be derived from this luminescence is very
limited in many cases because of the difficulty involved in accurately interpreting the
Tmax €mission of the tyrosine and tryptophan groups [3]. For this reason, fluorescence
probes are generally used in several protein studies [4][5]. Generally, the probes are
chosen in terms of their sensitivity to the phenomenon of interest.

The biological usefulness of the probes acrylodan, ANS, and prodan relies on the
hypothesis that they are purely probes of polarity, and, hence, that their fluorescence
depends solely on this property. This has never been irrefutably demonstrated; rather,
the probes have provided results that are difficult to interpret in the light of this
assumption [6-10].

Acrylodan exhibits a fluorescence-quantum yield that is very low in polar solvents
and very high in nonpolar solvents, which has been attributed to the presence of a
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double bond conjugated to the C=0 group [6—13]. Fluorescence of ANS is quenched
on hydrophilic environments, but substantially enhanced in hydrophobic ones, which is
reflected in a large shift in the 7, emission [14-16]. It has been used to identify
structural changes in proteins [17-26]. Prodan is a probe with a high spectral sensitivity
to its environment [27 —32]. Several authors have ascribed it to the high dipole moment
of the compound in the excited state [3][5][33], but others indicate that it is produced
by specific interactions with the solvent [31].

To clarify all of this, we assume that the solvent molecules in the microenvironment
of a physical process is often a noninert medium that can play a major role in solution
chemistry, and solvent molecules can interact specifically with solute. So, the
relationship between intrinsic solvent properties and the 7, emission for our
fluorescence probes will shed some light in the resolution of this subject.

Cataldn et al. [31] examined the spectroscopic behaviour of prodan in 38 pure
solvents, quantifying the photophysics of this compound in terms of the SA (solvent
acidity), SB (solvent basicity), and SPP (solvent polarity/polarizability); where,
according to Taft and Kamlet [34], acidity represents the capacity of the solvent to act
as the H-bond donor and basicity represents the capacity of the solvent to act as the H-
bond acceptor, in H-bonds between solvent and solute molecules.

Cataldn et al. have also applied the probe/homomorph method [35-38] for
calculating these parameters in solvent mixtures that has allowed them, recently, to
rationalize the kinetics of t-BuCl hydrolysis in 20 pure and 127 mixed solvents [39], the
decarboxylation kinetics of benzisoxazole-3-carboxylic acids in 24 pure solvents and 34
DMSO mixtures [40], and a new contribution to the problem of preferential solvatation
[41].

In this work, we rationalize the photophysical behavior of acrylodan, ANS, and
prodan in pure solvents of different polarities, as well as in different mixtures of H,O
with MeOH, EtOH, i-PrOH, or 2,22-trifluoroethanol. We make no assumptions
regarding specific interactions of the solvent with the excited state.

The aim of this work is to contribute to an accurate interpretation of the results
obtained with acrylodan, ANS, and prodan in biological systems.

Experimental. — Acrylodan (=1-[6-(dimethylamino )naphthalen-2-yl]prop-2-en-1-one), ANS (= 8-anilino-
naphthalene-1-sulfonate), and prodan (= 1-[6-(dimethylamino)naphthalen-2-yl]propan-1-one) were obtained
from Molecular Probes, Inc. (Eugen, OR). All solvents used were supplied by Sigma Chemical Co. (St. Louis,
MO) and were of the highest available purity, verified by GC (MeOH >99.0%, EtOH >99.9%, i-PrOH >
98.0%, 2,2,2-trifluoroethanol >99.5%).

Fluorescence measurements were obtained with a Perkin-Elmer LS-50B fluorimeter equipped with a
calcite prism and Polaroid HNP'B film polarizers. The emission monochromator was calibrated with an
Oriel 6035 Hg (Ar) spectral-calibration lamp. Slit widths were 4 nm for both monochromators (emission and
excitation), and a quartz cell of 1-cm light path was used throughout. All emission spectra were obtained with
excitation wavelength at the corresponding maximum absorption wavelength of the probe in the corresponding
solvent. All solns. were air-equilibrated. The temp. was adjusted at 25.0 == 0.1° with the aid of an external bath.

The parameters SA, SB, and SPP for each of the 45 H,O/alcohol mixtures were calculated from the
solvatochromism of various probe/homomorph couples according to Cataldn et al. [35-38]. The SA is evaluated
from the solvatochromism of the probe O’-(tert-butyl)stilbazolium betaine dye and its homomorph O,0'-di(zert-
butyl)stilbazolium betaine dye [37]. The SA of solvents more acidic than MeOH (SA =0.6) is evaluated by
applying the solvatochromic comparison method [42] to solvatochromism measurements of the probe 3,6-
diethyl-1,2,4,5-tetrazine [38]. The SB is calculated from the solvatochromism of the probe 2,3-dihydro-5-

nitroindole and its homomorph 2,3-dihydro-N-methyl-5-nitroindole [36]. The SPP is characterized from the
solvatochromism of the probe 2-(dimethylamino)-7-nitrofluorene and its homomorph 2-fluoro-7-nitrofluorene [35].
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To relate the changes in fluorescence measurements with the properties of the solvent, we use the
MINITAB program [43], which fits the 7,,,, emission of the different probes and provides Egn. 1

Vmax EMission = (¥,,,, emission),+a SA +b SB + ¢ SPP 1)

where SA, SB, and SPP are typical of the mixture, and coefficients a, b, and ¢ pertain to the property in question,
T nax CMISSION.

Results. — The general solvent effect on the 7, emission of a probe can be
described with the Lippert equation (Egn. 2) [44]:

Af = (W — u?)

Vinax €MSSION = — (U* — 1) u* —— 3
hca hca

f+ 7, absortion (2)
where u* and u are the dipole moments for the ground and excited states,

e —1 n*—1
respectively, Af:2 1 - 1 (¢ is the dielectric constant and n the
e + n

refraction index) is the orientation polarizability, & is Planck’s constant, ¢ is the speed of
2

n
light, a is the radius of the cavity in which the fluorophore resides, f :m is the
n

polarizability, and ¥, absorption is the frequency corresponding to the vacuum
transition.

This equation only holds with solvents that exhibit nonspecific effects. If a
chromophore does not obey this equation, it is assumed to be subjected also to specific
interactions between solvent and solute molecules (i.e., H-bonds) that are not included
in Egn. 2.

The probes acrylodan, ANS, and prodan possess well-defined 7,,, emission in
solvents of widely different polarities ( Table), or in different H,O/alcohol mixtures (see
Fig. for H,0/2,2,2-trifluoroethanol mixture). As the data did not fit Egn. 2, and since
the 7., emission is highly sensitive to changes in the environment, we tried to relate it
to the SA, SB, and SPP parameters obtained for the H,O/alcohol mixtures used. If the
probes should be purely polarity probes, then the 7,,,, emission should depend only on
the SPP of the solvent. Thus, first, we tried to fit the results considering only the SPP,
and the equations obtained had a correlation coefficient »<0.90 in the three cases,
which means mathematically that the data do not significantly fit the equation. This
corroborates our idea that the 7,,,, emission cannot be represented in terms of only the
polarity of the media. If the results could be fit considering the parameters SA, SB, and/
or SPP, the equations obtained are: Egn. 3 for acrylodan, Egn. 4 for ANS, and Egn. 5
for prodan:

Vnax €mission [kK]=32.7+0.1 +1.81+0.06 SA +0.82 +£0.06 SB —16.2+0.2 SPP (3)
r=0.991, s (standard deviation) =0.13
Vmax €mission [kK]=26.14+0.1 —2.10+0.03 SA —4.94+0.2 SPP 4)

r=0.995, s=0.67
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Table. The v, Emission [kK] of ANS, Prodan, and Acrylodan in Solvents of Different Polarity

Vmax Emission [kK]

ANS Prodan Acrylodan
Cyclohexane 23.461 24.632 23.678
Pentane 22.191 22.725 20.124
2-Methylbutan-2-ol 22.594 23.411 21.601
Cyclooctane 22.021 23.023 19.689
p-Xylene 21.356 21.971 17.921
Benzene - 21.902 18.841
Toluene 21.704 21.001 20.831
Mesitylene 20.992 21.551 17.245
Tetralin 21.367 21.195 20.145
THF 21.045 21.002 20.491
2-Methyl-THF 21.154 21.201 20.015
Et,0 - - 22.971
Formamide - - 21.152
1,2-Dichlorobenzene - - 24.015
AcOEt - - 24.012
Methyl benzoate - - 23.584
Ethylene glycol - - 19.121
Octanol - - 24.198
2,2,2-Trifluoroethanol 19.417 19.607 24.158
Propan-1-ol 20.964 - 19.961
i-PrOH 21.391 20.618 20.601
MeOH 20.833 20.408 20.125
2.,22-Trichloroethanol - - 19.912
DMSO 23.171 23.605 23.241
Pentyl acetate 21.783 22.311 18.866
AcOPr 21.537 21.589 18.012

Py emission [kK]=275+0.2—3.16+0.07 SA —1.20+0.07 SB—52+02 SPP  (5)
r=0.988, s=0.13

In all three cases, the number of points used in the fit was n, n being equal to 17 pure
plus 180 mixed solvents (45 H,0/MeOH, 45 H,O/EtOH, 45 H,0O/i-PrOH, and 45 H,0O/
2,2 2-trifluoroethanol).

As can be seen, the interpretation of the changes in 7, emission for the three
probes requires consideration of specific interactions between probe and solvent, i.e.
the presence of H-bonds.

Discussion. — The most salient conclusion from these results is that, contrary to
widespread belief, acrylodan, ANS, and prodan are not purely polarity probes, although
their dependence on other specific interactions with solvents are not identical. ANS can
interact in two different ways (SA and SPP) and prodan and acrylodan in three (SA,
SB, and SPP).

The probes ANS and prodan have similar dependencies on SA and SPP (the fit
equations, Eqn. 4 and Egn. 5, have same order values of coefficients and identical
signs). However, the SB term is almost negligible for some mixtures in the final value
for the 7,,, emission because of its coefficient (1.2 compared with 5.2 or 3.1), and
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Figure. Variation of the v,,, emission [KK] of acrylodan (Q), ANS (+), and prodan (<) as a function of the
alcohol concentration (% vIv) for the mixture H,0/2,2,2-trifluoroethanol

because the SB value for pure H,O is 0.025 [36]. Consequently, both probes should lead
to very similar results in mixtures with a high H,O content.

The relative contributions of the SA and SPP terms to the 7, emission of the
probes is alcohol-dependent. Thus, e.g., for prodan in aqueous mixtures of 272.2-
trifluoroethanol, the SA varies from 0.920 in pure alcohol to 1.062 in pure H,O, and the
SPP varies from 0.912 in pure alcohol to 0.962 in pure H,O. This relationship is different
for aqueous mixtures of i-PrOH (SA =0.283, SPP =0.848), EtOH (SA = 0.400, SPP =
0.853), and MeOH (SA = 0.605, SPP =0.857).

One must admit, at least in some cases, that ANS exhibits dual behavior, because
changes in its fluorescence may result from changes in a hydrophobic or an acidic
environment. This is consistent with the dual behavior observed by several authors in
studies about ANS-protein interactions that depend on the particular environment of
the binding site [14-16][18 —21]. Taking into account that H-acceptor groups (C=0)
and H-donor groups (NH) exist in the protein core, and that the side chains of amino
acids also possess H-acceptor and donor groups, binding of ANS to proteins can occur
in different ways. The dependence of 7,,,, emission on acidity of the solvent could be
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explained on the basis of assumption of specific interactions between the SO}~ group in
ANS molecule and the solvent. Matulis and Lovrien [19] previously found the sulfite-
ion substituent in ANS to interact with proteins and polyamino acids.

The 7,,,, emission of acrylodan is a function of SA, SPP, and, to a lesser extent, SB
(Egn. 3). However, the dependence on SPP is the most marked, and the sign of the
dependence on SA is opposite of that for ANS and prodan ( Egns. 4 and 5). This probe
must reflect the polarity of an environment with greater accuracy than either prodan or
ANS, because the 7,,,, emission of the probe is essentially dependent on the SPP term.
In fact, the fluorescence emission appears to be closely related to the dielectric constant
of the medium, ¢ [45], that reflects the polarity/polarizability of the solvent according to
Egn. 1.

The only structural difference between acrylodan and prodan is the presence of
unsaturation in the former. Acrylodan has been reported to bind covalently to SH
groups to become prodan, the 7., emission of which depends on the three solvent
parameters in a radically different way from that of acrylodan. Therefore, it should be
used with caution in environmental studies as it exhibits two different types of
photophysical behavior depending on whether or not it binds covalently to a protein.
Both acrylodan and prodan can interact via the C=0 group with acidic sites (H-donor
groups). Thus, it is not possible to make unequivocal conclusions about the polarity of
the probe’s environment, accounting for the disparate results provided by these probes
[6].

Consequently, the only way to derive accurate information about the environment
of each probe is to use pairs of probes that give different information and then cancel
the dependence of 7,,,, emission on one or more solvent parameters. Thus, the 7,
emission for ANS, according to Eqn. 4, depends on SA and SPP, the 7,,,, emission for
prodan (Egn. 5) in the same environment must depend on SA, SPP, and SB; in both
cases there is a fluorescence shift due to the acidity or polarity of the surroundings, but
the shift for prodan must include also information about basicity of the environment.
Comparing the shifts for the two probes allows one to draw reliable conclusions about
other types of interactions and consequently other types of solvent properties different
from those derived from polarity.
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