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The isotropic and anisotropic hyperfine coupling constants andg-values of the nitroxide spin label (1-oxyl-
2,2,5,5-tetramethylpyrroline-3-methyl)methanethiosulfonate (MTSSL) were determined from 9-GHz and 95-
GHz electron paramagnetic resonance (EPR) measurements in various solvents with a large distribution in
polarity and proticity. The parametersAiso, giso, Azz, andgxx of MTSSL were found to be sensitive to changes
in solvent properties, whereA-values increased andg-values decreased due to increased solvent polarity or
proticity. A linear correlation was found for the isotropic (giso, Aiso) and anisotropic (gxx, Azz) parameters,
respectively. Furthermore, density functional theory (DFT) calculations of the same parameters were performed
for a model spin label with the possibility to vary the dielectric constant (ε) of the medium and the number
of hydrogen bonds formed with the nitroxide oxygen. From a qualitative analysis of experimental and calculated
results, it was possible to specify the causes of the parameter shifts in more detail. In the “apolar region”
(ε < 25), the sensitivity ofAiso andAzz to ε is large. However, in the “polar region” (ε > 25), the sensitivity
to ε is small, and the shifts inAiso andAzzare mainly determined by the proticity of the solvent. Methanol was
found to form∼1 and water∼2 hydrogen bonds to the nitroxide on average. The DFT method determined
the shifts ingiso andgxx due to hydrogen bonding more accurately compared with the restricted open-shell
Hartree-Fock method. The anisotropic spin label-solvent data can be used in the interpretation of rigid-limit
data from spin-labeled proteins to gain further insight in local environmental properties.

1. Introduction

Nitroxide spin labels are widely applied in combination with
electron paramagnetic resonance (EPR) spectroscopy to inves-
tigate the structure and dynamics of proteins.1,2 When a spin
label is attached to a specific site of a protein, it is subjected to
motional restrictions due to sterical constraints and interactions
with surrounding structures. Since the EPR spectrum is highly
sensitive to the mobility of the spin label, information about
the local environment of the label can be obtained.

Apart from the sensitivity of the EPR technique to the motion
of the spin label, the different EPR parameters associated with
a spin label show a solvent dependence. This has been shown
for the isotropicg-value (giso) and hyperfine coupling constant
(Aiso),3,4 as well as for the anisotropicg-tensor and hyperfine
coupling (A) tensor.5-7 Theg-tensor component directed along
the NO bond,gxx, and theA-tensor component directed along
theπ orbital of the nitroxide radical (perpendicular to the plane
of the ring structure),Azz, are most sensitive to the polarity of
the local environment and to interactions with surrounding
molecules. The values ofgxx andAzzalso depend on the chemical
structure of the nitroxide spin label.8 Lebedev and co-workers

observed a linear correlation betweengxx andAzz of nitroxide
spin labels, wheregxx decreases andAzz increases with increased
solvent polarity,5,6 in accordance with an earlier study ofgiso

and Aiso.3 The EPR parameters are not only affected by the
solvent polarity but also by hydrogen bonding to the oxygen
atom of the nitroxide, which contributes significantly togiso,
Aiso, gxx, andAzz if the radicals are dissolved in protic solvents,
such as water or methanol.3-6,9 The variation inAzz seen from
rigid-limit EPR measurements at 35 GHz on phospholipid
bilayers was interpreted as a polarity gradient due to the nature
of the bilayer.4 A more detailed study of theg- andA-tensors,
performed at 250 GHz on spin-labeled lipids, yielded lowergxx-
and higherAzz-values when moving the spin label from the
hydrophobic region to the polar headgroup of the phospholipid
membrane.7 These changes were attributed to differences in
polarity along the lipid chain due to different degrees of water
penetration. Thus, nitroxide spin labels are applicable as probes
of local polarity in investigations of membranes. It is likely that
they have similar applicability in structural and functional studies
of globular proteins, as a complementary method to the probing
of spin label motion. The spin label (1-oxyl-2,2,5,5-tetramethyl-
pyrroline-3-methyl)methanethiosulfonate (MTSSL) is commonly
used in studies of protein structure and dynamics.2 Recently,
MTSSL was also used as a probe of polarity in studies of the
proton channel of the transmembrane proton pump bacterior-
hodopsin at 9 GHz10 and with enhanced sensitivity and spectral
resolution at 95 GHz.11
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The present paper is part of a combined theoretical and
experimental work, which aims to assess the sensitivity of a
specific spin label to various types of solvents and clarify the
influence of solvent polarity and proticity on the response of
the spin label. The response of the EPR parameters to different
solvents, protic and aprotic within a range of 2.4 to 109 in
dielectric constant, was examined for MTSSL and MTSSL-
â-mercaptoethanol (Figure 1) using 9-GHz and 95-GHz EPR.
Two kinds of solvent effects on the isotropic and anisotropic
g- andA-tensor components of MTSSL were considered from
solution and rigid-limit EPR spectra: (1) electrostatic effects
due to the polarity of the solvent and (2) hydrogen bonding to
the oxygen atom, as suggested by Griffith et al.4 To obtain a
deeper understanding of these effects, the experimental results
were compared with density functional theory (DFT) calcula-
tions of theg- andA-tensors for a truncated model of MTSSL
(MSL), where the linker is not included,12 in different environ-
ments. DFT calculations of theA-tensor of radicals are widely
used for different applications.13-15 Rega et al. made DFT
calculations on H2NO radicals using the polarizable continuum
model (PCM) and concluded that the PCM results were
satisfying except in the case of protic solvents, such as water
and methanol.16 Semiempirical calculations have frequently been
used forg-value calculations.17-19 Recently, DFT20-22 and ab
initio23-25 methods were developed. Calculations ofg-values
and hyperfine couplings of nitroxide spin labels in different
environments are, however, rarely found in the literature. The
influence of the geometric structure on theg-tensor of several
nitroxide radicals was earlier investigated by semiempirical
INDO methods.26 It was found thatgxx is sensitive to variations
in the geometrical parameters of the NO group, but the effect
of remote substituents is relatively small. Recently, the influence
of hydrogen bonding on theg-tensor of pyrrolidine spin labels,
such as MTSSL, was investigated by the restricted open-shell
Hartree-Fock (ROHF) method.12

In our study, the calculated EPR parameters present the same
trends as those seen in the experiments. The possibility to
separate different contributions to theA-values, i.e., the influence
of the dielectric constant (ε) of the continuous media from that
of hydrogen bonded solvent molecules, is one advantage with
the computational approach. Theg-tensor calculated with DFT
methods provided a better agreement with experiments com-
pared with previous ROHFg-tensor calculations. From the
analysis of both experimental and calculated results, an explana-
tion to how the EPR parameters of MTSSL are influenced by
its local environment is presented, acknowledging the different
propensities of protic solvents to form hydrogen bonds to the
oxygen of the nitroxide group. We believe that these results
are useful for the interpretation of rigid-limit EPR data from
spin-labeled proteins so that the observed parameter shifts can
be “translated” into certain environmental properties.

2. Background

2.1. EPR Parameters.Interactions between the electron spin
of free radicals and external magnetic fields are described by
the spin Hamiltonian

The Zeeman term describes the interaction between the electron
spin S and the external magnetic fieldB, parametrized by the
g-tensorg. µB ) ep/2me is the Bohr magneton. The hyperfine
interaction betweenS and the nuclear spinI is described by
theA-tensorA. Theg-tensor is calculated as a correction to the
free electron value,ge ) 2.002319

Theg-shift ∆g consists of several terms derived from relativistic
quantum mechanics,27 of which the spin-orbit coupling (SOC)
and orbital Zeeman (OZ) cross terms constitute the dominating
parts. The SOC/OZ term is calculated from

whereHSOC andHOZ are the Hamilton operators for each cross
term, respectively, andE0 - En is the energy difference between
the ground state|Ψ0〉 and excited states|Ψn〉. A more detailed
description of the different contributions to theg-shift is given
in Malkina et al.22

The isotropicg-value is defined as

wheregxx, gyy, andgzz are the diagonal elements ofg.
The hyperfine couplingA-tensor consists of two terms

The isotropic termAiso (the Fermi contact term) is related to
the spin density at the nucleus, i.e., the nitrogen in the present
study, and is calculated from the Fermi contact Hamiltonian

whereγe and γN are the magnetogyric ratios for the electron
and nucleus, respectively,µ0 is the vacuum permeability, and
δ(rN) is the delta function which extracts the spin density at
the nucleus.Adip in eq 5 corresponds to the classical dipolar
coupling between magnetic dipoles and is calculated from the
hyperfine interaction Hamiltonian

whererN is the electron-nucleus distance. In solvents with low
viscosity (at ambient temperatures that is true for all solvents
in this study), the fast rotational motion of the spin label causes
Adip to average out (Adip ) 0).

2.2. Solvent Effects.In homogeneous solvents, the isotropic
14N hyperfine coupling constant (Aiso) can be written as a sum
of two terms

Figure 1. Structures of the spin labels used. (a) MTSSL and (b)
MTSSL withâ-mercaptoethanol covalently bound to it. The coordinate
system defines the principal axis system of the magnetic tensors of the
nitroxide radical.
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whereAiso
e is the electrostatic interaction term andAiso

h is the
hydrogen bonding term.4 Equation 8 assumes that there are no
other specific interactions than hydrogen bonding. Comparisons
with the Onsager reaction field model28 show a linear relation-
ship betweenAiso and (ε - 1)/(ε + 1) for nitroxide radicals in
aprotic solvents (Aiso

h ) 0) with dielectric constantε.4,29,30That
is, Aiso is higher in solvents with highε than in solvents with
low ε. This solvent effect can be understood as a perturbation
of the electronic structure of the NO group. Polarity changes in
the surrounding media induce shifts in the spin density; i.e., a
more polar solvent causes an increased spin density on the
nitrogen atom and thereby a stronger interaction between the
free electron and the nitrogen nucleus, resulting in a higherAiso.
In protic solvents,Aiso is further increased (Aiso

h > 0).3,4,30Thus,
Aiso is higher in protic solvents than in aprotic solvents with
similar ε.3,4,29,31,32Due to the relation betweenA andAiso (eq
5), similar trends are expected forAzz.

The solvent dependence of the isotropicg-value (giso) was
interpreted by Kawamura et al. according to Stone’s theory.3,33-35

The observed decrease in theg-value, as a result of increased
polarity of the solvent or hydrogen bonding, was concluded to
originate from decreased unpaired electron density on the
oxygen and increased nπ* excitation energy.

3. Experimental Methods

3.1. Sample Preparation and Analysis.The spin label
(1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)methanethio-
sulfonate (MTSSL), obtained from Reanal (Budapest, Hungary),
was dissolved in dimethyl sulfoxide (DMSO). Two stock
solutions of MTSSL (100 mM) were prepared. In the first, a
10-fold excess ofâ-mercaptoethanol over MTSSL was added.
The reaction was allowed to take place for several hours in the
dark at room temperature. The second solution consisted of
dissolved MTSSL alone. The MTSSL stock solutions were then
added to various solvents, diluting MTSSL 100 times to a final
MTSSL concentration of 1 mM. The solvents used were (ε-
values taken from Weast,36 T ) 20-25 °C; “p” and “a” mean
protic and aprotic): formamideε ) 109 (p), waterε ) 80.4
(p) (10 vol % glycerol added to make it a better glass; its
influence on the resultingε is neglected), ethyleneglycolε )
38.7 (p), methanolε ) 33.6 (p), ethanolε ) 24.3 (p), acetone
ε ) 20.7 (a), 1-propanolε ) 20.1 (p), 1-butanolε ) 17.8 (p),
1-hexanolε ) 13.3 (p), pyridineε ) 12.3 (a), 1-heptanolε )
11.1 (p), 1-octanolε ) 10.3 (p), 1-nonanolε ≈ 9 (p), methyl
formateε ) 8.5 (a), 1-decanolε ) 8.1 (p), ethyl acetateε )
6.0 (a), and tolueneε ) 2.4 (a). Note that not all solvents were
used in every set of experiments.

The two stock solutions were analyzed with GC-MS (gas
chromatography with mass spectrometric detection) on an HP
6890 GC-HP 5973 mass selective detector (Hewlett-Packard,
Palo Alto, CA). Capillary column: HP-5 MS, 30 m× 0.25
mm, phase 0.25µm; carrier gas, He, 40 cm/s; temperature
program 100°C for 3 min (MTSSL) or 10 min (MTSSL+
â-mercaptoethanol), 10°C/min, 300°C (5 min), split injection,
1.5 µL, split ratio 50:1.2; scan range 12-400 u. Methylene
chloride was used to dissolve MTSSL, as DMSO is not suitable
for GC experiments. The MTSSL concentration was 0.5 mg/
mL (2 mM). A 10-fold excess ofâ-mercaptoethanol was used.

3.2. X-Band EPR Experiments.9-GHz EPR measurements
were carried out using a Bruker CW X-band spectrometer
consisting of a combination of the ER200D-SRC and ESP300
systems. A 4102 ST resonator connected to the 200 mW
microwave bridge was used. Measurements of MTSSL and
MTSSL-â-mercaptoethanol in various solvents were performed

in the liquid state at room temperature (21°C) and in the rigid
state (77 K).

Liquid State.The samples were transferred into 1-mm quartz
capillary tubes (Wilmad Glass, Buena, NJ),∼40 µL sample
volume/tube. Measurements were performed at 1 mW micro-
wave power using a modulation frequency of 100 kHz with an
amplitude of 1.0 G and the measurement time was 105 s. The
frequency drift during each measurement was less than 0.000005
GHz. The magnetic field was calibrated before and after the
solvent measurements using a LiTCNQ EPR standard (giso )
2.002675( 0.000001). All samples were measured at 2-4
independent occasions.

Rigid State.The samples were transferred into 4-mm quartz
capillary tubes (Wilmad Glass),∼200µL sample volume/tube,
followed by two freeze-evacuate-thaw cycles before a final
freeze-evacuation (p < 10-4 mbar) event to reduce the amount
of oxygen dissolved in the sample. Measurements were made
at 77 K using a standard EPR liquid nitrogen dewar (Wilmad
Glass) at 0.1 mW microwave power and a modulation frequency
of 100 kHz with an amplitude of 3 G. The measurement time
was 14 min. The samples were studied at two separate occasions.

3.3. W-Band EPR Experiments.High-frequency (95 GHz)
EPR measurements were performed with a Bruker Elexsys 680
FT/CW spectrometer with an Oxford 5.8 T split coil magnet.
The system uses two separate oscillators. The stabilized
frequency of the Gunn oscillator was measured to be 84.499844
GHz, and it is added to the second Gunn oscillator operating at
9-10 GHz. The magnetic field was calibrated using a Mn2+/
CaO EPR standard. The samples with MTSSL-â-mercapto-
ethanol in different solvents were introduced in quartz capillary
tubes,φo ) 0.9 mm (Wilmad Glass),∼2 µL sample volume/
tube. To achieve a stable sample temperature, a standard helium
flow system was connected to the Oxford CF 935 helium
cryostat. Samples were frozen by inserting them into the
precooled cryostat. All rigid-limit spectra were recorded at 40
K to restrict the molecular motion of the spin label. At this
temperature, the samples adopt a frozen glassy state. To avoid
hysteresis effects of the superconducting magnet, single-scan
experiments were made. A modulation frequency of 100 kHz
was used with an amplitude sufficiently low to avoid distortion
of the line shape (Amod e 1/5 of the peak-to-peak line width of
the central line). Low microwave powers (45-55 dB attenua-
tion) were used to avoid line shape distortions due to contribu-
tion from the dispersion signal often perturbing W-band EPR
spectra. In this way, spectra with well-defined powder patterns
were obtained. Due to the complexity of W-band measurements,
only one series of solvent measurements was performed.

3.4. EPR Data Analysis.Analysis of isotropic and rigid-
limit X-band spectra were carried out using the WINEPR 1.22
software (Bruker Analytik GmbH, Rheinstetten/Karlsruhe,
Germany). Spectra were baseline corrected, and the isotropic
parametersAiso and giso, as well as the anisotropicAzz, were
read directly from the spectra (Figure 2a,b). The error in the
Azz read-off was estimated to be(0.12 G ((1 data point),
whereas the errors inAiso andgiso were expected to be<(0.10
G and<(0.00006, respectively (determined from the intersec-
tions with the field axis through linear interpolation of the two
closest data points). Isotropicg-values were corrected according
to the EPR standard and the difference in microwave frequency
between sample and reference. The mean value of all parameters
was determined as well as the standard deviation.

Rigid-limit W-band spectra were baseline corrected, scaled,
and then simulated using the WINEPR SimFonia 1.25 software
(Bruker Analytik GmbH). First-order perturbation theory was
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selected for the calculation of the hyperfine splittings. The
number ofθ andφ angles in the powder average were 200 and
50, respectively. Purely Gaussian line shapes were used. From
the simulations the principal components of theg-tensor [gxx,
gyy, gzz] and A-tensor [Axx, Ayy, Azz] were obtained (Figure 2c).
However,Axx andAyy are not resolved in spectra even at W-band.
In comparison, the lower resolution at X-band only admits the
gzz and Azz components to be read directly from rigid-limit
spectra (Figure 2b). Theg-tensor components were corrected
according to the Mn2+/CaO standard.

W-band EPR spectra of several solvents contained a second
species, which had a largergxx value than that of the majority
species. The solvents in which the component was observed
were 1-octanol, 1-hexanol, pyridine, ethanol, 1-butanol, and
methanol. The contribution of the second component was
approximately 1:1 (highergxx:lowergxx) for the first four solvents
and 1:3 and 1:6 for the last two, respectively. The value ofgxx

) 2.00874 was independent of the solvent. Besides thegxx

component, no further splittings were resolved in the spectra.
Errors in theg- andA-tensor components were estimated from
the sensitivity of the simulations to the fitting parameters. Larger
errors for some samples result from poor signal-to-noise of the
data or, in other cases, from deviations of the line shape from
the expected powder distribution, which is probably largely due
to residual dispersive contributions in the W-band EPR spectra.
This error only refers to the relative magnitude of the individual
componentsgii with respect to each other. An absoluteg-value
calibration was not attempted.

To facilitate comparison of experimental and calculated data,
the isotropic and anisotropicA-values are presented as relative
values. Toluene was chosen as reference, since it has the lowest
dielectric constant of the solvents used and is aprotic. Thus,
experimental relativeA-values are defined as

and relativeA-values from calculated data are defined as

where the letters in superscript correspond to the MSL models
(Figure 3). Experimental and calculatedg-values are presented
as absolute values since theε-dependence of theg-values could
not be considered in the calculations.

4. Computational Methods

The MTSSL spin label consists of three parts: the nitroxide
group, the pyrrolidine group with its methyl groups, and the
linker with a chemically active group that promotes covalent
binding to a sulfur atom (Figure 1). Almost all unpaired electron
density is localized on the nitroxide group of the spin label. In
this study, MTSSL is also anchored toâ-mercaptoethanol
creating a stable complex. Variations in the linker structure was
found to have only minor influence on the spin density
distribution of the radical.12 Thus, in the calculations of EPR
parameters, it was sufficient to use the truncated MSL as a model
of the two MTSSL variants. The geometric structures for MSL
with/without hydrogen bonded solvent molecules (Figure 3)
were optimized with the B3LYP/6-31G** method using the
Gaussian98 program.37 The A-tensor was calculated with the
B3LYP/EPR-II method also implemented in Gaussian98. The
g-tensor was calculated with the BP86/IGLO-II method using
the deMon program.22,38The (5,2;5,2) auxiliary basis was chosen
for carbon, nitrogen, and oxygen atoms, and (5,1;5,1) for
hydrogens. In theg-tensor calculations, the gauge origin problem
was tackled with the individual gauge for localized orbitals

Figure 2. Definition of EPR parameters of interest: (a) Isotropicg-
and A-values (giso, Aiso) obtained from isotropic solution spectra at
X-band. (b) Thez-component of theg- and A-tensors (gzz, Azz) is
resolved in rigid-limit spectra at X-band. (c) The components of theg-
and A-tensors, [gxx, gyy, gzz] and [Axx, Ayy, Azz], are obtained from
simulations of rigid-limit spectra at W-band.

Figure 3. Spin label (MSL) and water molecules to model hydrogen
bonding: (a) model A, no H-bonds; (b) model B, one H-bond; and (c)
model C, two H-bonds.

∆Aiso ) Aiso(solvent)- Aiso(toluene) (9a)

∆Azz) Azz(solvent)- Azz(toluene) (9b)

∆Aiso
A,B,C ) Aiso

A,B,C(ε) - Aiso
A(ε)2.4) (9c)

∆Azz
A,B,C ) Azz

A,B,C(ε) - Azz
A(ε)2.4) (9d)
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(IGLO) method39 using the Pipek-Mezey (PM) algorithm40 for
localizing the orbitals. The orbitals corresponding to the 1s
orbitals of the heavy atoms were localized separately from all
the valence orbitals. The full one- and two-electron spin-orbit
operator was approximated by an effective one-electron/one-
center operator41 using the atomic mean-field (AMFI) software.42

Contributions to theg- andA-tensors of the MSL model due
to the influence of the solvent were defined and calculated in
two separate ways:
(1) The self-consistent reaction field (SCRF) polarizable
continuum model (PCM) was used to estimate solvent effects
on theA-tensor. In this model, the solvent is considered as a
uniform medium with dielectric constantε. MSL was, according
to the PCM model, inserted in a cavity formed from the van
der Waals surface of the radical. The solvation free energy for
this system can be written as

where ∆Gcavity is the energy cost of creating the cavity and
∆Gdispersionis approximately the van der Waals energy between
MSL and the solvent. The charge distribution of MSL polarizes
the medium, and the polarized medium influences the molecule
giving rise to∆Gelectrostatic.
(2) Zero to two solvent molecules were defined to form
hydrogen bonds to the nitroxide oxygen of MSL. We have
previously shown that the number of hydrogen bonds influences
the EPR parameters of MSL, whereas the kind of hydrogen-
bonding solvent molecule is less important.12 Therefore, water
molecules were used in all calculations to model hydrogen
bonds. This approach gives us three separate structure models
of the interaction between MSL and its microenvironment
(Figure 3).

5. Results

5.1. Sample Analysis.The composition of the MTSSL stock
solutions was determined from chromatograms recorded in the
GC-MS experiments (data not shown). The most intense peak
of the mass spectrum of MTSSL, at a retention time of 14.8
min, was observed atm/z 264, i.e., the molecular mass of
MTSSL. No compound corresponding to dimerized MTSSL (2
× 185)370 u) was detected. When a mixture of MTSSL and
â-mercaptoethanol was analyzed, the mass spectrum of the most
intense peak, at 13.3 min, showed a line atm/z 262. No peak
was found corresponding to free MTSSL (264 u). Thus, all
MTSSL was exclusively covalently bound toâ-mercaptoethanol.

5.2. Solvent Effects on the Nitrogen Hyperfine Coupling.
The isotropic hyperfine coupling constants (Aiso) determined for
MTSSL and MTSSL-â-mercaptoethanol (from now on ab-
breviated MTSSL-â) in different solvents are presented in Figure
4a as a function ofε. The magnitude ofAiso was read-off from
the X-band spectra, of which one example is shown in Figure
2a. The dominant trend is thatAiso increases nonlinearly with
increasingε of the solvent. We also observed an almost constant
shift in Aiso to slightly higher values when MTSSL-â was used
instead of MTSSL.Aiso-values were calculated by the DFT
method for MSL as a function ofε for models A-C (Figure
3). The calculatedAiso-values differed in absolute magnitude
from the experimental values; therefore, relativeAiso-values
(∆Aiso) were used for comparison with toluene as reference
solvent (eq 9a,c). In Figure 4b, the experimental∆Aiso-values
of MTSSL are displayed as a function ofε. Extreme values for
∆Aiso were found for MTSSL in toluene on the one end and
water on the other, spanning a range of∼1.8 G. Among the

alcohols, the spread in∆Aiso is much smaller (∼0.1 G from
ethanol to 1-decanol).∆Aiso-values from the DFT calculations
are shown as lines in Figure 4b. For model A (solid line),∆Aiso

A

increases sharply for media withε-values up to about 10,
whereas further increase inε causes a relatively small response
of ∆Aiso

A. At ε > 30, ∆Aiso
A was close to constant. The

ε-dependence of model B and C show the same behavior, but
they are shifted to higher values of∆Aiso due to the influence
of one or two hydrogen bonds. Moreover, two hydrogen bonds
to the spin label cause a 3-8 times larger increase in∆Aiso

compared with one hydrogen bond (this effect is enhanced for
high ε-values). Comparing experimental and calculated∆Aiso-

∆Gsolvation) ∆Gcavity + ∆Gdispersion+ ∆Gelectrostatic
(10)

Figure 4. Solvent dependence of the isotropic hyperfine coupling
constant,Aiso. (a) ExperimentalAiso-values obtained from solution
X-band experiments of (b,2) MTSSL and (O,4) MTSSL-â-mercap-
toethanol in different solvents (circle) protic solvent, triangle) aprotic
solvent). (b) Experimental∆Aiso-values (eq 9a) determined from MTSSL
data in panel a. DFT calculated∆Aiso-values (eq 9c) represent the three
models described in Figure 3: (s) model A; (s s) model B; (- - -)
model C. Lower-case letters are abbreviations of the different solvents
(t ) toluene, ea) ethyl acetate,d ) 1-decanol, mf) methyl formate,
o ) 1-octanol, h) 1-hexanol, b) 1-butanol, a) acetone, e) ethanol,
m ) methanol, eg) ethyleneglycol, w) water, and f) formamide).
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data will allow to determine the degree of hydrogen bonding
in the different solvents, as described in section 6.1.

The anisotropic hyperfine parameters, in particular the
z-component of the anisotropic hyperfine coupling tensor (Azz)
was obtained from measurements of MTSSL and MTSSL-â in
frozen solutions. It was measured directly from the rigid-limit
X-band spectra, as shown in Figure 2b. Figure 5a presents these
data as a function ofε. Similarly toAiso, Azzfollows an increasing
trend whenε is increased, but the values are considerably more
scattered compared to the isotropic values. The standard
deviation inAzzfor multiple measurements on individual solvents
is also larger than forAiso. Data from the longer alcohols (1-
decanol to 1-butanol) are not included in the plot because
repetitive measurements showed thatAzz-values were not

reproducible, either with MTSSL or MTSSL-â. The data from
the alcohols in this rather narrowε-region (ε ) 8.1-17.8) were
highly scattered (Azz ) 34-36 G), without any obvious
correlation withAiso as seen in Figure 4a. The most likely reason
for this behavior is induced inhomogeneities in the samples upon
freezing to 77 K. As for the isotropic values, theAzz-values of
MTSSL-â were somewhat higher than those of MTSSL (water
being the only exception). The experimentalAzz-values of
MTSSL are compared with DFT-calculated∆Azz-values (eq
9b,d) in Figure 5b.∆Azz from experiments spanned over a range
of about 3 G, i.e.,>60% larger compared with∆Aiso. Larger
variations in∆Azz were also obtained from the calculations, as
a result of the redistribution of spin density from oxygen to
nitrogen due to the increasingε (∆Azz

A,ε)109 ) 1.8 G, whereas
∆Aiso

A,ε)109 ) 0.8 G) and hydrogen bonding (∆Azz
C,ε)109 -

∆Azz
A,ε)109 ) 1.8 G, whereas∆Aiso

C,ε)109 - ∆Aiso
A,ε)109 ) 0.7

G). The increase in∆Azz due to two hydrogen bonds was 2-3
times larger than that due to one hydrogen bond. This differs
from the calculated values for∆Aiso, where the addition of the
second hydrogen bond causes a significantly larger increase in
∆Aiso (compare Figures 4b and 5b). The experimental∆Azz-
values are distributed rather differently in relation to the curves
of models A-C compared to the isotropic values; however, the
general trend is similar.

Rigid-limit W-band EPR experiments were performed on
MTSSL-â, resulting in significantly increased spectral resolution
compared to X-band spectra, as can be seen in Figure 2c, where
a representative spectrum is shown. ExperimentalAzz-values are
presented in Figure 6, together with values calculated by the
DFT method (models A-C) as a function ofε. Data of the
longer alcohol chains are included, although it is likely that their
Azz-values depend on freezing conditions as discussed for the
X-band experiments. Going to high-field EPR did not change
the overall trend of∆Azz when changing the properties of the
solvent. Some differences are observed between theAzz-

Figure 5. Solvent dependence of thez-component of the anisotropic
hyperfine coupling tensor,Azz. (a) ExperimentalAzz-values obtained
from rigid-limit X-band experiments of (b,2) MTSSL and (O,4)
MTSSL-â-mercaptoethanol in different solvents (circle) protic
solvent, triangle) aprotic solvent). (b) Experimental∆Azz-values (eq
9b) determined from MTSSL data in panel a. DFT calculated∆Azz-
values (eq 9d): (s) model A; (s s) model B; (- - -) model C. Solvent
abbreviations are as defined in Figure caption 4b.

Figure 6. Solvent dependence ofAzz monitored by high-field EPR.
ExperimentalAzz-values are obtained from rigid-limit W-band experi-
ments of MTSSL-â-mercaptoethanol in different solvents (O ) protic,
4 ) aprotic). Experimental and calculated∆Azz-values are given (eq
9b,d) on the right axis. The DFT calculated∆Azz-values according to
(s) model A; (s s) model B; (- - -) model C are the same as those in
Figure 5b. Solvent abbreviations are as defined in Figure caption 4b,
except p) pyridine.
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parameters obtained at W-band and X-band (cf. Figures 5a and
6). Whether this is due to the difference in measuring temper-
ature (40 K at W-band compared to 77 K at X-band) or other
factors cannot be decided at present. One indication of sample
heterogeneity is the spectral signature of a second species
observed in these solvents (see section 3.4).

5.3. Solvent Effects on theg-Values.The isotropicg-value
(giso) as a function ofε of the solvent, determined from X-band
solution spectra of MTSSL and MTSSL-â, is shown in Figure
7. The principal components of the anisotropicg-tensor ([gxx,
gyy, gzz]) obtained from the W-band EPR rigid-limit spectra of
MTSSL-â in different solvents are also shown. Theg-tensor
component along the NO bond (gxx) is most sensitive to changes
in the properties of the solvent. The overall trend observed is
that giso and gxx decrease as the polarity of the solvent is

increased. The determination ofgxx for the longer chain alcohols
(for details, see section 3.4) was hampered by the occurrence
of a second spectral component with a largergxx-value (Figure
2c), gxx ) 2.00874, which was independent of the solvent
(represented with a horizontal arrow in Figure 7). Thus, for
solvents with smallergxx-values, the second component was well
resolved. For solvents with largergxx, such as 1-octanol and
1-hexanol, the second component was not resolved making the
analysis of gxx in these solvents more uncertain. A small
dependence ofgiso on the structure of the linker was seen for
most of the solvents. Furthermore, for the protic solventsgiso-
values were generally smaller than those for the aprotic solvents
of comparableε. The larger uncertainties ingiso compared to
Aiso were expected sincegiso is directly influenced by shifts in
the magnetic field and uncertainties in theg-value calibration.
Despite these errors, however, the shifts ingiso are large enough
to establish a solvent dependence. In analogy to the treatment
of Kawamura et al.,giso is plotted againstAiso

3 and the W-band
EPR parametersgxx againstAzz (Figure 8). The lines indicate
linear correlations between groups of solvents which will be
discussed below.

Theg-tensor components were calculated using DFT methods,
assuming the three models illustrated in Figure 3. Calculated
g-values are presented in Figure 7 as horizontal arrows to
illustrate the decrease in theg-values due to one or two hydrogen
bonds. As for the calculated hyperfine coupling constants, a
quantitative agreement with experimental values was not
achieved. To compare experimental and calculated results, the
g-values of model B are positioned with guidance from the
isotropic data (Figure 4b), i.e., at the values of methanol.
According to calculated data,gxx is most sensitive to changes
in hydrogen bonding, followed bygyy (4 times less sensitive),
whereasgzz is essentially constant at this accuracy. In contrast
to the hyperfine coupling constants, each hydrogen bond reduces
the g-values by the same amount.

Figure 7. Solvent dependence of the isotropicg-value and the
anisotropicg-tensor components. Experimentalgiso-values are obtained
from solution X-band experiments of (b,2) MTSSL and (O,4)
MTSSL-â-mercaptoethanol in different solvents (circle) protic
solvent, triangle) aprotic solvent).gxx-, gyy- andgzz-values are obtained
from rigid-limit W-band experiments using (O,4) MTSSL-â-mercap-
toethanol in different solvents. DFT calculatedg-values, given in the
right part of the figure, correspond to models A-C (Figure 3), where
MSL is assumed to be in a vacuum. Calculated data are not in
quantitative agreement with the vertical axis, but are scaled in the same
way. Note that the range of thegiso plot is much smaller compared to
the ranges of the other three plots. Solvent abbreviations are as defined
in Figure captions 4b and 6.

Figure 8. Correlation between the EPR parameters that are most
sensitive to changes in the environment of the spin label. Correlation
betweengiso and Aiso for (b, 2) MTSSL and (O,4) MTSSL-â-
mercaptoethanol, as well as betweengxx andAzz for (0, ]) MTSSL-
â-mercaptoethanol. Symbol notations: circle, square) protic; triangle,
diamond) aprotic. The dotted lines correspond to linear regressions
of the data sets (Rb2 ) 0.983,RO4 ) 0.986,R0 ) 0.926,R] ) 0.907).
Values for 1-hexanol and 1-octanol were excluded from this figure
because the second species (for details, see text) causes a large error
in gxx. Thegxx-values are calibrated relative togzz.
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6. Discussion

In the present study, the hyperfine couplings of the nitrogen
(Aiso and Azz) and theg-values (giso and gxx) of the spin label
MTSSL were applied as indicators of local polarity and proticity.
The main objectives were to study the response of MTSSL to
various solvent environments and to make a quantitative analysis
of the influence of the dielectric and hydrogen bonding
properties of the medium on the EPR parameters. We investi-
gated MTSSL in two forms: as a neat molecule (MTSSL) and
in a â-mercaptoethanol linked form (MTSSL-â) to test the
impact of a modified linker segment of MTSSL. Both protic
and aprotic solvents were chosen within a broadε-range.

6.1. Nitrogen Hyperfine Couplings: Aiso and Azz. From
Figure 4, it can be concluded thatAiso is sensitive to theε of
the solvent and thatAiso increases monotonically, though not
linearly with ε. This is in agreement with previous findings of
nitroxide radicals.3,4,29 In Table 1,Aiso- and ∆Aiso-values are
summarized for MTSSL in some selected solvents, toluene,
ethanol, methanol, and water. The absoluteAiso-values for the
di-tert-butyl nitroxide radical (DTBNO) in these four solvents
by Reddoch and Konishi are of quite different magnitude
compared to those of MTSSL due to the major structural
differences,29 but the∆Aiso-values relative to toluene are very
similar (ethanol: 0.69 G, methanol: 0.82 G, water: 1.78 G;
cf. Table 1). Thus, the shift inAiso due to changed environmental
properties seems rather conserved despite the structural variation
of the spin label.

In the following, the experimentalAiso-values are compared
to the results of DFT calculations. Some of our calculated results
are presented in Table 2. The agreement between experimental
and calculated absoluteAiso-values (Tables 1 and 2) is poor
(∼40% larger experimental values). This is attributed to the fact
thatAiso is determined by the spin density in the s-orbital of the
nitrogen (Fermi contact interaction) and the difficulty in creating
a basis set that accurately describes this spin density. We

therefore compare the experimental and calculated hyperfine
coupling constants with reference to toluene (∆Aiso). Since
toluene is both aprotic and the most apolar of the solvents used
in this study, the change inAiso can separately be interpreted in
terms of the dielectric properties of the environment and the
degree of hydrogen bonding.

In Figure 4b, the measured∆Aiso-values are compared to DFT
calculations. For MTSSL in most of the protic alcohols,
1-decanol to ethanol, a smooth dependence of∆Aiso on the
ε-value is seen, which resembles the curves from the DFT
calculations for no or one hydrogen bond, suggesting that less
than one hydrogen bond is formed on average, independent of
the length of the carbon chain.∆Aiso for MTSSL in two of the
aprotic solvents (methyl formate and ethyl acetate) reasonably
agrees with the result of the DFT calculations for the model
without hydrogen bonds, whereas∆Aiso for MTSSL in acetone
is significantly lower than what would be expected from its
tabulatedε. In the more polar, protic solvents (methanol,
ethyleneglycol, water, and formamide) MTSSL gives, to various
extent, higher∆Aiso-values than those anticipated from theε of
the solvents. The higher∆Aiso-values might be explained by
either a larger number of hydrogen bonds formed in these
solvents at similar bond strengths, or higher bond strengths
compared to the longer alcohols, since the influence of the
ε-value on∆Aiso was small in this region. Symons and Pena-
Nuñes favor the former situation in the case of methanol and
water, since a great difference in the strength of the hydrogen
bonds are not expected.43 Thus, the∆Aiso-value for MTSSL in
methanol may indicate a higher propensity to form hydrogen
bonds than for example ethanol, and the resemblance to the
calculated value of model B at theε of methanol suggests that
one hydrogen bond is formed on average. This result is in
reasonable agreement with data reported in the literature. For
example, Yagi and co-workers calculated the average number
of hydrogen bonded methanol molecules to the (CH3)2NO

TABLE 1: Experimental Isotropic and Anisotropic EPR Parameters of MTSSL in Some Solvents with Different Properties

solvent εa giso
b (∆giso) gxx

c (∆gxx) gyy
c (∆gyy) gzz

c (∆gzz) Aiso
d (∆Aiso) Azz

e (∆Azz) Azz
f (∆Azz)

toluene 2.4 2.00594 2.00869 2.00590 2.00198 14.29 33.78 33.9
ethanol 24.3 2.00577 2.00830 2.00590 2.00199 15.02 35.18 35.1

(-0.00017) (-0.00039) (-0.00000) (0.00001) (0.73) (1.40) (1.2)
methanol 33.6 2.00574 2.00812 2.00578 2.00189 15.11 35.56 35.9

(-0.00020) (-0.00057) (-0.00012) (-0.00009) (0.82) (1.78) (2.0)
water 80.4 2.00551 2.00800 2.00586 2.00199 16.12 36.88 37.5

(-0.00043) (-0.00069) (-0.00004) (0.00001) (1.83) (3.10) (3.6)

a ε of solvent at 20-25 °C.36 The ε of water is used to describe the water/glycerol mixture; i.e., the influence from the 10% glycerol on the
resultingε is neglected.b ∆giso ) giso(solvent)- giso(toluene).c ∆gii ) gii(solvent)- gii(toluene), whereii represents the differentg-components.
d ∆Aiso is determined according to eq 9a. Both parameters are reported in Gauss.e X-band data.∆Azz is determined according to eq 9b. Both
parameters are reported in Gauss.f W-band data obtained from MTSSL-â. ∆Azz is determined according to eq 9b. The parameters are reported in
Gauss.

TABLE 2: Calculated Isotropic and Anisotropic EPR Parameters of the MSL Spin Label Model in Some Media with Different
Properties

medium εa modelb giso
c (∆giso) gxx

c (∆gxx) gyy
c (∆gyy) gzz

c (∆gzz) Aiso
d (∆Aiso) Azz

e (∆Azz)

toluene 2.4 A 2.00538 2.00832 2.00568 2.00214 9.80 28.79
ethanol 24.3 A 2.00538 2.00832 2.00568 2.00214 10.49 30.40

(0.00000) (0.00000) (0.00000) (0.00000) (0.69) (1.61)
methanol 33.6 B 2.00521 2.00788 2.00561 2.00214 10.62 31.02

(-0.00017) (-0.00044) (-0.00007) (0.00000) (0.82) (2.23)
water 80.4 C 2.00506 2.00750 2.00554 2.00213 11.25 32.40

(-0.00032) (-0.00082) (-0.00014) (-0.00001) (1.45) (3.61)

a ε of medium at 20-25 °C.36 b Applied structural model of the interaction between spin label and molecules of the medium according to Figure
3. The given model for each medium corresponds to the situation with closest resemblance to the respective medium.c g-values are determined for
MSL in a vacuum; thus, only differences in hydrogen bonding are considered.∆gii ) gii

A,B,C - gii
A, whereii represents the differentg-components.

d ∆Aiso is determined according to eq 9c. Both parameters are reported in Gauss.e ∆Azz is determined according to eq 9d. Both parameters are
reported in Gauss.
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radical to be 0.33,31,32 whereas Symons and Pena-Nun˜es
experimentally found it to be one on average to the DTBNO
radical.43 ∆Aiso for MTSSL in ethyleneglycol is between the
curves calculated for one and two hydrogen bonds (Figure 4b).
MTSSL in water results in a∆Aiso-value larger than the value
calculated for two hydrogen bonds. This fairly agrees with the
previous findings of 1.3331,32and two43 hydrogen bonds formed
in water. For MTSSL in formamide,∆Aiso is smaller than in
water, despite the largerε. Without calculating the effect of a
nitrogen hydrogen bond donor, we cannot determine if this is
due to weaker hydrogen bonds or a lower hydrogen bond
donation propensity of the nitrogen in formamide compared to
the oxygen in water. This comparison shows an overall good
agreement between experimental and calculated∆Aiso-values
and allows the determination of relative degrees of hydrogen
bonding. More uncertainty is, however, involved in the deter-
mination of the absolute number of hydrogen bonds which is
strongly determined by the reference used.

The difference in the EPR parameters of MTSSL in methanol
and ethanol might indicate that protic molecules larger than
methanol are unable to establish a full hydrogen bond, perhaps
due to steric hindrance induced by the methyl groups of the
spin label or by the hydrophobic alkyl chains of the alcohols
themselves. It would be interesting to compare our results with
the computational approach used by Yagi and co-workers that
involves a combination of Monte Carlo simulation and ab initio
molecular orbital calculation with explicitly included solvent
molecules to study the solvent effect on the electronic structure
andAiso of radicals.31,32

In the rigid-limit EPR spectra,Azz is the dominating magnetic
interaction instead ofAiso (cf. Figure 2a,b).Azz is composed of
Azz ) Aiso + Azz,dip (from eq 5), whereAzz,dip is the dipolar
coupling between electron and nuclear spin in thez-direction
and is dominated by the spin density (F) in the pz orbital at the
nitrogen. The dipolar contribution is expected to be of the form
Azz,dip ) 2B, Axx,dip ) Ayy,dip ) -B, with B ) 4.8 mT, whereB
is the magnitude of the dipolar interaction of the electron in
the pz orbital and the nuclear spin forF ) 1. Empirically,Aiso

can also be related toF by the McConnell relationAiso ) QF,
where the proportionality constantQ is in the order of 2.8 mT.
(The effect of spin density in the pz orbital of the oxygen atom
of the NO fragment is significantly smaller (Q factor of 0.4
mT) and is therefore neglected.) This suggests thatAzz ) (Q +
2B)F, i.e., Azz ) (2.8 + 9.6 mT)F.44 From this estimate,Azz

should be more sensitive to changes inF and also follow the
same dependence on the solvent polarity asAiso. However, the
empiricalQ factor seems to overestimate the effect, as concluded
from a study of many nitroxides by Ondar et al. which showed
that ∆Azz/∆Aiso is 2.3.6,8 The same conclusion can be drawn
from the X-band data from our study (Figures 4b and 5b).

Comparison of Figures 4a and 5a shows an overall agreement
in the trends, but there is more scatter in the frozen solution
X-band data compared to the liquid solution X-band data. Two
factors must be taken into account to explain the differences:
(1) Freezing of the solvents can change the hydrogen bonding
situation. Indications of such effects are the large scatter inAzz

(within a region of 2 G) found for the MTSSL variants in the
longer alcohols (1-butanol to 1-decanol, not included in Figure
5a), but more importantly, multiple freezing of a sample resulted
in different Azz-values, suggesting that the microenvironment
of the spin label changes sufficiently to cause difference inAzz

(see section 5.2). Perhaps the aliphatic long alcohols are ordered
in the vicinity of the spin label, thus creating a specific
microenvironment which is sensitive to freezing conditions. The

overall agreement ofAzzandAiso, respectively, for MTSSL and
MTSSL-â (Figures 4a and 5a) indicates the absence of solute-
specific solvent cages.
(2) The temperature dependence ofε. For example,ε of ethanol
increases from 24.3 at 25°C to 41 at-60 °C.36 However, a
complete set of low-temperatureε-values, particularly for the
temperature range where the measurements were made (77 K)
is not available, and for that reason, the data in Figure 5 are
plotted against room temperatureε-values. A similar correlation
for room temperature and frozen solution data could therefore
only be obtained if the temperature dependence ofε was the
same for all solvents. This cannot be expected and could
consequently be the origin of a part of the deviations seen
between the data plotted in Figures 4 and 5.

The better resolution in W-band EPR spectra should allow
to determineAzz to greater accuracy. The general agreement of
X- and W-band data is good (Figures 5 and 6), although the
origin of the deviation of some of theAzz- and∆Azz-values is
not clear. Despite the sources of uncertainty described above,
the propensity of the solvent to form hydrogen bonds to MTSSL
is similar in the frozen solution as in the liquid solution (to be
discussed further on). However, the most reliable comparison
of experimental and calculated data appears to be made with
the isotropic component ofAiso, obtained in liquid solution,
although from a theoretical point of view,Aiso is more difficult
to calculate (see above).

6.2.g-Tensor Components: giso and gxx. The experimental
results show thatgiso decreases with increasingε of the solvent,
and from the W-band EPR results,gxx is identified as the
dominant contribution to the solvent dependence (Figure 7). The
dependence ofgyy on the solvent is smaller andgzz is essentially
solvent independent within the accuracy of the measurements.
In several protic solvents, a second species with a largergxx-
value was observed (see section 3.4). Thegxx-value of this
species is similar togxx in the most apolar, aprotic solvents (e.g.,
toluene). This indicates that the additional contribution is due
to spin labels with less hydrogen bonds than the majority
conformation. Previously, a varying degree of hydrogen bonding
in spin labels has been suggested by Ondar et al.6 and Earle et
al.7 To compare the solvent dependence ofgiso with that of the
W-band data, we usegiso ) (gxx + gyy + gzz)/3. Regardinggyy

andgzz as solvent independent, the spread ingiso should be a
third of the spread ingxx, which is in agreement with the
experiments.

An increased solvent polarity shifts spin density from the
oxygen to the nitrogen within the NO bond. The formation of
hydrogen bonds affects the spin labelg-tensor parameters via
three separate effects: (1) Transfer of spin density from the
oxygen to the nitrogen atom, (2) increase of the nπ* excitation
energy, resulting in a lowergxx-value, and (3) transfer of some
electron density from the lone-pair orbitals at the NO oxygen
to the hydrogen donated in the hydrogen bond. This has been
shown earlier in several studies employing various nitroxide
spin labels in different environments.3-9,11,12,33

Due to limitations in the computational DFT methods, the
calculation ofg-values performed here is restricted to hydrogen
bonding effects. As discussed for the calculation of hyperfine
parameters, models A-C are defined comprising zero to two
hydrogen bonded water molecules. In a separate study of the
influence of hydrogen bonding on theg-tensor of spin labels,
calculated with ROHF reference states, we found that the ROHF
method exaggerated the effect of hydrogen bonded water
molecules.12 Our present results show that more accurateg-value
shifts can be obtained with DFT methods (compare DFT data,
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∆gxx
AB ) -0.00044 and∆gxx

BC ) -0.00038 (Table 2) with
ROHF data,∆gxx

AB ) -0.0021 and∆gxx
BC ) -0.0018, from

Engström et al.12). This improvement is primarily due to the
inclusion of electron correlation through the DFT functionals.
To be able to account for changes in the dielectric properties
of the solvents in theg-value calculations as well, further
theoretical development of the DFT method is needed.

Qualitative comparisons of MTSSL data with the results of
DFT calculations (Tables 1 and 2) show that the decrease in
giso from methanol to water (-0.00023) matches well the
contribution calculated for a hydrogen bond (-0.00015). The
decrease ingiso from toluene to methanol (-0.00020) also
matches one hydrogen bond (-0.00017). Note, however, that
the difference inε of these two solvents is not considered in
the calculations, suggesting that the change ingiso due to
hydrogen bonding are somewhat overestimated by the DFT
models. Previously,giso for the DTBNO radical was found to
decrease by 0.00023 from methanol to water and by 0.00027
from toluene to methanol,3 i.e., in close agreement with our
MTSSL data. The experimental anisotropicgxx-value decreases
by 0.00057 from toluene to methanol, to be compared with a
decrease of 0.00044 due to one hydrogen bond. In similarity
with the situation forgiso, this underestimation of the shift can
be due to the exclusion of the effect ofε. Water and methanol
have a smaller difference ingxx (-0.00012) than the calculated
contribution of a second hydrogen bond (-0.00038). This could
be due to a difference in the hydrogen bonding situation in the
frozen and in the liquid state of the sample, or it could indicate
that the DFT method overestimates the effect of hydrogen
bonding ongxx. The former interpretation is more likely since
the shift in giso from methanol to water is larger than the
calculated shift due to a second hydrogen bond (Figure 7). This
is further supported by the hyperfine parameters discussed
above, where the increase in∆Aiso from methanol to water is
larger than the calculated value for the difference between one
and two hydrogen bonds (Figure 4b), whereas the increase in
∆Azz from frozen solvents at X-band is smaller than the
calculated increase due to a second hydrogen bond (Figure 5b).
The uncertainty of the W-bandAzz-value in water is too large
to be included in the comparison (Figure 6). Somewhat different
shifts in gxx to lower values were found for the NO-15 spin
label (Reanal, Hungary) compared to our values for MTSSL,
-0.00093 from toluene to methanol, and-0.00026 from
methanol to water.5

Overall, both with respect to the hyperfine coupling and the
g-tensor parameters, the DFT method reflects the solvent effects
over a wide range of solvent polarities and proticities. Hence,
the calculations can be used to get a molecular picture of the
effects of the solvent on the dissolved spin label.

6.3. Correlation of Hyperfine Coupling and g-Tensor
Parameters. Figure 8 shows the correlation between the
hyperfine andg-tensor parameters as determined experimentally.
A linear correlation is expected from the dependence ofg and
A on solvent properties, as demonstrated in several earlier studies
using other spin labels.3-7,11 For the isotropic parameters,giso

andAiso, Figure 8 shows a linear correlation with some scatter.
A larger scatter is found for the anisotropic parameters,gxx and
Azz, which were taken from the W-band EPR data (see sections
5.2 and 5.3). The intrinsically higher resolution of W-band EPR
in combination with the higher sensitivity ofgxx and Azz

compared togiso andAiso to the environment of the spin label
suggest that the scatter is not due to random error but, rather,
reflects the different mechanisms by which the solvent properties
affect theg- and hyperfine coupling tensors, in particular the

differences between protic and aprotic solvents (see above and
Kawamura et al.3). We therefore propose that there are two linear
correlations with different slopes reflecting the protic and aprotic
solvents, respectively. Given the small number of data points,
the statistical basis for this statement is poor, but we suggest
that the dotted lines shown in Figure 8 have a diagnostic value
and reflect the polarity/proticity properties of the environment.
Previously, a classification into aprotic and protic local environ-
ments of spin-labeled proteins was made from the arrangement
of anisotropic data in such a plot.7,11

6.4. Comparison with Spin-Labeled Proteins.To illustrate
one of the practical applications of the present investigation,
we compare the anisotropic solvent data (Azzandgxx) of MTSSL
obtained to a recent investigation by Steinhoff and co-workers,
in which bacteriorhodopsin was labeled with MTSSL along the
ion channel.11 Azz varied from 35.0 to 36.7 G, depending on
whether MTSSL was situated in the cytoplasmic region near
the chromophore retinal (site 46) or on the extracellular surface
(site 129), respectively.11 The polarity and proticity of various
local regions in proteins are different and these properties are
likely comparable to those of isotropic solvents. According to
our data (Table 1), the local environment of the inner cytoplas-
mic region has similar properties as ethanol, i.e., anε of 20-
25 and a minor probability of hydrogen bonding. On the other
hand, at the extracellular surface MTSSL probes an environment
similar to that of water, which shows that MTSSL is accessible
to the aqueous buffer. Between these extremes,Azz shifts
gradually due to the water density gradient of the ion channel.
They also observed a decrease ingxx of ∼0.00035 between the
cytoplasmic and extracellular sites, which (from our W-band
solvent data) nicely indicates the same environmental shift
(∆gxx

ethanol,water) -0.00035; Table 1).

7. Conclusions

We have shown that the parametersAiso, giso, Azz, andgxx of
MTSSL are sensitive to aprotic and protic solvents withε-values
ranging from 2.4 to 109. The higher resolution of W-band EPR
allows to determine most of the anisotropic observables of the
nitroxide. Thus, in comparison to X-band EPR, the method is
more sensitive to the properties of the environment of the spin
label. DFT methods can be used to calculate shifts in the
A-values due to changed dielectric and hydrogen bonding
properties, as well as shifts ing-values due to hydrogen bonding.
A combined qualitative analysis of experimental and calculated
data makes it possible to interpret the parameter shifts as due
to the changedε and/or the increased propensity for hydrogen
bonding. Thus, for aprotic solvents and all alcohols except
methanol (ε < 25), the shifts inAiso andAzz are proportional to
the change inε, whereas the shifts between solvents with polar
(ε > 25) and protic properties are dominated by their different
degrees of proticity. Our analysis suggests, for example, that
methanol forms∼1 and water∼2 hydrogen bonds to MTSSL
in average. We found that the DFT method predicts the influence
of hydrogen bonding on theg-values with a larger accuracy
than the ROHF method. We have also shown how the
anisotropic solvent data can be used as a “ruler” to interpret
rigid-limit data from spin-labeled proteins in terms of environ-
mental properties, i.e., polarity and proticity.

Acknowledgment. We thank Hans Bore´n for excellent
technical assistance and valuable discussions concerning the GC-
MS experiments and analysis and Maria Fittipaldi for enthusi-
astic assistance in the W-band EPR measurements. We also
thank Juha Vaara and Bernd Schimmelpfennig for their support

10976 J. Phys. Chem. A, Vol. 105, No. 49, 2001 Owenius et al.



in the g-tensor calculations. Edgar Groenen and Jan Schmidt
are acknowledged for providing support for the work performed
in Leiden. We thank Antoine Wolff, Andreas Kamlowski, and
Peter Ho¨fer (Bruker, Germany) for technical support. This work
was supported by grants from the Foundation for Strategic
Research (R.O. and M.E.) and the Swedish Natural Science
Research Council (M.L.). The W-band EPR measurements in
Leiden were performed under the auspices of the BIOMAC
Research School of the Leiden and Delft Universities and was
supported with financial aid by The Netherlands Organization
of Scientific Research (NWO), department of Chemical Sciences
(CW).

References and Notes

(1) Berliner, L. J.; Reuben, J.Biological Magnetic Resonance, Vol. 8:
Spin Labeling - Theory and Applications; Plenum Press: New York, 1989.

(2) Hubbell, W. L.; Gross, A.; Langen, R.; Lietzov, M. A.Curr. Opin.
Struct. Biol.1998, 8, 649.

(3) Kawamura, T.; Matsunami, S.; Yonezawa, T.Bull. Chem. Soc. Jpn.
1967, 40, 1111.

(4) Griffith, O. H.; Dehlinger, P. J.; Van, S. P.J. Membr. Biol.1974,
15, 159.

(5) Krinichnyi, V. I.; Grinberg, O. Y.; Bogatyrenko, V. R.; Likhten-
shtein, G. I.; Lebedev, Y. S.Biophysics1985, 30, 233.

(6) Ondar, M. A.; Grinberg, O. Y.; Dubinskii, A. A.; Lebedev, Y. S.
SoV. J. Chem. Phys.1985, 3, 781.

(7) Earle, K. A.; Moscicki, J. K.; Ge, M.; Budil, D. E.; Freed, J. H.
Biophys. J.1994, 66, 1213.

(8) Ondar, M. A.; Grinberg, O. Y.; Dubinskii, A. A.; Shestakov, A.
F.; Lebedev, Y. S.SoV. J. Chem. Phys.1985, 2, 83.

(9) Krinichnyi, V. I.; Grinberg, O. Y.; Yudanova, Y. I.; Lyuba-
shevskaya, Y. V.; Antsiferova, L. I.; Likhtenshtein, G. I.; Lebedev, Y. S.
Biophysics1987, 32, 229.

(10) Steinhoff, H. J.; Pfeiffer, M.; Rink, T.; Burlon, O.; Kurz, M.; Riesle,
J.; Heuberger, E.; Gerwert, K.; Oesterhelt, D.Biophys. J.1999, 76, 2702.

(11) Steinhoff, H. J.; Savitsky, A.; Wegener, C.; Pfeiffer, M.; Plato, M.;
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