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Reaction Fields in the Environment of Fluorescent Probes: Polarity Profiles
in Membranes

Derek Marsh*
Max-Planck-Institut fiir biophysikalische Chemie, Abteilung Spektroskopie, Gottingen, Germany

ABSTRACT Fluorescent probes in biological systems are sensitive to environmental polarity by virtue of their response to the
reaction field created by polarization of the dielectric medium. Classically, fluorophore solvatochromism is analyzed in terms of
the Lippert equation and later variants, all of which rely upon the original reaction field of Onsager. A recent survey of the solvent
dependence of EPR spin-label probes, which are responsive solely to the reaction field in the ground state without the compli-
cation of excited states, shows that the reaction field of Block and Walker performs best in describing the polarity dependence. In
this model, the step-function transition to the bulk dielectric medium used by Onsager is replaced by a graded transition. Analysis
of the Stokes shifts for representative fluorescent membrane probes, such as PRODAN, DANSYL, and anthroyl fatty acid,
reveals that, of several different reaction fields (including that of Onsager), the Block-Walker model best describes the depen-
dence on solvent dielectric constant and refractive index for the different probes simultaneously. This is after full allowance is
made for all contributions involving polarizability of the fluorophore, a point that is frequently neglected or treated incorrectly
in studies using biological fluorescent probes. By using the full range of polar and apolar solvents, it is then possible to establish
a common reference for the polarity dependence of different fluorophores and to relate this also to the polarity dependence of
biologically relevant spin-label EPR probes. An important application is calibration of the transmembrane polarity profile recorded

by fluorescent probes in terms of the high-resolution profile obtained from site-specifically spin-labeled lipid chains.

INTRODUCTION

The polarity profile across biological membranes determines
the permeability barrier, partition coefficients of solutes,
and the energetics and stability of protein insertion. For lipid
membranes, the transmembrane profiles are best determined
by nitroxide spin-label electron paramagnetic resonance
(EPR) (1-5). Fluorescent lipid probes such as anthroyl fatty
acids and LAURDAN (see Fig. 1) lack, in general, the
positional precision of spin-labeled lipids, although they
may be used to probe less local regional polarity (6—8). On
the other hand, AEDANS [N-(iodoacetylaminoethyl)-5-nap-
thylamine-1-sulphonic acid] fluorescent labels have been
used with considerable success to determine the transmem-
brane polarity profiles sensed by bitopic membrane proteins
(9). More recently, fluorescence maxima from site-specific
tryptophan mutants have also been used to determine the
polarity profile for transmembrane segments of the
mechano-sensitive ion channel, MscL (10). A quantitative
comparison of the polarities sensed by the different classes
of probes can best be achieved by calibrations with solvents
of different polarities.

The polarity sensitivity of both spin-labeled and fluores-
cent biological probes arises from the reaction field of the
solvents (11,12). This forms a common basis for transfer
between the different data sets on polarity dependence.
Whereas different reaction fields have been used for the anal-
ysis of the solvent dependence of EPR spectra from spin-label
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probes (2,13—18), solvent-dependent shifts in absorption and
fluorescence spectra have almost invariably been interpreted
in terms of the original Onsager reaction field (19-26).
Recently, the performance of different reaction fields has
been compared for a range of biophysically used nitroxide
spin-label probes in homogeneous solvents (27). It was
concluded that the modification of the Onsager reaction field
proposed by Block and Walker (28) was best able to describe
the solvent dependence of the EPR spectra, when a realistic
value was assumed for the polarizability of the nitroxide.
Such a systematic comparison of different reaction fields
has so far not been made for the solvent dependence of biolog-
ically relevant fluorescent probes. The EPR measurements are
confined to the ground state of the spin label and therefore
afford a more straightforward test of the different reaction
fields than do optical spectra, which additionally involve
excited states and nonequilibrium Franck-Condon states.
The purpose of this article is to compare the performance
of the different reaction fields for characterizing the solvent
dependence of fluorescent probes and to relate this to
biophysical studies. The reaction field forms the basis for
transferring the polarity dependences between different fluo-
rescent probes, and between fluorescent probes and spin
probes. The latter is particularly important in the case of
membranes, and applications in this area are illustrated.

POLARITY DEPENDENCE OF OPTICAL SPECTRA

The original derivation of the solvent dependence of the
Stokes shift for fluorescent probes was by Lippert (20,29),
and used the Onsager reaction field without allowance for
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FIGURE 1 Chemical structures of polarity-sensitive fluorescent probes.

the polarizability of the fluorophore. Subsequently, it was
recognized that the polarizability could make significant
contributions to solvent-dependent shifts of both absorption
and emission spectra (21-25). Unfortunately, the various
treatments led to somewhat different results, as is clear
from the summary that was given recently by Kawski (26).
The origins of these discrepancies were analyzed in detail
by Liptay (25); they correspond to neglect of one or another
contribution to the energy of the chromophore in its reaction
field. Notably, energy contributions from polarization either
of the dielectric, or of the chromophore, have been neglected.
The result is that some expressions derived for the shift in
absorption or emission frequency are incorrect, even in the
absence of polarizability of the chromophore. The amend-
ment that is made in the recent edition of a well-respected
textbook (30), which is much quoted in the biological field,
is itself incorrect.

The treatment given here follows that of Liptay (25),
although it is less general. In the absence of polarizability of
the chromophore, the results from classical electrostatics that
are given by Lippert (29) agree fully with those of Liptay (25).

Reaction field and energy in the ground state

The total electric dipole moment of the chromophore in the
ground state is given by

m; = p, + a, Ry, (1)
where p, and «, are the permanent dipole moment and polar-
izability of the chromophore in the ground state. R, is the

reaction field at the chromophore that results from polariza-
tion of the dielectric environment by the dipole moment (my)
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of the chromophore. Consequently, the reaction field may be
expressed in the form (31,32)

m,
Rg = fmg Ef(er)47_r€ gr3ff7 (2)

where ¢, is the permittivity of free space, ¢, is the relative
dielectric permittivity of the solvent, and r. is an effective
molecular interaction radius of the chromophore. From
Egs. 1 and 2, the reaction field, allowing for polarizability
of the chromophore, is

f

R, = —mp,
¢ l—ozpfpg

3

in the ground state. Then, from Eqgs. 1 and 3, the total dipole
moment in the ground state is

m, = 28

S
The energy of the chromophore dipole, p,, in its own reac-
tion field is given by (32)

“)

W, = —Epo ‘R,. (®))
Hence, from Eq. 3,
1 f 2
= 6
£ T TP ©)

in the ground state. This expression includes both the work
done in polarizing the dielectric and the energy of the chro-
mophore dipole in the reaction field (see (25)).

Reaction field and dipole moment in the Franck-
Condon excited state

In analogy to Eq. 1, the local electric dipole moment in the
excited state is given by

m, = p, + R, (7)

where p. and ¢, are the dipole moment and polarizability of
the chromophore in the exited state. REC is the reaction field
in the Franck-Condon excited state, immediately after
absorption of the radiation (see Fig. 2). The electronic polar-
ization of the solvent responds immediately to the increased
dipole moment of the chromophore, p, in the excited state.
This immediate response is characterized by a relative
dielectric permittivity e, = n* where n is the refractive index
of the solvent. The electronic component of the reaction field
is induced by the total moment, m,, of the chromophore and
is therefore given by (compare to Eq. 2)

R = fm,=f(n’)

m,

®)

T
Are ry

(Note that the functions f{...) have the same functional forms
in Egs. 2 and 8.) The polarization of the permanent dipoles in
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FIGURE 2 Reaction fields, R, and dipole moments, p, in the ground (g)
and excited (e) states. v, and V; are the absorption and fluorescence transi-
tions, respectively. Superscript FC indicates the Franck-Condon state.
Thin lines indicate the potential surfaces in the ground (S,) and first excited
(S;) singlet states. Superscripts el and or indicate the electronic
and orientational contributions of the dielectric to the reaction field,
respectively.

the solvent reorients only slowly (with the characteristic
dielectric relaxation time, 7p), relative to the time required
for absorption of the radiation (~10_15s). Therefore, the
orientational component of the reaction field in the Franck-
Condon excited state is equal to that in the ground state,
Rgr. From Egs. 7 and 8, with Rfc = Rgl + Rgr, the elec-
tronic component of the reaction field in the Franck-Condon
excited state is then given by

/

f
Rel _ i C:Rlor . 9
¢ l—ozpf’(p°+a ) ©
Correspondingly, the total reaction field is given by
fp. + R}
R =R’ + R = —b. 10
: = ey (10)

Equations 9 and 10 both require knowledge of R;".

The orientational component of the reaction field in the
ground state is given by the difference between the total
reaction field, R,, and the electronic component of the reac-
tion field, Rel Analogous to Eq. 8, the latter is given by
Rel =f m,. Hence the orientational component of the reac-
tion field in the ground state (and in the Franck-Condon
excited state) is given by

R’ =R, —fm, = f - 11

—a
where use has been made of Eqgs. 3 and 4.
Returning to the Franck-Condon excited state, the total
reaction field is finally given by

R = —— J<fpo f =/

%fpg>, (12)
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where use is made of Eqs. 10 and 11. From Eqgs. 7 and 12, the
total dipole moment of the fluorophore becomes

_ 1 «(f =)
m, = W(pe + Wm) 13)

in the Franck-Condon excited state.

Energy in the Franck-Condon excited state
and the absorption spectrum

Because the Franck-Condon state, unlike the ground state, is
not an equilibrium state, it is not possible to use an analog of
Eq. 5 for the total energy of the dipole in the excited state. As
pointed out by Liptay (25), it is necessary to consider the
work done in polarizing the dielectric (+3m-R) and the
energy of the dipole in the reaction field (—p+R — Ja’R?)
separately. (Note: the validity and completeness of this
method of calculation is demonstrated by applying the
same approach to calculate the ground-state energy. This
agrees with the classic result from equilibrium electrostatics
(32), viz. Eq. 5; see (25).) Making the distinction between the
orientational and electronic contributions to the reaction field
that is necessary in the Franck-Condon state, the energy of
the chromophore in the excited state is

1 1 >
W' = m, - R” + -m,+R" —p, - RI“ -

1 orcp
2 3 ey 2 EaC|Rc |

(14)

All reaction fields, R, and total dipole moments, m, that
appear in Eq. 14 were specified in the previous subsection
(with the exception of Rﬁl =f'm,). After some algebra,

the final result is
2(r 1)
1 1 /
wie — -~ I /N
; 21_()é(f(flpel+I_OZJPe o

(l_:ff)(f ~f )!ng). as)

Simplifications ensue if it is assumed that the polarizabilities
are the same in ground and excited states, i.e., @y = o (= ).
In practice, this approximation is generally made when
analyzing experimental data (25,26).

The shift in wavenumber of the absorption band, A7,, that
is induced by the solvent is given by the difference in pertur-
bations of the chromophore energy in the ground and
Franck-Condon excited states,

heAv, = WFC —w, | (16)

&

where / is Planck’s constant and c is the velocity of light in
vacuo. From Egs. 6 and 15, the shift in absorption maximum
is given by
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hcAv, = (

f/
1o af,> (P. —P,) * P,

(Ipel —Ip.[). (17)

/

f

1
21—

where polarizabilities in the ground and excited states are
assumed to be equal. This differs from the corresponding
expression derived by Bilot and Kawski (24) because the
work done in changing the polarization of the dielectric
was neglected in the latter work. Consideration of the
dispersion interactions between the chromophore and the
surrounding solvent molecules adds a further term —f'D to
the shift in absorption maximum, where D is a positive
constant for a given low-lying electronic excitation (25).
Hence, the total dependence of the shift in absorption
maximum on solvent dielectric constant and refractive
index is

hcAv, = — / (81) - / (5”2)
e ) 1 g ()
Peop)pe 1 f(r)
Are iy 2 477:)r3f ff(nz)
2
—('p;m “’f:' ) pr (), (18)

where the substitutions in Egs. 2 and 8 are made explicitly.
The form of the function f(e,) or f(nz) depends on the model
used to determine the reaction field.

Fluorescence spectrum and Stokes shift

Because the dielectric relaxation time (7p) is considerably
shorter than the fluorescence lifetime (77), the solvent
dipoles reorient to their equilibrium situation in the excited
state before emission of the radiation. Therefore, the fluores-
cence emission takes place from the equilibrium excited
state to the Franck-Condon ground state (see Fig. 2). By
reasoning similar to that giving rise to Eq. 17, the solvent-
dependent shift in the fluorescence maximum is then given
by (25)

hcAvy = — (1 faf 1 fozf’) (pe - pg) * Pe

1 f
2 1— (|p9| _|p8| )

Df (19)

for 7p << 7. Expressed explicitly in terms of the solvent
properties, this becomes
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2
hCAﬂf - _ f(&r) _ f(ccl ) ;
e, fof (&) 47r£0r2fff (n )
% (pe - pg) * Pe _l f(nZ)
dme,r? 24« 2
)
(|p0‘2_|pg|2) 2
X —47T€0r3ﬂ~ - Df (n ) (20)

From Eqgs. 18 and 20, the difference in wavenumber of the
fluorescence and absorption maxima, i.e., the Stokes shift
(AﬁStokes)» is given by

heAVg;oes E/’IC(AE1 — Aﬁf)

. 2
B ( f(e) 3 f(n*) P.— P (21)
= o o 3
1——f(e, 1-— 2 Ameor
471’601‘2[[]0 (&) 47reorg[[f (n )

Correspondingly, the shift in the sum of the absorption and
emission frequencies () 7) is given by
he Y7 = he(Av, + Av)

_ f(aé'l) (|pc|2_|pg|2) 72Df(n2); (22)

’%
1— e Amery
47reorgfff( 0) ‘

which, unlike the Stokes shift, depends on the energy of the
dispersion interaction. Expressions corresponding to Egs. 21
and 22, but for ae — oz # 0 and for anisotropic polarizabil-
ities are given by Liptay (25). Equation 21 differs from the
original Lippert equation in that the polarizability « of the
fluorophore is taken into account. As pointed out originally
by Liptay (25), other attempts to do this (22-24,26,30)
have led to incorrect results.

MODELS FOR REACTION FIELDS

The various models for the reaction field are characterized
by the function f(e,) (see Egs. 2 and 8). The Onsager model
for the reaction field involves a step-function transition from
the dielectric permittivity of free space, &, to that of the bulk
solvent, ¢,¢,, at the radial distance r.¢ (see Fig. 3). The cor-
responding expression for the dependence of the reaction
field on the relative dielectric permittivity &, which is
obtained from the solution of Laplace’s equation, is (31)

fo(er) = M

. 23
2e, + 1 (23)

Together with Eqgs. 2 and 3, this gives Onsager’s result for
the strength of the reaction field.

Subsequently, Block and Walker (28) proposed a more
gradual transition to the bulk dielectric permittivity. This
has a radial dependence given by: e(r) = eg exp(—«/r),
where the exponential decay constant, k, is determined by
the boundary condition ¢, = 1 at r = re (see Fig. 3). An
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FIGURE 3 Radial dependence of the relative dielectric permittivity for
different models of the reaction field. (Dotted line) Step function, from
Onsager (31). (Solid line) Exponential-inverse transition, from Block and
Walker (28). (Dashed line) Direct exponential transition, from Ehrenson
(16). reg is the effective molecular radius of the chromophore. The starting
level is ¢, = 1, for r/reg < 1.

analytical solution of Laplace’s equation is possible for this
form of ¢,(r) and yields
3¢, Ing, 6

&lne _5 , 24)

In ¢

Faw(er) = elne —e + 1
for the dependence on ¢, in Eq. 2.

The exponential-inverse radial dependence suggested by
Block and Walker (28) reaches the bulk dielectric constant
only at large distances. Ehrenson (15,16) has proposed,
instead, a direct exponential transition, &(r) =
ep — (ep — 1)270~7a)/2w | which reaches half the bulk
dielectric constant at radial distance r = 3rg (see Fig. 3).
Numerical solutions of Laplace’s equation are necessary
for this functional form. The solution obtained by Ehrenson
(15,16) using a shell model can be fit approximately with the
polynomial

fe(e) = 6313 x 107> x [1 + 1.058 In ¢,
—0.190(In &,)* +0.009(In er)S]ln & (25)

This expression can be used in nonlinear least-squares fitting
of experimental data.

A statistical mechanical approach to analyzing dielectric
permittivity, which can be cast in the reaction-field
formalism, has been given by Wertheim (33). Originally
developed for nonpolar fluids, the model uses the mean
spherical approximation (MSA) and has subsequently
been extended to a polarizable hard-sphere fluid with
permanent dipoles (34). This MSA approach gives the
following parametric expression for the relative dielectric
permittivity (33,34)
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2 4
_ (0 +4)(1+8 26)

(1-28)°
The corresponding parametric expression for the reaction
field strength is (14,27)

fw(e:) = 16¢. @7

Together with Egs. 2 and 3, Egs. 26 and 27 give the depen-
dence of the reaction-field strength on ¢,. Over the range ¢, =
1-200, combination of Egs. 26 and 27 may be approximated
by the polynomial

T

fiv(e) =0.6666 x [1 + 0.0171 In &, — 0.00432(In ¢,)’
+ 0.000158(In ¢)*]In ¢, (28)

Fig. 4 shows the function f{e,)/(1—af(e,)) in the different
models for the reaction field, with different values of the
polarizability of the chromophore. Neglecting the polariz-
ability is given by a = 0 (dotted lines). In general, the polar-
izability is given in terms of the Lorenz-Lorentz relation:
a = o&*fAmegrei = (ny"—1)/(ny’+2), where n, is the refrac-
tive index of the chromophore extrapolated to zero frequency.
A value of a = 1/4 (dashed lines) is appropriate to the refrac-
tive index of nitroxide spin labels (27) and a value of a = 1/2
(solid lines) has been suggested for fluorophores (21-23,26).

As is well known, the Onsager reaction field, with a step-
wise transition in dielectric constant, saturates rapidly with

3 ’
MSA: a=1/2| 1/4/ 0
— 2T step:
s 2=1/2  exponential:
© a=1/2
E‘
= 14
exponential
-inverse
0 = + ——t————+ + e e S
1 10 100

FIGURE 4 Dependence of the strength of the reaction field, fle,)/
(1—afe,)), on the dielectric constant, &, (or refractive index), in different
models. Reaction fields are depicted for a step transition to the bulk dielectric
constant (31), a direct exponential dependence on radial distance (16), an
exponential dependence on inverse radial distance (28), or for a hard-sphere
model in the MSA (33,34), as indicated. Reaction fields are computed for
different polarizabilities, «, of the chromophore: a = o2 /(Amegre’) = 0
(dotted line), 1/4 (dashed lined), or 1/2 (solid line). The abscissa has a
logarithmic scale.
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increasing dielectric permittivity. The direct exponential tran-
sition in dielectric permittivity of references (15,16) extends
out to ~2-3 shells, and therefore the reaction field saturates
less rapidly than does that of Onsager. The reaction field of
Block and Walker (28), which is characterized by a broader
transition in dielectric permittivity, saturates least rapidly.
On the other hand, reaction fields predicted by the model
with mean spherical approximation of Wertheim (33,34)
increase far more steeply with increasing dielectric permit-
tivity than any of the three continuum models, and do not
reach saturation. For all models, increasing polarizability of
the chromophore increases the strength of the reaction field.

For the continuum-dielectric models, the function f(e,)
tends to a limiting value with increasing ¢, of f{o) — 1.
Allowing for polarizability of the chromophore, the function
fle)/(1—af(e,)) therefore tends to a limiting value of 1/(1—a).
For the MSA model, the limiting value is much larger:
fle) = 8, and hence f(¢;)/(1—af(e,)) tends to diverge with
increasing dielectric permittivity.

APPLICATIONS

Fig. 5 gives the dependence of the Stokes shift on relative
dielectric permittivity of the solvent for three different
fluorophore types that have been used for polarity studies in
biological systems. The experimental data are indicated by
squares. Hydrogen-bonding solvents (open squares) are
clearly distinguished from those without a proton donor (solid
squares), in the case of the fluorophores with a carbonyl
H-bond acceptor [i.e., PRODAN (2-(dimethylamino)-6-pro-
pionyl-naphthalene), and 8-AS (methyl 8-(2-anthroyl)octa-
noate)].

For the aprotic solvents, nonlinear least-squares fitting,
with the dependence of the Stokes shift on ¢, and n that is pre-
dicted in Eq. 21 for the different models of the reaction field
(Egs. 23-25 and 28), is given by the lines and small symbols
in Fig. 5. (Note that the lines simply join the points in Fig. 5.
They do not indicate a functional dependence on dielectric
permittivity, because the fitting with Eq. 21 additionally
involves the dependence on refractive index.) For PRODAN,
which contains the same chromophore as LAURDAN (2-(di-
methylamino)-6-lauroyl-naphthalene), best fitting is obtained
with the Block-Walker model (solid line) for the reaction field
(r = 0.994), although that with the Ehrenson model (dashed
and dotted line) is almost equally good. Including polariz-
ability of the fluorophore improves the quality of the fit. For
the Block-Walker model with PRODAN, optimization yields

= 2.73. For the anthroxy fatty acid, 8-AS, the Wertheim
model of the reaction field (dashed line) gives the best fit
(r = 0.953), with that of Ehrenson (dashed and dotted line),
and of Block and Walker (solid line), being somewhat less
good. Again, inclusion of fluorophore polarizability improves
the fit, with an optimized value of n,> = 2.22 for 8-AS
with the Wertheim reaction field. For DANSAEP [N-(2-
(((5-(N,N-dimethylamino)-1-naphthalenyl)sulphonyl)-ami-
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FIGURE 5 Stokes shifts, 7, — 7; (squares), for the fluorophores PRO-
DAN (45), 8-AS (7), and DANSAEP (46), as function of relative dielectric
permittivity, &, of the solvent. Fitting the data for aprotic solvents (solid
squares) by Eq. 21, expressed as 7, — v =K[f(e)/(1—afle)—fn>)/
(lfaf(nz))]+A170, is given for the different models of the reaction field: Ons-
ager (Eq. 23, dotted lines), Ehrenson (Eq. 25, dashed and dotted lines),
Block-Walker (Eq. 24, solid lines), and Wertheim (Eq. 28, dashed lines).
The abscissa has a logarithmic scale. (Open squares are for protic solvents.)

no)ethyl)-2-propenamide], the Onsager model (dotted line)
yields the best fit (r = 0.989), with the reaction field of Block
and Walker (solid line) giving a close second-best fit. Again,
using a nonzero polarizability for DANSAEP improves the
fit, with an optimized value of noz = 2.23 for DANSAEP
with the Onsager reaction field.

There is, therefore, some experimental variation regarding
what constitutes the optimum reaction field for fitting the
polarity dependence of the various fluorophores. However,
the reaction-field of Block and Walker (28) provides either
the best or close to second-best description of the solvato-
chromism. Therefore, this can best be used for a consistent
comparison between different fluorophores. A further reason
for choosing the Block-Walker model is that this best
describes the polarity dependence of nitroxide spin labels
(27). As already mentioned, spin-label EPR measurements
involve only the ground state and therefore constitute a
simpler and more direct test of the different models. Finally,
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choice of the Block-Walker model also allows a consistent
comparison between fluorescent probes and spin-label
probes. Note that the spin-label EPR results clearly indicate
that the Block-Walker model is most appropriate, and there-
fore slight deviations from this in the present case can be
attributed to uncertainties arising from the added complexities
in the fluorescence experiment.

Fig. 6 shows the dependence of the Stokes shift on
the modified Lippert parameter (see Eq. 21): fpw(e)/
(1—afaw(ey) — faw(n®)/(1—afgw(n®) that is defined in terms
of the Block-Walker reaction field, with allowance for polar-
izability of the fluorophore. A value of @ = 1/4 is chosen, cor-
responding to n,> = 2, because this is close to the optimized
values obtained in the nonlinear fits. (In practice, small devi-
ations from n,> = 2 provide only small improvements in
the quality of the fit.) The fitting parameters Ky and Av,
that are obtained from the linear regressions for aprotic
solvents in Fig. 6 (excluding dioxane and benzene) are listed
in Table 1.

T T T T T T T T T - ||_|Zo
8 EtoH ~MeOH
PRODAN CHpropglycol
1 ethglyco 1
acetone DMF
6 - .
4 4 C-hexa -
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£ e )(A-F, (e)/4) - £ (n*)(1-F, (n)/4)

FIGURE 6 Dependence of the Stokes shift for PRODAN (45), 8-AS (7),
and DANSAEP (46) on the parameter fpw(e,)/(1 —fi;w(sr)/4)—fgw(n2)/
(17fBW(n2)/4), where the strength of the Block-Walker reaction field
few(...)is given by Eq. 24, and ¢, and n are the relative dielectric permittivity
and refractive index of the solvent. Solid lines are linear regressions to the
data for aprotic solvents (solid squares). (Open squares are for protic
solvents.)
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TABLE 1 Fitting parameters for the polarity dependence of the
Stokes shift: 7, — 7; = Ki{faw(e)(1—faw(e)8) — faw(nP)
(1—faw(rm?)/4)] + A, for different fluorophores (see Fig. 6)

Probe K; (em™h A7, (cm™ )
PRODAN 6083 + 298 4315+ 75

8-AS 6214 + 1073 39 + 301
DANSAEP 3611 4+ 497 8551 + 122

INTERCOMPARISONS AND CALIBRATIONS

The parameters in Table 1 for aprotic media allow definition
of the Stokes shifts from different fluorophores that corre-
spond to the same value of the reaction field, i.e., to the
same environmental polarity. For fluorophores 1 and 2, the
respective Stokes shifts are related by

_ Key,_  _ _ Kei o _

(1/a — Vf)l = IE(Vd — Vf)z + AV, — @Avoyz, 29)
where K¢, K¢, and A¥, |, A, ; are the values of Ky and Ay,
for fluorophore 1 and fluorophore 2, respectively. For
example, the gradient and intercept parameters for these cali-
brations are Ky 1/K¢» = 1.0,0.59 and Av, | — (K1 /Ki2)AV,2
= —4370,5990 cm ™' for 8-AS and DANSAEP, respectively,
when referring the Stokes shifts of these fluorophores to those
of PRODAN.

A somewhat more complicated situation arises in the
comparison of Stokes shifts with the hyperfine couplings of
nitroxide spin labels, which are used to determine transmem-
brane polarity profiles in lipid bilayer membranes (1,35).
This is because the polarity sensitivity of spin-label hyper-
fine couplings depends only on the reaction field in the
equilibrium ground state. The isotropic '*N-hyperfine
coupling of a nitroxide is given by (13,27)

aN — K\r fB\V(‘Sr) 4 aSZI’ (30)
’ 1 - ifBW(&) ’

where K, is a calibration constant and a°~' is the hyperfine

coupling in a medium with &, = 1. The fluorophore Stokes

shift is thus related to the spin-label hyperfine coupling by
(@ — ") + A7, — K;

_ .\ _ K fBW(nz)
(Va‘ - Vf) = = \Y% o 1 _1fr (2
K, — 3 fow(n?)

€29

where the term involving the refractive index of the medium
remains because the EPR spectrum does not involve Franck-
Condon states. Fortunately, the variation in n® is much less
than that in the dielectric constant, ¢,. For the range of aprotic
solvents represented in Fig. 6, the mean value of fBW(nz)/
(l—wa(nz)/4) is 0.113 with a standard deviation of 0.012
(N = 14). For the protic solvents, the corresponding value
is 0.107 &+ 0.013 (N = 6). Thus, for aprotic environments,
it is reasonable to approximate the final term on the right
in Eq. 31 by 0.11 x Ky, when establishing the correlation
between fluorophore and spin-label measurements.
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For DOXYL spin-labeled lipid chains, the calibration
parameters in aprotic media are K, = 0.087 £ 0.012 mT
and afl = 1.410 £ 0.005 mT (36); values for other nitro-
xide spin labels are given in references (27,36). As an
example of the application of Eq. 31, the isotropic hyperfine
couplings of spin-labeled lipid chains in the center of fluid
phospholipid bilayers have plateau values in the range a? =
1.440—1.455 mT in the absence of cholesterol (L, phase),
and @) = 1.423—1.433 mT in the presence of 50 mol %
cholesterol (L, phase) (1). These correspond to Stokes shifts
of AVsiores = 5725—6775 and 4540—5235 cm !, respec-
tively, for PRODAN; 1480—2550 and 265—980 cm ',
respectively, for 8-AS; and 9390—10010 and 8685—9100
cm™ !, respectively, for DANSAEP. For comparison, the
phosphatidylcholine variant of 8-AS has Stokes shifts of
ATsiores = 3448 and 2169 cm™ ! in fluid egg phosphatidyl-
choline (PC) membranes without and with 50 mol % choles-
terol, respectively (37). These correspond to environments
with polarities that are considerably greater than at the
hydrophobic center of the membranes.

As for spin-label hyperfine couplings (36), the Stokes
shifts of 8-AS and PRODAN in the hydrogen-bonding
alcohol solvents depend approximately linearly on the molar
concentration, [OH], of hydroxyl groups. Values of gradient
OATiokes/O[OH] = 42.8 £0.3and 27 =8 cm ' M ™', and of
intercept AVsiokes,o = 3611 & 11 and 7225 + 260 cm~ !, are
obtained for 8-AS and PRODAN, respectively. For spin-
labeled lipid chains, the corresponding gradient is
da) /[OH] = 0.0023 + 0.0001 mT M~" and intercept
aﬂo = 1.449 + 0.003 mT. By using this approximation,
the fluorophore Stokes shift is related to the spin-label
hyperfine coupling simply by

AiStokes = <8A(;/Z§)+§[/g)[1?]m) (agI - aoN,o) + AiSmkesxw

(32)

As an example of the application of Eq. 32, the isotropic
hyperfine couplings of spin-labels at the polar-group ends
of the lipid chains in fluid phospholipid bilayers have plateau
values in the range @) = 1.497—1.527 mT in the absence of
cholesterol (L, phase), and ag = 1.510—1.527 mT in the
presence of 50 mol % cholesterol (L, phase) (1). These
correspond to Stokes shifts of AVgiores = 4505—5065 and
4745—5065 cm ™", respectively, for 8-AS; and 7785—8135
and 7940—8135 cm ™!, respectively, for PRODAN. For
8-AS, these upper plateau values are considerably higher
than those for the phosphatidylcholine derivative in phos-
pholipid vesicles ((37), and see above).

Finally, the Stokes shifts of the fluorophores may be
related to the transmembrane polarity profile of phospholipid
bilayers. The latter has been determined at high positional
resolution by using glycerophospholipids spin-labeled
systematically in the sn-2 chain (1). It is found that the posi-
tional dependence of the isotropic hyperfine couplings can be
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described to high accuracy by a Boltzmann sigmoidal form.
The same is true of the water distribution determined by
D,0O-ESEEM spectroscopy (38), the oxygen and nitric oxide
distributions determined by nonlinear EPR (39-41), and the
polarity-dependent spin-label g,,-values determined by
high-field EPR (42). In terms of the Stokes shifts of fluoro-
phores, the polarity profile may therefore be expressed
relative to the C-atom positions, 7n., in the phospholipid
chain as

AiStoke&l - AiStokes,Z
1 + exp((n. — ”C,O)/A)

AiStok(‘s(nc) == + AiStokcs‘Zy (33)

where AVgiokes, 1 and AVsiokes2 are the limiting values of
AVgiokes 1n the region of the polar headgroup and terminal
methyl ends of the lipid chain, respectively, and A is a decay
constant (see also (43)). This dependence on intramembrane
location has been verified experimentally for the Stokes
shifts of the M13 coat protein, which was site-specifically
labeled with AEDANS (9).

Fig. 7 shows the predicted dependence on transmembrane
location of the Stokes shift for the anthroyl (8-AS) or PRODAN
chromophores in fluid-phase membranes of dipalmitoyl
phosphatidylcholine (DPPC) with and without 50 mol %
cholesterol. These profiles are based on the parameters
neo and A characterizing the shape of the profile in Eq. 33
that are determined from EPR experiments with spin-labeled
lipid chains (1). Correspondences with EPR hyperfine
couplings that are based on Eq. 31 are used to determine

depth in membrane, d (nm)

0.2 0.4 0.6 0.8 1.0 1.2 14
R 1 R 1 R 1 R 1 R 1 R 1

. DPPC+chol

chain position, n (C-atom)

FIGURE 7 Predicted dependence of the Stokes shift for the fluorophore of
8-AS and PRODAN on depth in fluid DPPC or DPPC + 50 mol % choles-
terol (chol) bilayer membranes. The profile is deduced from spin labels at
positions n. in the sn-2 chain of phosphatidylcholine (1), together with corre-
lations between fluorophore Stokes shift and spin-label hyperfine splitting.
(Horizontal dotted lines) Experimental values for the PC derivative of
8-AS in vesicles of egg PC and egg PC + 50 mol % cholesterol (37). The
upper abscissa gives the estimated distance, dc, from the lipid chain carbonyl
group (n. = 1).
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the values for AVg;es,» and those based on Eq. 32 are used to
determine the values for AvVgokes 1, from the EPR-determined
values of a0N72 and ag] , respectively, that are given in Marsh
(1) (and see above). Different EPR-fluorescence correlations
are used in the two regions because polarity-induced shifts are
determined mostly by dielectric polarization in the predomi-
nantly aprotic environment at the membrane midplane (i.e.,
region 2), whereas they are dominated by hydrogen bonding
of water in the protic environment at the top of the chains (i.e.,
region 1). The Stokes shifts for PC with an 8-(2-anthroyl)oc-
tanoyl sn-2 chain in fluid lipid vesicles are indicated in Fig. 7
(horizontal dotted lines). In egg PC alone this corresponds
with the calibration for the n. = 8 position, consistent with
the point of attachment of the anthroyl chromophore to the
lipid chain. In egg PC + 50 mol % cholesterol, the smaller
Stokes shift correlates with the n. = 9—10 position, corre-
sponding to an ordering of the anthroyl moiety toward the
membrane midplane by cholesterol. These results indicate
the general utility of calibrations such as those constructed
in Fig. 7 for determining the location of fluorophores in
biological membranes; cf. for instance, Marsh et al. (44).
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