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Abstract

TOAC (2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-4-carboxylic acid) is a nitroxyl amino acid that can be incorporated in the back-
bone of peptides. DOXYL (4,4-dimethyl-oxazolidine-1-oxyl) is a nitroxyl ring that can be attached rigidly at specific C-atom positions in
the acyl chains of phospholipids. Spin-labelled phosphatidylcholines of the DOXYL type have been used previously to establish the
transmembrane polarity profile in biological lipid bilayers [D. Marsh, Polarity and permeation profiles in lipid membranes, Proc. Natl.
Acad. Sci. USA 87 (2001) 7777–7782]. Here, we determine the polarity dependence of the isotropic 14N-hyperfine couplings, aN

o , and
g-values, go, in a wide range of protic and aprotic media, for a TOAC-containing dipeptide (Fmoc-TOAC-Aib-OMe) and for a
DOXYL-containing fatty acid (12-DOXYL-stearic acid). The correlation between datasets for TOAC and DOXYL nitroxides in the
various solvents is used to establish the polarity profile for isotropic hyperfine couplings of TOAC in a transmembrane peptide. This
calibration can be used to determine the location of TOAC at selected residue positions in a transmembrane or surface-active peptide.
A similar calibration procedure is also applied to aN

o and go for the pyrroline methanethiosulphonate nitroxide (MTSSL) that is used in
site-directed spin-labelling studies of membrane proteins.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Nitroxyl spin labels are sensitive to environmental
polarity and proticity via the influence of these factors on
the distribution of unpaired electron spin density, qp, in
the N–O moiety, and on the distribution and energetics
of the oxygen lone-pair electrons (see e.g., [1–4]). Thus,
hyperfine couplings, aN

o , of nitroxides increase and their
g-values, go, decrease with increasing local dielectric con-
stant or increasing degrees of hydrogen-bonding to the
N–O group. Griffith et al. [1] have shown for a model
spin-label, di-tert-butyl nitroxide (DTBN), that the isotro-
pic hyperfine coupling depends linearly on the reaction field
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of the solvent in apolar media, but is characterised by
marked non-linearity and much higher values of aN

o in
protic media. This environmental sensitivity is an invalu-
able feature of spin-label EPR applications in biological
systems, particularly membranes [1,5–8].

Transmembrane polarity profiles have been determined
at high spatial resolution in lipid bilayers by using phos-
pholipids that were spin-labelled systematically in their
hydrocarbon chains with the DOXYL nitroxide (Fig. 1)
[9,10]. The influence of lipid composition on these transbi-
layer profiles has also been studied [9,11–14]. The polarity
exhibits a trough-like profile across the membrane, which is
registered by the hyperfine couplings and g-values of the
DOXYL spin labels. This polarity profile not only
constitutes the permeability barrier of the membrane and
determines the energetics of insertion and transmem-
brane-anchoring of integral proteins, it also provides a
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Fig. 1. Chemical structures of spin-label nitroxide moieties. TOAC
(2,2,6,6-tetramethylpiperidine-1-oxy-4-amino-4-carboxylic acid) amino
acid unit; DOXYL (4,4-dimethyl-oxazolidine-1-oxyl) moiety attached to
an aliphatic chain; MTSSL (2,2,5,5-tetramethylpyrroline-1-oxyl-3-
methyl)methanethiosulphonate; MTSSL/b-SH, b-mercaptoethanol S–S
adduct of MTSSL.
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means by which the location of spin-labelled peptides and
proteins may be determined in membranes. Determining
the vertical location within the membrane of other spin-
labelled lipid species by this method is straightforward
(see e.g., [12,13,15]). However, the DOXYL nitroxides that
are used with lipids are not those normally employed in the
spin-labelling of peptides or proteins for EPR studies.
Consequently, it is necessary to establish correlations
relating the EPR properties of DOXYLs to those of the
nitroxyl reagents that are used for spin-labelling peptides
and proteins.

TOAC (see Fig. 1) is a nitroxyl Ca-tetrasubstituted
amino acid that can be used in peptide synthesis. The nitr-
oxide ring of TOAC is incorporated rigidly in the peptide
backbone and therefore is optimally situated to determine
the location of the various secondary structural elements
of the peptide. Sensitivity of the isotropic hyperfine cou-
plings to membrane location has been demonstrated for
TOAC-labelled trichogin GA IV [16] and alamethicin
F50/5 [17,18] antimicrobial peptaibols. Positional specific-
ity in nitroxide-labelling of proteins is now obtained rou-
tinely in site-directed spin-labelling [19–21]. This is
achieved by cysteine-substitution mutagenesis, accompa-
nied by spin-labelling with the nitroxyl S–S reagent
MTSSL (see Fig. 1). Such site-directed nitroxide scanning
has been applied with considerable success to study the
environmental polarity of membrane-embedded helices in
bacteriorhodopsin [8,22,23] and in colicin A [24].

In the present work, we determine isotropic hyperfine
coupling constants and g-values for representative TOAC
and DOXYL nitroxide spin labels in a wide range of both
protic and aprotic solvents. From the dependence of aN

o

and go on the polarisation reaction field in aprotic solvents,
and on the extent of hydrogen bonding in protic solvents, it
is possible to correlate the polarity dependence of TOAC
spin labels with those of DOXYL spin labels. Thus, a cal-
ibration is established for the transmembrane profile of aN
o

for TOAC, which can be used to locate the position and
orientation of TOAC-containing peptides in membranes.
From published results on the polarity dependence of aN

o

and go for MTSSL [25], a calibration is also established
for the transmembrane location of cysteine residues in
site-directed spin-labelling.

2. Theoretical background

2.1. Isotropic hyperfine couplings

The isotropic 14N-hyperfine coupling constant, aN
o , of a

nitroxide is related to the unpaired electron spin densities
on the nitrogen (qN

p ) and the oxygen (qO
p ) by a McCon-

nell-type relation [26]:

aN
o ¼ QNqN

p þ QNOqO
p ð1Þ

where qN
p þ qO

p � 1, and the leading term is that involving
QN (�QNO). The local polarisation electric field from the
solvent (or an external electric field) induces redistribution
of the unpaired electron spin density within the nitroxide
moiety. To first order, the change in spin density on the
nitrogen, DqN

p , depends linearly on the electric field compo-
nent, Ex, along the N–O bond [1]:

DqN
p ¼ C1Ex ð2Þ

Simple Hückel molecular orbital theory predicts the
strength of the redistribution to be given by C1 = 1.5 ·
10�11 V�1m [1]. Ab initio calculations have produced some-
what lower values: C1 = 1.2–1.3 · 10�11 V�1m [27], and
semi-empirical molecular orbital methods have predicted a
considerably lower sensitivity: C1 = 0.5 · 10�11 V�1m [4].
On the other hand, changes in experimental coupling con-
stants, on titration of a dissociable group attached to the
nitroxide ring, are consistent with a value of C1 = 1.9 ·
10�11 V�1m, for QN � QNO = 2.04 mT, when compared
with classical electrostatic calculations of the change in local
electric field [28].

In aprotic media, the reaction field at the nitroxide that
arises from polarisation of the solvent by the (polarisable)
N–O electric dipole, p, is given by [29,30]:

ER;x ¼
1

4peo

f ðerÞ
1� n2

D�1

n2
Dþ2

� �
f ðerÞ

� p
r3

eff

ð3Þ

where er is the relative dielectric permittivity of the solvent,
eo is the permittivity of free space, nD is the refractive index
of the pure nitroxide (n2

D � 2:0; see e.g., [31]), and reff is the
effective interaction molecular radius of the spin label.
Onsager’s model for a dipole of molecular radius reff

embedded in a homogeneous dielectric yields: f(er) =
2(er � 1)/(2er + 1). With an exponential transition to the
bulk dielectric constant that depends inversely on radial
distance, instead of a step function at the molecular sur-
face, the Onsager result is modified to [32]:
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f ðerÞ ¼
3er ln er

er ln er � er þ 1
� 6

ln er

� 2 ð4Þ

This improved reaction field, which will be adopted here,
saturates less rapidly than that of Onsager, and best de-
scribes the polarity dependence of spin-label EPR parame-
ters [30]. For er close to unity Eq. (4) becomes:
f ðerÞ � 1

6
ln er [31], confirming that ER,x = 0 for er = 1.

Combining Eqs. (1)–(3), the isotropic 14N-hyperfine cou-
pling of a nitroxide in an aprotic solvent is then given by
(cf. [1]):

aN
o ¼ ae¼1

o þ Kv
f ðerÞ

1� 1
4
f ðerÞ

ð5Þ

where ae¼1
o is the extrapolated isotropic coupling constant

of the nitroxide in a medium of relative dielectric permittiv-
ity er = 1. The coefficient of the polarity-dependent term is
given by:

Kv ¼
1

4peo

ðQN � QNOÞC1
p

r3
eff

ð6Þ

which depends solely on the properties of the particular
nitroxide spin-label.

For protic media, the effects of hydrogen bonding on the
isotropic hyperfine couplings far outweigh those of the sol-
vent polarity [1,33,34]. In the presence of a proton donor,
chemical exchange takes place between free and hydro-
gen-bonded nitroxides, which have isotropic 14N-hyperfine
couplings aN

o;o and aN
o;h, respectively. Because exchange is

fast compared with the difference in hyperfine couplings,
the isotropic coupling constant that is observed experimen-
tally is given by [35]:

aN
o ¼ ð1� fhÞaN

o;o þ fhaN
o;h ð7Þ

where fh is the fractional population of hydrogen-bonded
nitroxides. The relations given by Eqs. (5) and (7) form a
basis on which the polarity dependence of one nitroxide
can be referred to that of another. For membrane applica-
tions, we wish to refer other spin labels to the DOXYL
nitroxide with which polarity profiles have been established
[9].

2.2. Anisotropic hyperfine couplings

The polarity dependence of the complete hyperfine ten-
sor is determined by that of both the isotropic and aniso-
tropic (i.e., dipolar) terms. For the diagonal z-element:

Azz ¼ aN
o þ 2jT d

?j ð8Þ

where �jT d
?j is the perpendicular element of the traceless

hyperfine tensor that arises from the electron–nucleus dipo-
lar interaction. Clearly, the latter depends directly on the
unpaired spin density on the nitrogen: T d

? ¼ T d
?;oq

N
p , where

T d
?;o is the value of T d

? for qN
p ¼ 1. Combining Eqs. (1) and

(8), Azz is related to the isotropic coupling constant, aN
o , by:
Azz ¼ 1þ
2jT d

?;oj
QN � QNO

 !
aN

o �
2jT d

?;ojQNO

QN � QNO

ð9Þ

which predicts a linear dependence. The value of jT d
?;oj ¼

ðlo=10pÞh�1gNbNgebehr�3
2p i is 47.8 MHz (�1.70 mT) for a

14N 2p orbital [36]. Values of QN and QNO depend on the par-
ticular nitroxide and may be estimated by using Eq. (9) [37].
2.3. Isotropic g-values

The g-factors of nitroxides depend on the spin density,
qO

p , on the oxygen atom and additionally on the energies
and distribution of the lone pair orbitals. Therefore, as
for the hyperfine couplings, the isotropic g-values respond
to environmental polarity and hydrogen bonding. The sign
of the polarity dependence is, however, opposite to that of
the hyperfine coupling.

The major contribution to the polarity dependence of
the nitroxide g-tensor comes from the gxx element. This is
given from Stone’s perturbation treatment [2,3]:

gxx ¼ ge þ
2fOðCðnÞO;yÞ

2qO
p

DEnp�
ð10Þ

where ge = 2.002319 is the free-electron g-value, fO is the
spin–orbit coupling of oxygen, CðnÞO;y is the coefficient of
the oxygen 2py orbital in the lone pair orbital, and DEnp*

is the n fi p* excitation energy. If the lone pair is confined
to the 2py orbital on the oxygen (see [8]), gxx is the only g-
tensor element that depends on the lone pair, and gyy then
depends only on the orbitals of the N–O bond. The lone
pair orbital is affected solely by hydrogen bonding and
not by environmental polarity. The gyy tensor element is
considerably less sensitive to polarity and hydrogen
bonding than is the gxx element because the energy denom-
inators for gyy involve the bonding and antibonding N–O
r-orbitals, which do not lie as close in energy to the
unpaired electron orbital as does the lone pair. The gzz

tensor element, in turn, is practically insensitive to polarity
and hydrogen bonding (gzz � ge).

The isotropic g-value is the trace of the g-tensor:
go = (1/3)(gxx + gyy + gzz). Consequently, from Eq. (10),
changes in g-value, dgo, are related to the polarity and
hydrogen-bonding-dependent terms by (cf. [38,39]):

dgo

go � ge

¼ dqO
p

qO
p

� dDEnp�

DEnp�
þ

dðCðnÞO;yÞ
2

ðCðnÞO;yÞ
2
þ

dgyy

gyy
ð11Þ

where the first two terms on the right are likely to dominate
[2]. In contrast, changes in the isotropic hyperfine coupling
depend only on the unpaired spin density (see Eq. (1)).
Therefore g-values are expected to be preferentially sensi-
tive to hydrogen-bonding, as compared with hyperfine
couplings.

The g-factor, like the hyperfine coupling, also responds
approximately linearly to the polarisation reaction field
(see e.g., [4,27]). Consequently, the polarity dependence



Fig. 2. Dependence of the isotropic hyperfine coupling, aN
o , on solvent

polarity, f ðerÞ=ð1� 1
4
f ðerÞÞ with f(er) = 3erln er/(erln er � er + 1) � 6/

ln er�2, for TOAC (squares) and DOXYL (circles) spin labels. Measure-
ments are made at 20 �C (30 �C for more viscous solvents) using Fmoc-
TOAC-Aib-OMe (TOAC) or 12-SASL (DOXYL). Solid lines are linear
regressions to data from aprotic solvents, and dashed lines are linear
regressions for a limited range of data from the more apolar protic
solvents.
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of the isotropic g-value in aprotic solvents is given similarly
by (cf. Eq. (5)):

go ¼ ge¼1
o þ Kv;g

f ðerÞ
1� 1

4
f ðerÞ

ð12Þ

where ge¼1
o is the isotropic g-factor in a medium of relative

dielectric permittivity er = 1, and Kv,g is a constant for a
particular nitroxide.

As with the hyperfine couplings, in protic media the
effects of hydrogen bonding on the g-values considerably
outweigh those of the solvent polarity. Because line shifts
arising from g-value differences are small compared with
the magnitude of the overall resonance field, fast chemical
exchange between free and hydrogen-bonded nitroxides
effectively averages the g-values. An expression similar to
that for the hyperfine couplings therefore also holds for
the isotropic g-values in protic solvents (cf. Eq. (7)):

go ¼ ðgo;h � go;oÞfh þ go;o ð13Þ

where go,h and go,o are the isotropic g-values of the hydro-
gen-bonded and free nitroxides, respectively, and fh is the
fraction of nitroxides that are hydrogen-bonded.

3. Results and discussion

3.1. Polarity dependence of isotropic hyperfine couplings

Fig. 2 shows the dependence of the isotropic nitrogen
hyperfine coupling, aN

o , on the strength of the reaction field
of the solvent, f ðerÞ=ð1� 1

4
f ðerÞÞ, for the TOAC and

DOXYL spin labels, where er is the relative dielectric per-
mittivity of the solvent. As found previously for DTBN
[1], the data for each spin label fall into two groups: those
corresponding to protic solvents and those to aprotic sol-
vents. The values of aN

o for aprotic solvents are lower than
those for protic solvents and increase approximately line-
arly with the strength of the polarisation reaction field of
the solvent. Solid lines in Fig. 2 are linear regressions to
the data for aprotic solvents. Note that, in this context,
most amines and amides are grouped with the aprotic sol-
vents. Apparently these are unable to hydrogen-bond effec-
tively with the nitroxide, unlike the hydroxylic solvents
which are classified as protic. Values for the gradient, Kv,
and intercept, ae¼1

o , according to Eqs. (4) and (5) are given
for aprotic solvents in Table 1.

The values of aN
o for protic solvents are considerably

higher than those for aprotic solvents and show a steep
non-linearity that is attributable to hydrogen bonding.
However, the values of aN

o for the more apolar protic sol-
vents depend linearly on f ðerÞ=ð1� 1

4
f ðerÞÞ with a gradient

similar to that for aprotic solvents (dashed lines in Fig. 2).
The parameters of the linear regressions for protic solvents
(dashed lines) are also included in Table 1.

Isotropic hyperfine coupling constants for the MTSSL
spin-label (both alone and coupled to b-mercaptoethanol,
MTSSL/b-SH) have been recorded in solvents of different
polarities by Owenius et al. [25]. These data show a depen-
dence on f ðerÞ=ð1� 1
4
f ðerÞÞ that is similar to that found

here for the TOAC and DOXYL spin labels (data not
shown). The corresponding slopes and intercepts obtained
from linear regressions to the data for MTSSL and
MTSSL/b-SH are listed in Table 1. Data for DTBN [1]
are included additionally in Table 1 for comparison pur-
poses. These correspond to a much wider range of aprotic
solvents than used with MTSSL.

The relative values of Kv in Table 1 presumably reflect
the relative sizes of the different nitroxides, in particular
that the largest value is obtained for the smallest nitroxide,
DTBN (cf. Eq. (6)). Taking (QN � QNO) = 2.04 mT [37],
p = 3 Debye (10�29 Cm) [40] and C1 = 1.9 · 10�11 V�1m
(see Section 2.1), the following effective molecular radii
are obtained from the values of Kv for aprotic solvents
by using Eq. (6): reff = 0.31 ± 0.01, 0.35 ± 0.10 and
0.38 ± 0.07 nm for DTBN, MTSSL and MTSSL/b-SH,
respectively. For the TOAC and DOXYL nitroxides an
effective radius of 0.34 ± 0.02 nm is obtained for each.
Clearly, in these latter two cases, the effective values must



Table 1
Dependence of isotropic nitrogen hyperfine coupling, aN

o , on solvent
polarity, f ðerÞ= 1� 1

4
f ðerÞ

� �
, in aprotic and protic media according to Eqs.

(4) and (5)

Spin label Kv · 102 (mT) ae¼1
o (mT)

Aprotic Protic Aprotic Protic

TOAC 8.9 ± 1.6 7.6 ± 1.2 1.464 ± 0.006 1.515 ± 0.005
(7.1 ± 2.0 8.7 ± 2.6 1.464 ± 0.008 1.500 ± 0.010)a

DOXYL 8.7 ± 1.2 13.2 ± 1.4 1.410 ± 0.005 1.423 ± 0.005
MTSSLb 8.1 ± 5.5 9.1 ± 0.9 1.421 ± 0.017 1.461 ± 0.004
MTSSL/b-SHb 6.3 ± 3.1 10.4 ± 0.2 1.437 ± 0.010 1.467 ± 0.001
DTBNc 11.5 ± 1.1 14.5 ± 2.1 1.509 ± 0.004 1.539 ± 0.008

a Standard values are for Fmoc-TOAC-Aib-OMe; those in parentheses
are for Fmoc-(Aib)2-TOAC-Aib-OMe, which has a more limited range of
solubility.

b Deduced from data in Owenius et al. [25].
c Deduced from data in Griffith et al. [1].

Fig. 3. Dependence of (A) the isotropic hyperfine coupling, aN
o , and (B)

the isotropic g-values, go, on concentration, [OH], of hydroxyl proton-
donor groups in alkanols and their mixtures with water, for TOAC
(squares) and DOXYL (circles) spin labels. The isotropic g-values are
given relative to the free-electron g-value, ge = 2.002319. Solid lines are
linear regressions.
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correspond to only a segment of the entire spin-labelled
molecule. Effective radii estimated from the group contri-
butions and decrements to the molecular volume that are
given by Bondi [41] are: reff = (3Vw/4p)1/3 = 0.341, 0.385
and 0.386 nm for DTBN, MTSSL and MTSSL/b-SH,
respectively. These are in qualitative accord with the values
deduced from Table 1 and Eq. (6). For TOAC, the effective
radius deduced from the molecular volume of the TOAC
ring alone is reff = 0.335 nm, which is close to the effective
experimental value. The DOXYL unit has a considerably
smaller molecular volume; including two methylene groups
on either side of the point of chain attachment is needed to
bring the effective radius, reff = 0.341 nm, close to that
deduced from Eq. (6).

Note that the effective values of molecular radii deduced
from hyperfine couplings depend not only on the values
assumed for QN � QNO and C1, but also on the model
assumed for the reaction field (see e.g., [31]). For instance,
effective molecular interaction radii deduced from values
of Kv corresponding to the Onsager model are systematically
larger than those obtained by using Eq. (4). Therefore, reli-
ance should be placed only on relative values and not on the
absolute values deduced from Eqs. (5) and (6). Interestingly,
density functional (DFT) calculations for the ring moiety of
the MTSSL spin-label embedded in a homogeneous dielec-
tric [25] yield results consistent with the Onsager model with
Kv = (13.5 ± 0.1) · 10�2 mT. This corresponds to an effec-
tive molecular radius of reff = 0.325 nm (with the above val-
ues of QN � QNO and C1), and that deduced from group
volume contributions of the ring is reff = 0.327 nm.

These experimental comparisons suggest that the values
assumed in applying Eq. (6) are not unreasonable. They
imply that an electric field of strength Ex = 109 V/m
produces a change in isotropic hyperfine coupling of
DaN

o ¼ 0:04 mT. This lies close to estimates made previ-
ously [1,28]. From Table 1 and the molecular volumes of
DTBN, MTSSL, MTSSL/b-SH and the peptide moiety of
TOAC, the mean experimental polarity sensitivity of the
isotropic hyperfine coupling is given by: Kv ¼ ð4:21�
0:39Þ � 10�3 mT nm3 � ð1=r3

effÞ. This relation could prove
useful for prediction of the polarity dependence of other
nitroxides.

3.2. Dependence of aN
o on hydrogen bonding

The leveling-off of the polarity dependence for the more
apolar protic solvents in Fig. 2 suggests that the bulkier
alcohol molecules are less efficient at forming hydrogen
bonds. It is expected that the fraction, fh, of hydrogen-
bonded nitroxides (cf. Eq. (7)) will depend on the
concentration of proton-donor –OH groups in the different
solvents. The latter is determined from the densities and
molecular weights, together with additional data for etha-
nol–water mixtures from Mukerjee et al. [42]. Fig. 3A
shows the dependence of aN

o on molar concentration,
[OH], of hydroxyl groups in the alkanol solvents and their
mixtures with water. An approximately linear dependence
is obtained for each spin label that extrapolates to a value
of aN

o;o � 1:524� 0:003 and 1.449 ± 0.003 mT for the non-
hydrogen-bonded TOAC and DOXYL nitroxides, respec-
tively. These values of the hyperfine coupling are close to
those of 1.51 ± 0.02 and 1.45 ± 0.01 mT for TOAC and
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DOXYL, respectively, in an aprotic solvent of polarity
f ðerÞ=ð1� 1

4
f ðerÞÞ � 0:5 that are predicted from the data

in Table 1.
The gradients of the dependences on [OH] concentration

in Fig. 3A are oaN
o =o½OH	 ¼ ð2:0� 0:1Þ � 10�3 and

(2.3 ± 0.1) · 10�3 mT M�1 for TOAC and DOXYL nitrox-
ides, respectively. Similar values of (2.2 ± 0.2) ·
10�3 mT M�1 are also obtained for MTSSL from the data
of Owenius et al. [25]. DFT calculations by Owenius et al.
[25] for MTSSL predict a value of ao,h � ao,o � 0.01 and
0.07 mT for one and two hydrogen bonds, respectively. This
implies that KA,h 
 0.03–0.2 M�1, where fh = KA,h[OH] in
Eq. (7). Interpreted as an association constant, the standard
state to which KA,h refers is that of a pure hydrogen-bond-
ing solvent. Much higher association constants for hydro-
gen bonding are expected and found with nitroxides as
acceptors in aprotic media [34,35].

3.3. Correlation of TOAC and MTSSL with DOXYL spin

labels

Fig. 4 (squares) shows the correlation between the iso-
tropic hyperfine couplings of Fmoc-TOAC-Aib-OMe
(TOAC) and those of 12-SASL (DOXYL), in the same sol-
vents. The data fall into two groups, that with larger values
of aN

o is for protic solvents and that with smaller aN
o is for

aprotic solvents. From Eq. (5) it is expected that the isotro-
pic hyperfine splitting for TOAC in aprotic solvents is lin-
early related to that of a DOXYL nitroxide in the same
solvent. In protic solvents, a linear dependence is expected
also—from Eq. (7). In general, the gradient and intercept
of the linear dependences between the hyperfine couplings
Fig. 4. Correlation of isotropic hyperfine coupling constants, aN
o , of

TOAC (squares) and MTSSL (circles) spin labels with those of DOXYL
spin labels in the same solvents. Data for free MTSSL (open circles) and
MTSSL/b-SH (solid circles) are from Owenius et al. [25]. Solid lines are
linear regressions to data from protic solvents. Dotted lines are linear
regressions to the data for TOAC in aprotic solvents, and to all data, in
the case of MTSSL.
of the two nitroxides will differ between protic and aprotic
solvents.

In Fig. 4, the uppermost solid and dashed lines represent
linear regressions to the data for TOAC in protic and apro-
tic solvents, respectively. For protic solvents, the slope and
intercept of the linear correlation are 0.844 ± 0.037 and
0.302 ± 0.055 mT, respectively (R = 0.988). For aprotic
solvents, the scatter is considerably greater although the
slope is similar. It is seen from Fig. 2 that the slopes of
the polarity dependences of the hyperfine couplings for
TOAC and DOXYL spin labels in aprotic solvents are
almost equal. Hence, a useful relation that can be deduced
from the intercepts, ae¼1

o , in Table 1 is that
aN

o ðTOACÞ � aN
o ðDOXYLÞ þ 0:05 mT. This approxima-

tion for aprotic solvents has greater precision than can be
deduced from the linear regression in Fig. 4.

Corresponding data for MTSSL and MTSSL/b-SH
from Owenius et al. [25] are also given in Fig. 4 (circles),
for solvents that are in common with those used in the
present study. The number of aprotic solvents is relatively
small, although a clear distinction can still be seen. Linear
regressions for the datasets from the protic solvents in com-
mon yield slopes of 1.060 ± 0.055 and 1.033 ± 0.082 for
MTSSL coupled to b-mercaptoethanol and for free
MTSSL, respectively. Correspondingly, the intercepts for
protic solvents are �0.06 ± 0.08 and �0.02 ± 0.12 mT,
respectively. For purely illustrative purposes, the lower
dashed lines in Fig. 4 represent part of linear regressions
to the entire data sets for MTSSL and MTSSL/b-SH. They
serve to indicate that the hyperfine couplings in aprotic sol-
vents lie significantly below the linear regressions for protic
solvents.
3.4. Calibration of penetration depth for TOAC and MTSSL

in membranes, using DOXYL-labelled lipids

Dotted lines in Fig. 5 show the dependence on the chain
position, n, of the isotropic hyperfine coupling, aN

o , for the
n-PCSL (1-acyl-2-[n-(4,4-dimethyl-oxazolidin-1-oxyl)]stea-
royl-sn-glycero-3-phosphocholine) spin-labelled phosphat-
idylcholines in fluid-phase lipid bilayers of dipalmitoyl
phosphatidylcholine (DPPC) or of a 1:1 mol/mol mixture
of DPPC with cholesterol. As established experimentally
for a range of different lipids, the transmembrane profile
of aN

o follows the sigmoidal Boltzmann two-phase distribu-
tion [9]:

aN
o ¼

aN
o;1 � aN

o;2

1þ expððn� noÞ=kÞ
þ aN

o;2 ð14Þ

where aN
o;1 and aN

o;2 are the limiting values of aN
o at the polar

headgroup and terminal methyl ends of the lipid chain and
k is an exponential decay length (see also [43,44]). The cor-
relations established here between the polarity dependence
of the TOAC or MTSSL spin labels and that of the DOX-
YL fatty acid or phospholipid spin labels allow one to de-
velop calibrations for the positional dependence of the



Fig. 5. Predicted dependence of the isotropic hyperfine coupling, aN
o , on

depth in fluid DPPC or DPPC + 50 mol % cholesterol (chol), bilayer
membranes, for TOAC (solid lines) and MTSSL (dashed lines) spin labels.
Calibration is deduced from n-PCSL spin-labelled phospholipid chains
(dotted lines) in membranes [9], and the correlations of TOAC and
MTSSL spin labels with DOXYL spin labels. n is the DOXYL-labelled C-
atom in the sn-2 chain of n-PCSL, and dc is the estimated distance from the
carbonyl group (n = 1) (see [47]).
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isotropic hyperfine couplings of TOAC and MTSSL spin
labels in membranes. This calibration is carried out for
fluid bilayers of DPPC and DPPC + 50 mol % cholesterol
in Fig. 5.

Correlations for protic solvents are used in correcting
values of aN

o;1 and those for aprotic solvents in correcting
aN

o;2, in Fig. 5. This distinction is justified both by D2O-
ESEEM experiments on water penetration [45,46], and by
gxx-inhomogeneities arising from hydrogen bonding that
are observed in high-field EPR [10]. To a good approxima-
tion, the depth dependence in phospholipid membranes
other than those in Fig. 5 can be obtained from Eq. (14),
with the appropriate parameters deduced from the n-PCSL
spin labels [9], except that aN

o;1 is increased by 0.065 mT for
TOAC and by 0.036 mT for MTSSL/b-SH, and aN

o;2 is cor-
respondingly increased by 0.054 mT for TOAC and by
0.021 mT for MTSSL/b-SH.

Finally, a correlation between the chain position and
depth in the membrane can be established from the results
of X-ray diffraction measurements [47]. This correlation is
performed in Fig. 5, where the upper abscissa is the esti-
mated distance, dc, from the chain carbonyl group (n = 1)
in fluid DPPC membranes. This corresponds to a carbonyl
to carbonyl separation across the DPPC bilayer of approx-
imately 3.0 nm, in reasonable agreement with experiment.
3.5. Anisotropic hyperfine couplings

Spectra of Fmoc-TOAC-Aib-OMe in the different sol-
vents were recorded in the frozen state at 77 K. In certain
cases, e.g., in n-hexane and in water, the spin-labelled pep-
tide was excluded completely from the frozen matrix. In
many other cases, the peptide was only partly incorporated
and the spectra evidenced strong spin–spin interactions. As
a result, there was very considerable scatter in the correla-
tion of the anisotropic hyperfine coupling Azz measured
from powder patterns at low temperature with the isotropic
hyperfine couplings aN

o measured in fluid solutions. An
additional consideration, for such correlations, is that the
temperature dependence of the dielectric constant differs
greatly between polar and apolar media [48]. A linear cor-
relation between Azz and aN

o could not be established for
the TOAC spin-label. Under these circumstances, the most
useful parameter that can be derived for TOAC is the mean
ratio Azz=aN

o ¼ 2:32� 0:07 (mean ± SD, N = 27). If it is
assumed that QNO � 0 in Eq. (9), this ratio implies an
upper estimate of QN=jT d

?;oj � 1:52� 0:08, i.e., QN � 72 ±
4 MHz (2.58 ± 0.13 mT).

Similar considerations apply to the spectra of the
DOXYL-labelled fatty acid 12-SASL, although somewhat
less acute. The mean ratio of the anisotropic to isotropic
couplings for the different solvents is Azz=aN

o ¼ 2:33� 0:05
(mean ± SD, N = 26). This value for the DOXYL nitrox-
ide is practically the same as that for the TOAC nitroxide
and, correspondingly, the estimate for QN is similar, to
the above degree of approximation. Griffith et al. [1] dem-
onstrated an approximately linear relation between Azz and
aN

o for DOXYL spin-labelled stearic acids or their methyl
esters (depending on solvent) in a number of glass-forming
media. Linear regression to this data yields Azz ¼
ð2:19� 0:27Þ � aN

o þ ð0:14� 0:39Þ mT, implying from
Eq. (9) that QNO � 0. For comparison with the present
results, the mean ratio is Azz=aN

o ¼ 2:29� 0:02 (mean ± SD,
N = 7), which corresponds to QN � 74 ± 1 MHz (2.64 ±
0.04 mT).

Considerable scatter in the solvent dependence of Azz

was also found for MTSSL spin labels by Owenius et al.
[25]. Mean ratios of Azz=aN

o ¼ 2:34� 0:04 (mean ± SD,
N = 8, 11) are obtained from the data for both MTSSL
and MTSSL/b-SH. Less scatter was obtained with mea-
surements of Azz at higher frequency (94 GHz, [25]) from
which an approximate linear correlation is obtained with
a mean value of Azz=aN

o ¼ 2:36� 0:02 (mean ± SD,
N = 7), which corresponds to QN � 70 ± 1 MHz
(2.50 ± 0.04 mT) for MTSSL/b-SH.

3.6. Polarity dependence of isotropic g-values

Fig. 6 shows the dependence of the isotropic g-value, go,
on the strength of the polarisation reaction field of the sol-
vent, f ðerÞ=ð1� 1

4
f ðerÞÞ, for the TOAC and DOXYL spin

labels. As with the isotropic hyperfine splitting (see
Fig. 2), the data again fall into two groups, which is partic-
ularly evident for the TOAC peptide (squares). The values
of go for aprotic solvents decrease approximately linearly
with polarity of the solvent. Solid lines in Fig. 6 are linear
regressions to the data for aprotic solvents. Values of the
gradient, Kv,g, and intercept, ge¼1

o , according to Eq. (12)



Table 2
Dependence of isotropic g-values, go, on solvent polarity,
f ðerÞ= 1� 1

4
f ðerÞ

� �
, in aprotic media according to Eqs. (4) and (12), and

correlation of go with isotropic hyperfine coupling, aN
o , for protic media

Spin label Kv,g · 103 ðge¼1
o � geÞ � 103 ogo=oaN

o ðT�1Þ
TOAC �0.37 ± 0.06 3.91 ± 0.02 �3.33 ± 0.14
DOXYL �0.19 ± 0.06 3.60 ± 0.02 �2.52 ± 0.11
MTSSLa �0.22 ± 0.09 3.65 ± 0.03 �2.52 ± 0.12
MTSSL/b-SHa �0.36 ± 0.15 3.69 ± 0.04 �2.46 ± 0.10
DTBNb �0.38 ± 0.05 3.84 ± 0.02 �2.30 ± 0.09
DFTc �2.1, �2.2

a Deduced from data in Owenius et al. [25].
b Deduced from data in Griffith et al. [1].
c Density functional calculations. Data from Owenius et al. [25].

Contributions solely from hydrogen bonding: 1 and 2 hydrogen-bonds,
respectively.

Fig. 6. Dependence of the isotropic g-value, go, on solvent polarity,
f ðerÞ=ð1� 1

4
f ðerÞÞ with f(er) = 3erln er/(erln er � er + 1)�6/lner � 2, for

TOAC (squares) and DOXYL (circles) spin labels. Measurements are
made at 20 �C (30 �C for more viscous solvents) using Fmoc-TOAC-Aib-
OMe (TOAC) or 12-SASL (DOXYL) spin labels. The ordinate is
expressed relative to the free-electron g-value, ge = 2.002319. Solid lines
are linear regressions to data from aprotic solvents, and dashed lines are
linear regressions for a limited range of data from the more apolar protic
solvents.
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are given in Table 2. Corresponding results for MTSSL and
DTBN, deduced from data in the literature [1,25] are also
included in Table 2.

The isotropic g-values decrease greatly in strongly
H-bonding solvents. However, as for the isotropic hyper-
fine couplings, the isotropic g-values of the more apolar
protic solvents depend approximately linearly on
f ðerÞ=ð1� 1

4
f ðerÞÞ, with a gradient that is similar to that

for the aprotic solvents. This feature is evident for the
TOAC nitroxide (see dashed line in Fig. 6), but less so for
the DOXYL nitroxide. In general, the polarity dependence
of go for the DOXYL nitroxide in apolar solvents is less
pronounced than that for the TOAC nitroxide.

As for the hyperfine couplings, the isotropic g-values
depend approximately linearly on the concentration of
hydroxyl groups in hydrogen-bonding solvents. The corre-
sponding data are given in Fig. 3B. The extrapolated values
at [OH] = 0 are (go,o � ge) � (3.709 ± 0.010) · 10�3 and
(3.543 ± 0.007) · 10�3 for TOAC and DOXYL nitroxides,
respectively. Again these values correspond reasonably clo-
sely to those estimated for aprotic solvents of polarity
f ðerÞ=ð1� 1

4
f ðerÞÞ � 0:5, viz. (3.72 ± 0.06) · 10�3 and

(3.50 ± 0.05) · 10�3 for TOAC and DOXYL, respectively,
as deduced from Table 2. The gradients of the linear regres-
sions in Fig. 3B are: ogo/o[OH] = �(6.6 ± 0.4) · 10�6 and
�(5.9 ± 0.3) · 10�6 M�1 for TOAC and DOXYL, respec-
tively. Similarly, for MTSSL/b-SH: ogo/o[OH] =
�(5.5 ± 0.5) · 10�6, and �(5.7 ± 0.7) · 10�6 M�1 for
MTSSL, from the data of Owenius et al. [25]; and also it
was estimated that (go,h � go,o) � �1.7 · 10�4 and
�3.2 · 10�4 for one and two hydrogen bonds, respectively,
from DFT calculations. This gives KA,h 
 0.02–0.04 M�1,
in approximate agreement with the corresponding estimate
from the hyperfine couplings. Clearly, these estimates
depend, among other things, upon the reliability of the
DFT calculations.
3.7. Correlation between polarity dependencies of go and ao

Fig. 7 shows the correlation between the isotropic g-val-
ues and isotropic hyperfine couplings in a given solvent, for
the nitroxides TOAC, DOXYL and MTSSL. From Eqs.
(7) and (13), go is predicted to depend linearly on aN

o in
protic solvents. Correspondingly, a linear dependence is
also predicted from Eqs. (5) and (12) for aprotic solvents.
In general, the gradients and intercepts are not expected
to be the same in protic and aprotic solvents (cf. [2]). How-
ever, as found previously for DTBN and MTSSL [1,25],
there is little obvious distinction between the data for prot-
ic and aprotic solvents in Fig. 7. The straight lines in Fig. 7
represent linear regressions to the data from protic sol-
vents, although these differ relatively little from linear
regressions to the entire dataset. Values of the gradients
of the linear regressions, ogo=oaN

o , for protic solvents are
included in Table 2.

With the possible exception of TOAC, the values of
ogo=oaN

o in Table 2 are rather similar in magnitude. For com-
parison, a value of ogo=oaN

o ¼ �2:3� 0:4 T�1 was obtained
for DOXYL-labelled lipid chains in phosphatidylcholine



Fig. 7. Correlation of isotropic g-values, go, with isotropic hyperfine
couplings, aN

o , for TOAC (squares), MTSSL (triangles), and DOXYL
(circles) spin labels, in the same solvents. The ordinate is expressed relative
to the free-electron g-value, ge = 2.002319. Data for free MTSSL (open
triangles, dashed line) and MTSSL/b-SH (solid triangles, solid line) are
from Owenius et al. [25]. Lines are linear regressions to data from protic
solvents.
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bilayer membranes [10]. Predictions from DFT calculations
([25]; see Table 2) suggest that a large part of this gradient in
strongly polar solvents is contributed by hydrogen bonding
to the nitroxide. High-field EPR measurements reveal a stee-
per ogxx/oAzz gradient in protic than in aprotic environ-
ments [8,25], which is in line with this suggestion.

From Eqs. (1) and (11), it follows that changes in go and
aN

o are related, via the dependence on spin density, by:

dgo

go � ge

¼ � qN
p

qO
p

daN
o

aN
o

� dDEnp�

DEnp�
þ

dðCðnÞO;yÞ
2

ðCðnÞO;yÞ
2
þ

dgyy

gyy
ð15Þ

From Fig. 6, the maximum extent of dgo/(go � ge) is 

�13%, and that of daN

o =aN
o from Fig. 2 is 
12%. Because

qN
p � qO

p for nitroxides, the remaining terms on the right
of Eq. (15) make a net contribution to dgo/(go � ge) of 

�1%. This analysis therefore also predicts an approxi-
mately linear relation between go and ao, with a slope that
is given by:

ogo

oaN
o

� � go � ge

aN
o

� �
qN

p

1� qN
p

ð16Þ

With the data in Fig. 7 and Table 2, the spin density in
TOAC nitroxides is predicted by Eq. (16) to vary from
qN

p ¼ 0:53 in n-hexane to qN
p ¼ 0:61 in water, and similarly

from 0.49 to 0.56, respectively, in MTSSL nitroxides, and
from 0.47 to 0.55 in DOXYL nitroxides.

4. Conclusions

The above study of the factors determining the polarity
dependence of nitroxide spin-label EPR spectra establishes
the calibrations needed to transfer data on environmental
polarity between different spin labels. This is especially
important for transverse polarity profiles in biological
membranes (see Section 3.4). The reaction field proposed
by Block and Walker [32], rather than that of Onsager
[29], gives a more reliable description of the polarity depen-
dence in polar solvents [30] and thus provides a more sen-
sitive correlation between spin labels in environments with
a wider range of polarities.

When feasible, comparisons are best made with the iso-
tropic hyperfine couplings. Practical considerations for the
measurement of aN

o from anisotropic spin-label EPR spec-
tra in biological systems are given in Refs. [12,13,17,18].
For aprotic environments, the necessary relations are
established by a common effective dielectric constant. For
protic solvents, on the other hand, connections are estab-
lished by a common degree of hydrogen bonding. Illustra-
tions of applications of these correlations are given in
Section 3.4.

If it is not possible to determine the isotropic hyperfine
couplings, aN

o , reliably in the biological system, then resort
must be made to the anisotropic hyperfine couplings, Azz.
These are obtained from the hyperfine splittings in rigid-
limit spectra at low temperature. When values of Azz are
to be used as a polarity index, they are best transferred
to the polarity indices given here for isotropic couplings
by means of the ratio Azz=aN

o . Values of this ratio are given
for the different nitroxide spin labels in Section 3.5.

Finally, isotropic g-factors are valuable additions to
characterisation of environmental polarity (see Sections
3.6 and 3.7). If the isotropic g-values cannot be measured
reliably, then (unlike for hyperfine couplings) rigid-limit
spectra at 9 GHz are not helpful, because the gzz-tensor
element that can be extracted from such spectra is not
sensitive to polarity [2]. Resort must then be made to
high-frequency measurements of the gxx-tensor element,
which is particularly useful for diagnostics of protic
environments [8,39,49].

5. Experimental

Dipeptide Fmoc-TOAC-Aib-OMe (where Fmoc is fluo-
ren-9-ylmethyloxycarbonyl, Aib is a-aminoisobutyric acid,
and OMe is methoxy) was synthesised in solution using
Fmoc-TOAC-OH and either the 1-(3-dimethylaminopro-
pyl)-3-ethylcarbodiimide (EDC)/7-aza-1-hydroxy-1,2,
3-benzotriazole (HOAt) [50], or the N-[(dimethylamino)-
1H-1,2,3-triazolo[4,5-b]pyridin-1-yl-methylene]-N-meth-
ylmethanaminium hexafluorophosphate N-oxide (HATU)
[50], C-activation method. Yield 80%. M.p.: 174–175 �C;
IR (KBr): 3381, 1722, 1658, 1525 cm�1; MS (ESI-TOF):
[M+H]+ 537.2793 for a calculated MW of 536.2760. The
12-SASL DOXYL-containing, stearic acid derivative [D,L-
2-(10-carboxydecyl)-2-hexyl-4,4-dimethyl-3-oxazolidinyl-1-
oxy] was synthesised according to Keana et al. [51].

The solvents used throughout (dielectric constants from
the literature are given in parentheses) are (i) aprotic sol-
vents: hexane (1.89), di-n-propylamine (2.9), n-butylamine
(5.4), ethyl acetate (6.02), ethyl acetate saturated with water
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(10.6), acetone (20.7), N,N-dimethylformamide (36.7), ace-
tonitrile (38.8), dimethyl sulphoxide (48.17), N-methyl pro-
pionamide (171.5); (ii) protic solvents: 2-methyl-2-butanol
(5.82), 1-decanol (8.1), 1-octanol (10.34), 1-hexanol (13.3),
2-propanol (18.3), 1-propanol (20.1), ethanol (24.3), metha-
nol (32.62), 1,2-ethanediol (37.7), ethanol/water 7:3 v/v
(41.9), 1:1 v/v (54.0), 3:7 v/v (65.4), water (78.54). Some
additional measurements were also made with the following
solvents: toluene (2.379), methyl formate (8.5), pyridine
(12.3), 1-heptanol (11.1) and 1-nonanol (9).

EPR spectra were recorded on a Varian Century-Line 9-
GHz spectrometer (Varian, Palo Alto, CA) with 100 kHz
field modulation. The static magnetic field was measured
with a Bruker (Karlsruhe, Germany) ER 035M NMR mag-
netometer and the microwave frequency with a Hewlett
Packard 5345A/5355A frequency counter. para-Benzosem-
iquinone in alkaline 1-butanol (g = 2.004665 ± 0.000006;
[52,53]) and a,a-diphenyl-b-picrylhydrazyl (g = 2.00369 ±
0.00003) were used as g-value standards. Measurements
at low temperature were made with a quartz-finger immer-
sion Dewar.
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[48] C.J.F. Böttcher, Theory of Electric Polarization, Elsevier Scientific
Publishing Company, Amsterdam, 1973.

[49] K.A. Earle, J.K. Moscicki, M.T. Ge, D.E. Budil, J.H. Freed, 250-
GHz electron spin resonance studies of polarity gradients along the
aliphatic chains in phospholipid membranes, Biophys. J. 66 (1994)
1213–1221.

[50] L.A. Carpino, 1-Hydroxy-7-azabenzotriazole. An efficient peptide
coupling additive, J. Am. Chem. Soc. 115 (1993) 4397–4398.

[51] J.F.W. Keana, S.B. Keana, D. Beetham, A new versatile ketone spin
label, J. Am. Chem. Soc. 89 (1967) 3055–3056.

[52] B.G. Segal, M. Kaplan, G.K. Fraenkel, Measurement of g-values in
electron spin resonance spectra of free radicals, J. Chem. Phys. 43
(1965) 4191–4200.

[53] R.D. Allendoerfer, Comment on determination of absolute g-values,
J. Chem. Phys. 55 (1971) 3615.


	Polarity dependence of EPR parameters for TOAC and MTSSL  spin labels: Correlation with DOXYL spin labels for membrane studies
	Introduction
	Theoretical background
	Isotropic hyperfine couplings
	Anisotropic hyperfine couplings
	Isotropic g-values

	Results and discussion
	Polarity dependence of isotropic hyperfine couplings
	Dependence of  {a}_{{\rm o}}^{{\rm N}} on hydrogen bonding
	Correlation of TOAC and MTSSL with DOXYL spin labels
	Calibration of penetration depth for TOAC and MTSSL in membranes, using DOXYL-labelled lipids
	Anisotropic hyperfine couplings
	Polarity dependence of isotropic g-values
	Correlation between polarity dependencies of go and ao

	Conclusions
	Experimental
	Acknowledgement
	References


