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The isotropic and anisotropic hyperfine coupling constantsgandlues 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 parametefgo, Jisor Azz @andgx of MTSSL were found to be sensitive to changes

in solvent properties, wher&-values increased argivalues decreased due to increased solvent polarity or
proticity. A linear correlation was found for the isotropigsé Aiso) and anisotropicdy, Az;) 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 constano{ 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”
(e < 25), the sensitivity oA, andA,; 1o € is large. However, in the “polar region¢ > 25), the sensitivity

to e is small, and the shifts iAs, andA;; are 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 and gy« 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 observed a linear correlation betwegR and A,; of nitroxide
h spin labels, whergy,x decreases amdl,;increases with increased

Nitroxide spin labels are widely applied in combination wit | larits i d ith i d
electron paramagnetic resonance (EPR) spectroscopy to invesSCIVent polarity;® in accordance with an earlier study g

. . : . .3
tigate the structure and dynamics of proteifsvhen a spin ~ @nd Ase” The EPR parameters are not only affected by the
label is attached to a specific site of a protein, it is subjected to SOIvent polarity but also by hydrogen bonding to the oxygen
motional restrictions due to sterical constraints and interactions 20m of the nitroxide, which contributes significantly ge.,
with surrounding structures. Since the EPR spectrum is highly Aiso 9o @ndAzif the radicals are dissolved in protic solvents,
sensitive to the mobility of the spin label, information about Such as water or methanbl®® The variation inA;, seen from
the local environment of the label can be obtained. rigid-limit EPR measurements at 35 GHz on phospholipid
Apart from the sensitivity of the EPR technique to the motion b|Iayers_was interpreted asa polarity gradient due to the nature
of the spin label, the different EPR parameters associated withof the bilayer* A more detailed study of thg- and A-tensors,
a spin label show a solvent dependence. This has been showmperformed at 250 GHz on spin-labeled lipids, yielded loggr
for the isotropicg-value @iso) and hyperfine coupling constant  and higherA,-values when moving the spin label from the
(Aiso),®* as well as for the anisotropig-tensor and hyperfine  hydrophobic region to the polar headgroup of the phospholipid
coupling @) tensor®~7 The g-tensor component directed along membrané. These changes were attributed to differences in
the NO bond gy, and theA-tensor component directed along  polarity along the lipid chain due to different degrees of water
the orbital of the nitroxide radical (perpendicular to the plane - penetration. Thus, nitroxide spin labels are applicable as probes
of the ring structure)A., are most sensitive to the polarity of  of local polarity in investigations of membranes. It is likely that
the local environment and to interactions with surrounding they have similar applicability in structural and functional studies
molecules. The values gk andA;,also depend on the chemical  of globular proteins, as a complementary method to the probing
structure of the nitroxide spin lab&Lebedev and co-workers of spin label motion. The spin label (1-oxyl-2,2,5,5-tetramethyl-
- - - pyrroline-3-methyl)methanethiosulfonate (MTSSL) is commonly
* Corresponding author. Dr. Rikard Owenius, IFM-Department of di di f . dd Rige |
Chemical Physics, Linkging University, SE-581 83 Linkging, Sweden. used In studies of protein structure an ynami C?m Ys
Phone: +46-13-282484. Fax:+46-13-288969. E-mail: rikow@ifm.liuse. =~ MTSSL was also used as a probe of polarity in studies of the
T Present addresses. R. Owenius: Department of Chemistry and Bio- proton channel of the transmembrane proton pump bacterior-
chemistry, University of Denver, 2190 E. lliff Ave., Denver, CO 80208. h . Hp ith enh L |
M. Lindgren: Division of Sensor Technology, Swedish Defence Research 10dOpsin at 9 GH2 and with enhanced sensitivity and spectra
Agency, P.O. Box 1165, SE-581 11 Lifing, Sweden. resolution at 95 GH2!
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a b 2. Background
S—§—CH, §—8§—C,H,OH 2.1. EPR Parametersinteractions between the electron spin
H C>(=QCH o} H C>L=QCH of free radicals and external magnetic fields are described by
3 3 3 3 the spin Hamiltonian
H,C N CH, H,C N CH,
o z?_'y o Hepin = 1 SgB+ SAI Q)
X The Zeeman term describes the interaction between the electron

Figure 1. Structures of the spin labels used. (a) MTSSL and (b) SpinSand the external magnetic fiel, parametrized by the
MTSSL with 8-mercaptoethanol covalently bound to it. The coordinate g-tensorg. ug = €h/2me is the Bohr magneton. The hyperfine
system defines the principal axis system of the magnetic tensors of theinteraction betweers and the nuclear spih is described by
nitroxide radical. the A-tensorA. Theg-tensor is calculated as a correction to the

) ) ) free electron valuege = 2.002319
The present paper is part of a combined theoretical and

experimental work, which aims to assess the sensitivity of a g=0g.l+Ag (2)
specific spin label to various types of solvents and clarify the

influence of solvent polarity and proticity on the response of Theg-shift Ag consists of several terms derived from relativistic
the spin label. The response of the EPR parameters to differentquantum mechanicg,of which the spir-orbit coupling (SOC)
solvents, protic and aprotic within a range of 2.4 to 109 in and orbital Zeeman (OZ) cross terms constitute the dominating
dielectric constant, was examined for MTSSL and MTSSL  parts. The SOC/OZ term is calculated from
B-mercaptoethanol (Figure 1) using 9-GHz and 95-GHz EPR.

Two kinds of solvent effects on the isotropic and anisotropic A (WolHsod W MW [ HoZ | W
g- and A-tensor components of MTSSL were considered from Ysocioz E,— E,

solution and rigid-limit EPR spectra: (1) electrostatic effects

due to the polarity of the solvent and (2) hydrogen bonding to whereHsocandHoz are the Hamilton operators for each cross
the oxygen atom, as suggested by Griffith et @o obtain a term, respectively, anfly — E; is the energy difference between
deeper understanding of these effects, the experimental result¢he ground stat¢¥,Jand excited state@P,[] A more detailed
were compared with density functional theory (DFT) calcula- description of the different contributions to theshift is given
tions of theg- and A-tensors for a truncated model of MTSSL  in Malkina et al?2

®3)

(MSL), where the linker is not includeld,in different environ- The isotropicg-value is defined as

ments. DFT calculations of th&-tensor of radicals are widely

used for different applications 1> Rega et al. made DFT g = 9t 9y T 9 )
ISO 3

calculations on BENO radicals using the polarizable continuum
model (PCM) and concluded that the PCM results were .
satisfying except in the case of protic solvents, such as waterWN€r€gu Gy, andgz, are the diagonal elements of

and methand¥é Semiempirical calculations have frequently been 1€ hyperfine couplingi-tensor consists of two terms
used forg-value calculation$’~1° Recently, DF %22 and ab A=A1+A, 5)
initio23-25> methods were developed. Calculationsgefalues S0 dip

and_ hyperfine couplings of nitroxide spin_ Iabels_ in different The isotropic termAs, (the Fermi contact term) is related to
environments are, however, rarely found in the literature. The o spin density at the nucleus, i.e., the nitrogen in the present

influence of the geometric structure on the¢ensor of several g4y, and is calculated from the Fermi contact Hamiltonian
nitroxide radicals was earlier investigated by semiempirical

INDO methods?® It was found thatyy is sensitive to variations 2

in the geometrical parameters of the NO group, but the effect Hiso = — égey'éVN”Oé(rN)S'l 6

of remote substituents is relatively small. Recently, the influence

of hydrogen bonding on thg-tensor of pyrrolidine spin labels, =~ whereye andyn are the magnetogyric ratios for the electron
such as MTSSL, was investigated by the restricted open-shelland nucleus, respectively, is the vacuum permeability, and
Hartree-Fock (ROHF) method? d(rn) is the delta function which extracts the spin density at
dhe nucleusAgipp in eq 5 corresponds to the classical dipolar
coupling between magnetic dipoles and is calculated from the
hyperfine interaction Hamiltonian

In our study, the calculated EPR parameters present the sam
trends as those seen in the experiments. The possibility to
separate different contributions to thevalues, i.e., the influence
of the dielectric constant) of the continuous media from that
of hydrogen bonded solvent molecules, is one advantage with
the computational approach. Theensor calculated with DFT 4
methods provided a better agreement with experiments com-
pared with previous ROHF-tensor calculations. From the Wwherery is the electron-nucleus distance. In solvents with low
analysis of both experimental and calculated results, an explana-viscosity (at ambient temperatures that is true for all solvents
tion to how the EPR parameters of MTSSL are influenced by in this study), the fast rotational motion of the spin label causes
its local environment is presented, acknowledging the different Adip t0 average outAgip = 0).
propensities of protic solvents to form hydrogen bonds to the 2.2. Solvent Effectsln homogeneous solvents, the isotropic
oxygen of the nitroxide group. We believe that these results *“N hyperfine coupling constanf\go) can be written as a sum
are useful for the interpretation of rigid-limit EPR data from Of two terms
spin-labeled proteins so that the observed parameter shifts can

. . . . _ e h
be “translated” into certain environmental properties. Aso=Aiso T Aiso (8)

()

3 5

eV eV NUo[ St (S'rN)(rN°I)
Hdip = —(r_ - 3[’—
N N
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whereAif is the electrostatic interaction term aid," is the in the liquid state at room temperature (Z1) and in the rigid
hydrogen bonding terrthEquation 8 assumes that there are no state (77 K).

other specific interactions than hydrogen bonding. Comparisons | jquid State The samples were transferred into 1-mm quartz
with the Onsager reaction field mod&show a linear relation- capillary tubes (Wilmad Glass, Buena, N340 uL sample
ship betweerso and € — 1)/(e + 1) for nitroxide radicals in  yolume/tube. Measurements were performed at 1 mW micro-
aprotic solventsAisq" = 0) with dielectric constard.*2°30That wave power using a modulation frequency of 100 kHz with an
is, Ais is higher in solvents with higk than in solvents with  amplitude of 1.0 G and the measurement time was 105 s. The
low €. This solvent effect can be understood as a perturbation frequency drift during each measurement was less than 0.000005
of the electronic structure of the NO group. Polarity changes in GHz. The magnetic field was calibrated before and after the
the surrounding media induce shifts in the spin density; i.e., a solvent measurements using a LITCNQ EPR standggsl €
more polar solvent causes an increased spin density on thep 002675+ 0.000001). All samples were measured at42
nitrogen atom and thereby a stronger interaction between thejndependent occasions.

free electron and the nitrogen nucleus, resulting in a higher Rigid State The samples were transferred into 4-mm quartz
In protic solventsAso is further increasedis" > 0).3+3°Thus, capillary tubes (Wilmad Glass);200uL sample volume/tube,
Asso iS higher in protic solvents than in aprotic solvents with  ¢510ed by two freeze-evacuatethaw cycles before a final
similar ¢.%4293132Due to the relation betweeh and Ao (eq freeze-evacuatiorp(< 104 mbar) event to reduce the amount
5), similar trends are expected 8¢, _ of oxygen dissolved in the sample. Measurements were made
~ The solvent dependence of the isotrogivalue @iso) was at 77 K using a standard EPR liquid nitrogen dewar (Wilmad
interpreted by Kawamura et al. according to Stone’s th&dty? Glass) at 0.1 mW microwave power and a modulation frequency

The observed decrease in thevalue, as a result of increased  of 100 kHz with an amplitude of 3 G. The measurement time
polarity of the solvent or hydrogen bonding, was concluded to \yas 14 min. The samples were studied at two separate occasions.
originate from decreased u_npfaured electron density on the 3.3. W-Band EPR Experiments High-frequency (95 GHz)
oxygen and increasedsh excitation energy. 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
3.1. Sample Preparation and Analysis.The spin label frequency of the Gunn oscillator was measured to be 84.499844
(1-oxy|-2’2,5’5-tetramethy|pyrr0|ine-3-methy|)methanethio- GHz, and it is added to the second Gunn oscillator operating at
sulfonate (MTSSL), obtained from Reanal (Budapest, Hungary), 9—10 GHz. The magnetic field was calibrated using a?Mn
was dissolved in dimethyl sulfoxide (DMSO). Two stock CaO EPR standard. The samples with MTS$tmercapto-
solutions of MTSSL (100 mM) were prepared. In the first, a €thanol in different solvents were introduced in quartz capillary
10-fold excess of-mercaptoethanol over MTSSL was added. tubes,¢o = 0.9 mm (Wilmad Glass);-2 uL sample volume/
The reaction was allowed to take place for several hours in the tube. To achieve a stable sample temperature, a standard helium
dark at room temperature. The second solution consisted offlow system was connected to the Oxford CF 935 helium
dissolved MTSSL alone. The MTSSL stock solutions were then cryostat. Samples were frozen by inserting them into the
added to various solvents, diluting MTSSL 100 times to a final Precooled cryostat. All rigid-limit spectra were recorded at 40
MTSSL concentration of 1 mM. The solvents used were ( K to restrict the molecular motion of the Spin label. At this
values taken from Weadt,T = 20—25 °C; “p” and “a” mean temperature, the samples adopt a frozen glassy state. To avoid

3. Experimental Methods

protic and aprotic): formamide = 109 (p), watere = 80.4 hysteresis effects of the superconducting magnet, single-scan
(p) (10 vol % glycerol added to make it a better glass; its €xperiments were made. A modulation frequency of 100 kHz
influence on the resulting is neglected), ethyleneglycel = was used with an amplitude sufficiently low to avoid distortion

38.7 (p), methanat = 33.6 (p), ethanot = 24.3 (p), acetone  Of the line shapeAnod < 1/5 of the peak-to-peak line width of
e = 20.7 (a), 1-propanal = 20.1 (p), 1-butanot = 17.8 (p), the central line). Low microwave powers (455 dB attenua-

1-hexanol = 13.3 (p), pyridinec = 12.3 (a), 1-heptanal = tion) were used to avoid line shape distortions due to contribu-
11.1 (p), 1-octanot = 10.3 (p), 1-nonanot ~ 9 (p), methyl tion from the dispersion signal often perturbing W-band EPR

formatee = 8.5 (a), 1-decanat = 8.1 (p), ethyl acetate = spectra. In this way, spectra with well-defined powder patterns
6.0 (a), and toluene = 2.4 (a). Note that not all solvents were ~Were obtained. Due to the complexity of W-band measurements,
used in every set of experiments. only one series of solvent measurements was performed.

The two stock solutions were analyzed with GC-MS (gas  3.4. EPR Data Analysis.Analysis of isotropic and rigid-
chromatography with mass spectrometric detection) on an HP limit X-band spectra were carried out using the WINEPR 1.22
6890 GC-HP 5973 mass selective detector (Hewlett-Packard,software (Bruker Analytik GmbH, Rheinstetten/Karlsruhe,
Palo Alto, CA). Capillary column: HP-5 MS, 30 m 0.25 Germany). Spectra were baseline corrected, and the isotropic
mm, phase 0.2%m; carrier gas, He, 40 cm/s; temperature parametershso and gis,, as well as the anisotropid,, were
program 100°C for 3 min (MTSSL) or 10 min (MTSSL+ read directly from the spectra (Figure 2a,b). The error in the
B-mercaptoethanol), 18C/min, 300°C (5 min), splitinjection, Az read-off was estimated to b&0.12 G (1 data point),

1.5 uL, split ratio 50:1.2; scan range +200 u. Methylene  whereas the errors ifis, andgiso were expected to be+0.10
chloride was used to dissolve MTSSL, as DMSO is not suitable G and<40.00006, respectively (determined from the intersec-
for GC experiments. The MTSSL concentration was 0.5 mg/ tions with the field axis through linear interpolation of the two
mL (2 mM). A 10-fold excess gB-mercaptoethanol was used. closest data points). Isotropigvalues were corrected according

3.2. X-Band EPR Experiments.9-GHz EPR measurements 10 the EPR standard and the difference in microwave frequency
were carried out using a Bruker CW X-band spectrometer between sample and reference. The mean value of all parameters
consisting of a combination of the ER200D-SRC and ESP300 Was determined as well as the standard deviation.
systems. A 4102 ST resonator connected to the 200 mW  Rigid-limit W-band spectra were baseline corrected, scaled,
microwave bridge was used. Measurements of MTSSL and and then simulated using the WINEPR SimFonia 1.25 software
MTSSL—/-mercaptoethanol in various solvents were performed (Bruker Analytik GmbH). First-order perturbation theory was
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Figure 2. Definition of EPR parameters of interest: (a) Isotrogic
and A-values @iso, Aiso) Obtained from isotropic solution spectra at
X-band. (b) Thez-component of theyg- and A-tensors ¢, Az) is
resolved in rigid-limit spectra at X-band. (c) The components ofjthe
and A-tensors, @ Oy 9.4 and [Ax Ay, Az, are obtained from
simulations of rigid-limit spectra at W-band.

selected for the calculation of the hyperfine splittings. The
number of@ and¢ angles in the powder average were 200 and
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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.

= 2.00874 was independent of the solvent. Besidesghe
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
componentsy; with respect to each other. An absolgtealue
calibration was not attempted.

To facilitate comparison of experimental and calculated data,
the isotropic and anisotropis-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 relativéd-values are defined as

AA, = Agsolvent)— A (toluene)
AA,,= A [solvent)— A, [(toluene)

and relativeA-values from calculated data are defined as

(92)
(9b)

AABC = A PBCe) — A P (e=2.4) (9¢)
AAPBC = A ABC(e) — A A(e=2.4) (9d)

where the letters in superscript correspond to the MSL models
(Figure 3). Experimental and calculatgelalues are presented
as absolute values since thelependence of thg-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

50, respectively. Purely Gaussian line shapes were used. Fronthis study, MTSSL is also anchored f@mercaptoethanol

the simulations the principal components of tiensor iy,

Oy, 924 and A-tensor By, Ayy, Az were obtained (Figure 2c).
However A, andA,y are not resolved in spectra even at W-band.
In comparison, the lower resolution at X-band only admits the
0zz and A;; components to be read directly from rigid-limit
spectra (Figure 2b). Thg-tensor components were corrected
according to the M#/CaO standard.

creating a stable complex. Variations in the linker structure was
found to have only minor influence on the spin density
distribution of the radica}? 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

W-band EPR spectra of several solvents contained a secondsaussian98 prografi.The A-tensor was calculated with the
species, which had a largggx value than that of the majority = B3LYP/EPR-II method also implemented in Gaussian98. The
species. The solvents in which the component was observedg-tensor was calculated with the BP86/IGLO-II method using
were 1-octanol, 1-hexanol, pyridine, ethanol, 1-butanol, and the deMon prograr®38The (5,2;5,2) auxiliary basis was chosen
methanol. The contribution of the second component was for carbon, nitrogen, and oxygen atoms, and (5,1;5,1) for
approximately 1:1 (highegy.lower gy for the first four solvents hydrogens. In thg-tensor calculations, the gauge origin problem
and 1:3 and 1:6 for the last two, respectively. The valug.pf was tackled with the individual gauge for localized orbitals
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(IGLO) method® using the Pipek Mezey (PM) algorithrff 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 sjrbit
operator was approximated by an effective one-electron/one-
center operatdt using the atomic mean-field (AMFI) softwate.
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 constaat 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

AG AGcavity + AGdispersion+ AG

electrostatic

solvation (10)
where AGcavity is the energy cost of creating the cavity and
AGgispersioniS 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 tOAGelectrostatie

(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 importafdherefore, 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 AnalysisThe 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 atvz 264, i.e., the molecular mass of

MTSSL. No compound corresponding to dimerized MTSSL (2
x 185=370 u) was detected. When a mixture of MTSSL and
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Figure 4. Solvent dependence of the isotropic hyperfine coupling

fp-mercaptoethanol was analyzed, the mass spectrum of the mostonstant, A, (a) ExperimentalAsy-values obtained from solution

intense peak, at 13.3 min, showed a linerét 262. No peak
was found corresponding to free MTSSL (264 u). Thus, all
MTSSL was exclusively covalently boundfemercaptoethanol.
5.2. Solvent Effects on the Nitrogen Hyperfine Coupling.
The isotropic hyperfine coupling constantss{) determined for
MTSSL and MTSSL-S-mercaptoethanol (from now on ab-
breviated MTSSLS) in different solvents are presented in Figure
4a as a function of. The magnitude o5, was read-off from
the X-band spectra, of which one example is shown in Figure
2a. The dominant trend is th&is, increases nonlinearly with
increasing of the solvent. We also observed an almost constant
shift in Ao to slightly higher values when MTSSEwas used
instead of MTSSL.As-values were calculated by the DFT
method for MSL as a function of for models A-C (Figure
3). The calculatedhs-values differed in absolute magnitude
from the experimental values; therefore, relatifg,-values
(AAso) were used for comparison with toluene as reference
solvent (eq 9a,c). In Figure 4b, the experimemt&s-values
of MTSSL are displayed as a function @fExtreme values for
AAiso were found for MTSSL in toluene on the one end and
water on the other, spanning a range~af.8 G. Among the

X-band experiments oi,a) MTSSL and 0,A) MTSSL—A-mercap-
toethanol in different solvents (circte protic solvent, triangle= aprotic
solvent). (b) ExperimentalAis-values (eq 9a) determined from MTSSL
data in panel a. DFT calculatéd\s-values (eq 9c) represent the three
models described in Figure 3:—f model A; (— —) model B; (- - -)
model C. Lower-case letters are abbreviations of the different solvents
(t = toluene, ea ethyl acetated = 1-decanol, mf= methyl formate,

o0 = 1-octanol, h= 1-hexanol, b= 1-butanol, &= acetone, e= ethanol,

m = methanol, eg= ethyleneglycol, w= water, and f= formamide).

alcohols, the spread inAiso is much smaller £0.1 G from
ethanol to 1-decanolpAis-values from the DFT calculations
are shown as lines in Figure 4b. For model A (solid linf®\ss*
increases sharply for media withvalues up to about 10,
whereas further increase ércauses a relatively small response
of AAs At € > 30, AAg” was close to constant. The
e-dependence of model B and C show the same behavior, but
they are shifted to higher values &fAs, due to the influence

of one or two hydrogen bonds. Moreover, two hydrogen bonds
to the spin label cause a8 times larger increase iNAiso
compared with one hydrogen bond (this effect is enhanced for
high e-values). Comparing experimental and calculaté¥ds,
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Figure 5. Solvent dependence of tlzecomponent of the anisotropic
hyperfine coupling tensord,,. (a) ExperimentalA;-values obtained
from rigid-limit X-band experiments of&,a) MTSSL and (,A)
MTSSL—g-mercaptoethanol in different solvents (circte protic
solvent, triangle= aprotic solvent). (b) ExperimentdlA,-values (eq
9b) determined from MTSSL data in panel a. DFT calculated
values (eq 9d): €) model A; (— —) model B; (- - -) model C. Solvent
abbreviations are as defined in Figure caption 4b.

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 tenggy) (
was obtained from measurements of MTSSL and MT$Sh-
frozen solutions. It was measured directly from the rigid-limit
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Figure 6. Solvent dependence @, monitored by high-field EPR.
ExperimentalA;-values are obtained from rigid-limit W-band experi-
ments of MTSSE--mercaptoethanol in different solvent € protic,

A = aprotic). Experimental and calculatédd®;-values are given (eq
9b,d) on the right axis. The DFT calculatéd\,rvalues according to
(—) model A; — —) model B; (- - -) model C are the same as those in
Figure 5b. Solvent abbreviations are as defined in Figure caption 4b,
except p= pyridine.

reproducible, either with MTSSL or MTSSE- The data from
the alcohols in this rather narrasregion € = 8.1—-17.8) were
highly scattered A;,; = 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, thg-values of
MTSSL-3 were somewhat higher than those of MTSSL (water
being the only exception). The experimeni&l,values of
MTSSL are compared with DFT-calculate®A,-values (eq
9b,d) in Figure 5bAA;,from experiments spanned over a range
of about 3 G, i.e.>60% larger compared withAis,. Larger
variations inAA;; were also obtained from the calculations, as
a result of the redistribution of spin density from oxygen to
nitrogen due to the increasirg(AA,/<=109= 1.8 G, whereas
AAH=109 = 0.8 G) and hydrogen bonding\A,£<=109 —
AAN109=1 8 G, wheread Ais £<=109 — AAAe=109= 0.7
G). The increase ilhA,; due to two hydrogen bonds was-3
times larger than that due to one hydrogen bond. This differs
from the calculated values faxAso, where the addition of the
second hydrogen bond causes a significantly larger increase in
AAiso (compare Figures 4b and 5b). The experimetal,
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+3, resulting in significantly increased spectral resolution
compared to X-band spectra, as can be seen in Figure 2c, where

X-band spectra, as shown in Figure 2b. Figure 5a presents thesa representative spectrum is shown. Experimeftalalues are

data as a function af. Similarly to Aiso, Azzfollows an increasing

presented in Figure 6, together with values calculated by the

trend wher is increased, but the values are considerably more DFT method (models AC) as a function ok. Data of the
scattered compared to the isotropic values. The standardlonger alcohol chains are included, although it is likely that their

deviation inA,, for multiple measurements on individual solvents
is also larger than foA,, Data from the longer alcohols (1-

A;rvalues depend on freezing conditions as discussed for the
X-band experiments. Going to high-field EPR did not change

decanol to 1-butanol) are not included in the plot because the overall trend ofAA,; when changing the properties of the

repetitive measurements showed that-values were not

solvent. Some differences are observed between Ahe
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200601  me2 N . 8y =2.0057 Values for 1-hexanol and 1-octanol were excluded from this figure
og ° = g,°=2.0056 because the second species (for details, see text) causes a large error
2.0085 8yy” = 2.0056 in g« Thegu-values are calibrated relative ¢p,
20025 ] increased. The determination@y for the longer chain alcohols
gzz (for details, see section 3.4) was hampered by the occurrence
20020 amo® 0 o © la-g ABC- of a second spectral component with a larggrvalue (Figure
=2.0021 2C), g = 2.00874, which was independent of the solvent
20015 (represented with a horizontal arrow in Figure 7). Thus, for
solvents with smallegyvalues, the second component was well
0 10 20 30 40 50 60 70 80 90 100 110 resolved. For solvents with largeky, such as 1-octanol and
Dielectric Constant 1-hexanol, the second component was not resolved making the

Figure 7. Solvent dependence of the isotropievalue and the analysis of g« in these solvents more l%”ce”a'“- A small
anisotropicg-tensor components. Experimengal-values are obtained ~ dependence afis, on the structure of the linker was seen for
from solution X-band experiments oi®(a) MTSSL and (©,2) most of the solvents. Furthermore, for the protic solvepts
MTSSL—p-mercaptoethanol in different solvents (circte protic values were generally smaller than those for the aprotic solvents
solvent, triangle= aprotic solvent)gxc, gyy- andg,svalues are obtained of comparable:. The larger uncertainties igs, compared to
from rigid-limit W-band experiments using(a) MTSSL—/-mercap- Aiso Were expected sinagso is directly influenced by shifts in

toethanol in different solvents. DFT calculatgeialues, given in the th tic field and tainties | | librati
right part of the figure, correspond to models-& (Figure 3), where e magnetic field and uncertainties in thealue calibration.

MSL is assumed to be in a vacuum. Calculated data are not in Despite these errors, however, the shiftgiipare large enough
quantitative agreement with the vertical axis, but are scaled in the sameto establish a solvent dependence. In analogy to the treatment
way. Note that the range of thg, plot is much smaller compared to  of Kawamura et al.giso is plotted againsf\s,® and the W-band

the ranges of the other three plots. Solvent abbreviations are as defined=pPR parameterg,y againstA;; (Figure 8). The lines indicate

in Figure captions 4b and 6. linear correlations between groups of solvents which will be

parameters obtained at W-band and X-band (cf. Figures 5a anddiscussed below.
6). Whether this is due to the difference in measuring temper-  Theg-tensor components were calculated using DFT methods,
ature (40 K at W-band compared to 77 K at X-band) or other assuming the three models illustrated in Figure 3. Calculated
factors cannot be decided at present. One indication of sampleg-values are presented in Figure 7 as horizontal arrows to
heterogeneity is the spectral signature of a second speciesllustrate the decrease in tigevalues due to one or two hydrogen
observed in these solvents (see section 3.4). bonds. As for the calculated hyperfine coupling constants, a
5.3. Solvent Effects on theg-Values. The isotropicg-value guantitative agreement with experimental values was not
(giso) as a function ot of the solvent, determined from X-band achieved. To compare experimental and calculated results, the
solution spectra of MTSSL and MTSSk,-is shown in Figure g-values of model B are positioned with guidance from the

7. The principal components of the anisotrogitensor (P, isotropic data (Figure 4b), i.e., at the values of methanol.
Oyy, Uz4) obtained from the W-band EPR rigid-limit spectra of ~According to calculated data@y is most sensitive to changes
MTSSL+ in different solvents are also shown. Theensor in hydrogen bonding, followed bgyy (4 times less sensitive),

component along the NO bond.f) is most sensitive to changes whereagy,; is essentially constant at this accuracy. In contrast
in the properties of the solvent. The overall trend observed is to the hyperfine coupling constants, each hydrogen bond reduces
that giso and g« decrease as the polarity of the solvent is theg-values by the same amount.
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TABLE 1: Experimental Isotropic and Anisotropic EPR Parameters of MTSSL in Some Solvents with Different Properties

solvent €l s’ (AGiso) G (AGx) 9y° (Agy) 9:F (AQz) Aise” (AAiso) A (AAZ) A (AA)
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¢ of solvent at 26-25 °C3¢ The ¢ of water is used to describe the water/glycerol mixture; i.e., the influence from the 10% glycerol on the
resultinge is neglected® Agiso = giso(Solvent) — giso(toluene).c Ag; = gi(solvent)— gj(toluene), whereéi represents the differeigtcomponents.
4 AAi, is determined according to eq 9a. Both parameters are reported in GXulsand data.AA,; is determined according to eq 9b. Both

parameters are reported in Gausa/-band data obtained from MTSS8.-AA,, 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 e modeP Oiso® (AQiso) Ox¢ (AGxx) Oy’ (Agyy) 0.7 (AGz) Ais? (AAiso) Af (AAZ)
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 ¢ of medium at 26-25°C.3¢ ° 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’ grediues are determined for
MSL in a vacuum; thus, only differences in hydrogen bonding are considamgd= gi*®C — gi#, whereii represents the differegtcomponents.

4 AAs is determined according to eq 9c. Both parameters are reported in Gauss.is determined according to eq 9d. Both parameters are
reported in Gauss.

6. Discussion therefore compare the experimental and calculated hyperfine
coupling constants with reference to toluen®Ag,). Since
toluene is both aprotic and the most apolar of the solvents used
in this study, the change ity can separately be interpreted in

In the present study, the hyperfine couplings of the nitrogen
(Aiso and Az) and theg-values @iso and gy« of the spin label
'IMt;r eS Zléivr\:ec:(ta)jgggcgg avtvselrr:adltc;a;(t)lzz)cl)ftlr?g ?ng?:ggag;dwﬁ){fggty{ o terms of the dielectric pr(_)perties of the environment and the
various solvent environments and to make a quantitative analysisdegrefa of hydrogen bonding.
of the influence of the dielectric and hydrogen bonding N Figure 4b, the measurefis-values are compared to DFT
properties of the medium on the EPR parameters. We investi- calculations. For MTSSL in most of the protic alcohols,
gated MTSSL in two forms: as a neat molecule (MTSSL) and 1-decanol to ethanol, a smooth dependence\dg, on the
in a ﬂ_mercaptoethano' linked form (MTS&B_)_ to test the e-value is seen, which resembles the curves from the DFT
impact of a modified linker segment of MTSSL. Both protic ~calculations for no or one hydrogen bond, suggesting that less

and aprotic solvents were chosen within a breadnge. than one hydrogen bond is formed on average, independent of
6.1. Nitrogen Hyperﬁne Couplings: AiSO and AZZ- From the Iength of the carbon ChalAAiso for MTSSL in two of the
Figure 4, it can be concluded thAt, is sensitive to the of aprotic solvents (methyl formate and ethyl acetate) reasonably

the solvent and thats, increases monotonically, though not agrees with the result of the DFT calculations for the model
linearly with . This is in agreement with previous findings of ~Without hydrogen bonds, whereas\s, for MTSSL in acetone
nitroxide radical$42° In Table 1,Ass and AAs,-values are is significantly lower than what would be expected from its
summarized for MTSSL in some selected solvents, toluene, tabulatede. In the more polar, protic solvents (methanol,
ethanol, methanol, and water. The absolte-values for the  ethyleneglycol, water, and formamide) MTSSL gives, to various
di-tert-butyl nitroxide radical (DTBNO) in these four solvents ~ extent, highe”AAis,-values than those anticipated from thef
by Reddoch and Konishi are of quite different magnitude the solvents. The highekAsq.-values might be explained by
compared to those of MTSSL due to the major structural either a larger number of hydrogen bonds formed in these
difference<?® but the AAs-values relative to toluene are very solvents at similar bond strengths, or higher bond strengths
similar (ethanol: 0.69 G, methanol: 0.82 G, water: 1.78 G; compared to the longer alcohols, since the influence of the
cf. Table 1). Thus, the shift iAis, due to changed environmental ~ e-value onAA;s, was small in this region. Symons and Pena-
properties seems rather conserved despite the structural variatiofNufes favor the former situation in the case of methanol and
of the spin label. water, since a great difference in the strength of the hydrogen
In the following, the experimenta\ss-values are compared  bonds are not expectééThus, theAA;,-value for MTSSL in
to the results of DFT calculations. Some of our calculated results methanol may indicate a higher propensity to form hydrogen
are presented in Table 2. The agreement between experimentabonds than for example ethanol, and the resemblance to the
and calculated absolut&s,-values (Tables 1 and 2) is poor calculated value of model B at tleeof methanol suggests that
(~40% larger experimental values). This is attributed to the fact one hydrogen bond is formed on average. This result is in
thatAiso is determined by the spin density in the s-orbital of the reasonable agreement with data reported in the literature. For
nitrogen (Fermi contact interaction) and the difficulty in creating example, Yagi and co-workers calculated the average number
a basis set that accurately describes this spin density. Weof hydrogen bonded methanol molecules to the {GNO
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radical to be 0.33132 whereas Symons and Pena‘Nan
experimentally found it to be one on average to the DTBNO
radical*® AAs, for MTSSL in ethyleneglycol is between the
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overall agreement ok, andAis,, respectively, for MTSSL and
MTSSL+5 (Figures 4a and 5a) indicates the absence of solute-
specific solvent cages.

curves calculated for one and two hydrogen bonds (Figure 4b). (2) The temperature dependence dfor example¢ of ethanol

MTSSL in water results in dAsg-value larger than the value
calculated for two hydrogen bonds. This fairly agrees with the
previous findings of 1.3%3-32and twd? hydrogen bonds formed

in water. For MTSSL in formamideAA;s, is smaller than in
water, despite the larger Without calculating the effect of a

increases from 24.3 at 2% to 41 at—60 °C.2® However, a
complete set of low-temperatueevalues, 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 temperatur&alues. A similar correlation

nitrogen hydrogen bond donor, we cannot determine if this is for room temperature and frozen solution data could therefore
due to weaker hydrogen bonds or a lower hydrogen bond only be obtained if the temperature dependence wfs the
donation propensity of the nitrogen in formamide compared to same for all solvents. This cannot be expected and could
the oxygen in water. This comparison shows an overall good consequently be the origin of a part of the deviations seen
agreement between experimental and calculatéd,-values between the data plotted in Figures 4 and 5.
and allows the determination of relative degrees of hydrogen The better resolution in W-band EPR spectra should allow
bonding. More uncertainty is, however, involved in the deter- to determine?;,to greater accuracy. The general agreement of
mination of the absolute number of hydrogen bonds which is X- and W-band data is good (Figures 5 and 6), although the
strongly determined by the reference used. origin of the deviation of some of tha,, and AA,zvalues is

The difference in the EPR parameters of MTSSL in methanol not clear. Despite the sources of uncertainty described above,
and ethanol might indicate that protic molecules larger than the propensity of the solvent to form hydrogen bonds to MTSSL
methanol are unable to establish a full hydrogen bond, perhapsis similar in the frozen solution as in the liquid solution (to be
due to steric hindrance induced by the methyl groups of the discussed further on). However, the most reliable comparison
spin label or by the hydrophobic alkyl chains of the alcohols of experimental and calculated data appears to be made with
themselves. It would be interesting to compare our results with the isotropic component ofiso, obtained in liquid solution,
the computational approach used by Yagi and co-workers thatalthough from a theoretical point of views, is more difficult
involves a combination of Monte Carlo simulation and ab initio to calculate (see above).
molecular orbital calculation with explicitly included solvent 6.2.g-Tensor Components: giso and gy« The experimental
molecules to study the solvent effect on the electronic structure results show thais, decreases with increasiiagf the solvent,
and Aiso of radicals?!32 and from the W-band EPR resultg, is identified as the

In the rigid-limit EPR spectrad,,is the dominating magnetic ~ dominant contribution to the solvent dependence (Figure 7). The
interaction instead of\s, (cf. Figure 2a,b)A,;is composed of dependence djyy on the solvent is smaller amgd, is essentially
Az = Aso + Agzaip (from eq 5), whereA,,qi, is the dipolar solvent independent within the accuracy of the measurements.
coupling between electron and nuclear spin in fdirection In several protic solvents, a second species with a lagger
and is dominated by the spin densip) (n the p orbital at the value was observed (see section 3.4). Thevalue of this
nitrogen. The dipolar contribution is expected to be of the form species is similar tgy« in the most apolar, aprotic solvents (e.g.,
Azzdip = 2B, Awdip = Ayydip = —B, with B = 4.8 mT, whereB toluene). This indicates that the additional contribution is due
is the magnitude of the dipolar interaction of the electron in to spin labels with less hydrogen bonds than the majority
the p orbital and the nuclear spin far= 1. Empirically, Ais conformation. Previously, a varying degree of hydrogen bonding
can also be related to by the McConnell relatioi\so = Qp, in spin labels has been suggested by Ondar &€aat Earle et
where the proportionality consta€tis in the order of 2.8 mT.  al.” To compare the solvent dependenceygf with that of the
(The effect of spin density in the, prbital of the oxygen atom  W-band data, we usgso = (9 + Gy + 9z5)/3. Regardinggyy
of the NO fragment is significantly smalleQ(factor of 0.4 and g,; as solvent independent, the spreadjiig should be a
mT) and is therefore neglected.) This suggestsAgat (Q + third of the spread imgy, which is in agreement with the
2B)p, i.e., A;z = (2.8 + 9.6 mT).* From this estimateA,, experiments.
should be more sensitive to changespiand also follow the An increased solvent polarity shifts spin density from the
same dependence on the solvent polarithas However, the oxygen to the nitrogen within the NO bond. The formation of
empiricalQ factor seems to overestimate the effect, as concluded hydrogen bonds affects the spin lalgelensor parameters via
from a study of many nitroxides by Ondar et al. which showed three separate effects: (1) Transfer of spin density from the
that AA/AA, is 2.358 The same conclusion can be drawn oxygen to the nitrogen atom, (2) increase of the axcitation
from the X-band data from our study (Figures 4b and 5b). energy, resulting in a loweg-value, and (3) transfer of some

Comparison of Figures 4a and 5a shows an overall agreemenglectron density from the lone-pair orbitals at the NO oxygen
in the trends, but there is more scatter in the frozen solution to the hydrogen donated in the hydrogen bond. This has been
X-band data compared to the liquid solution X-band data. Two Shown earlier in several studies employing various nitroxide
factors must be taken into account to explain the differences: spin labels in different environments?1112:33
(1) Freezing of the solvents can change the hydrogen bonding Due to limitations in the computational DFT methods, the
situation. Indications of such effects are the large scattégin  calculation ofg-values performed here is restricted to hydrogen
(within a region of 2 G) found for the MTSSL variants in the bonding effects. As discussed for the calculation of hyperfine
longer alcohols (1-butanol to 1-decanol, not included in Figure parameters, models-AC are defined comprising zero to two
5a), but more importantly, multiple freezing of a sample resulted hydrogen bonded water molecules. In a separate study of the
in different A;-values, suggesting that the microenvironment influence of hydrogen bonding on tlietensor of spin labels,
of the spin label changes sufficiently to cause differenca;in calculated with ROHF reference states, we found that the ROHF
(see section 5.2). Perhaps the aliphatic long alcohols are orderednethod exaggerated the effect of hydrogen bonded water
in the vicinity of the spin label, thus creating a specific molecules? Our present results show that more accugatelue
microenvironment which is sensitive to freezing conditions. The shifts can be obtained with DFT methods (compare DFT data,
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Agw!® = —0.00044 andAgyE€ = —0.00038 (Table 2) with differences between protic and aprotic solvents (see above and
ROHF dataAgy"® = —0.0021 andAg,EC = —0.0018, from Kawamura et af). We therefore propose that there are two linear
Engstian et all?d). This improvement is primarily due to the correlations with different slopes reflecting the protic and aprotic
inclusion of electron correlation through the DFT functionals. solvents, respectively. Given the small number of data points,
To be able to account for changes in the dielectric properties the statistical basis for this statement is poor, but we suggest
of the solvents in theg-value calculations as well, further that the dotted lines shown in Figure 8 have a diagnostic value
theoretical development of the DFT method is needed. and reflect the polarity/proticity properties of the environment.
Qualitative comparisons of MTSSL data with the results of Previously, a classification into aprotic and protic local environ-
DFT calculations (Tables 1 and 2) show that the decrease inMents of spin-labeled proteins was made from the arrangement
Giso from methanol to water 0.00023) matches well the ©Of anisotropic data in such a plot*
contribution calculated for a hydrogen bond(.00015). The 6.4. Comparison with Spin-Labeled ProteinsTo illustrate
decrease ingis, from toluene to methanol—0.00020) also one of the practical applications of the present investigation,
matches one hydrogen boneét@.00017). Note, however, that ~Wwe compare the anisotropic solvent daka, @ndgy,) of MTSSL
the difference ine of these two solvents is not considered in obtained to a recent investigation by Steinhoff and co-workers,
the calculations, suggesting that the changegip due to in which bacteriorhodopsin was labeled with MTSSL along the
hydrogen bonding are somewhat overestimated by the DETion channek! A;; varied from 35.0 to 36.7 G, depending on
models. Previouslygis, for the DTBNO radical was found to ~ Whether MTSSL was situated in the cytoplasmic region near
decrease by 0.00023 from methanol to water and by 0.00027the chromophore retinal (site 46) or on the extracellular surface
from toluene to methandlj.e., in close agreement with our  (Site 129), respectivel8% The polarity and proticity of various
MTSSL data. The experimental anisotropjgvalue decreases local regions in proteins are different and these properties are
by 0.00057 from toluene to methanol, to be compared with a likely comparable to those of isotropic solvents. According to
decrease of 0.00044 due to one hydrogen bond. In similarity our data (Table 1), the local environment of the inner cytoplas-
with the situation forgiso, this underestimation of the shift can ~ Mic region has similar properties as ethanol, i.e.¢ af 20—
be due to the exclusion of the effectofWater and methanol 25 and a minor probability of hydrogen bonding. On the other
have a smaller difference i, (—0.00012) than the calculated hand, at the extracellular surface MTSSL probes an environment
contribution of a second hydrogen bone.00038). This could similar to that of water, which shows that MTSSL is accessible
be due to a difference in the hydrogen bonding situation in the 0 the aqueous buffer. Between these extrenfes,shifts
frozen and in the liquid state of the sample, or it could indicate gradually due to the water density gradient of the ion channel.
that the DFT method overestimates the effect of hydrogen They also observed a decreasenof ~0.00035 between the
bonding ong,,. The former interpretation is more likely since  Cytoplasmic and extracellular sites, which (from our W-band
the shift in giso from methanol to water is larger than the solvent data) nicely indicates the same environmental shift
calculated shift due to a second hydrogen bond (Figure 7). This (Agf"""**= —0.00035; Table 1).
is further supported by the hyperfine parameters discussed
above, where the increase A, from methanol to water is 7. Conclusions
larger than the calculated value for the difference between one
and two hydrogen bonds (Figure 4b), whereas the increase in
AA;; 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-ban#,-value in water is too large
to be included in the comparison (Figure 6). Somewhat different
shifts in g« 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, and0.00026 from
methanol to water.

We have shown that the paramet&s, Qiso, Az andgyx of
MTSSL are sensitive to aprotic and protic solvents withalues
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 gavalues due to hydrogen bonding.

A combined qualitative analysis of experimental and calculated

Overall, both with respect to the hyperfine coupling and the qata makes it possible to interpret the parameter shifts as due
g'tensor parameters, the DFT method reflects the solvent eﬁectsto the Changed and/or the increased propensity for hydrogen
over a wide range of solvent polarities and proticities. Hence, ponding. Thus, for aprotic solvents and all alcohols except
the calculations can be used to get a molecular picture of the methanol ¢ < 25), the shifts infAs, andA,, are proportional to
effects of the solvent on the dissolved spin label. the change im, whereas the shifts between solvents with polar

6.3. Correlation of Hyperfine Coupling and g-Tensor (e > 25) and protic properties are dominated by their different
Parameters. Figure 8 shows the correlation between the degrees of proticity. Our analysis suggests, for example, that
hyperfine andy-tensor parameters as determined experimentally. methanol forms~1 and water~2 hydrogen bonds to MTSSL
A linear correlation is expected from the dependencg aifd in average. We found that the DFT method predicts the influence
A on solvent properties, as demonstrated in several earlier studie®f hydrogen bonding on thg-values with a larger accuracy
using other spin labefs.”11 For the isotropic parametergso than the ROHF method. We have also shown how the
andAs,, Figure 8 shows a linear correlation with some scatter. anisotropic solvent data can be used as a “ruler” to interpret
A larger scatter is found for the anisotropic parametggsand rigid-limit data from spin-labeled proteins in terms of environ-
A, which were taken from the W-band EPR data (see sectionsmental properties, i.e., polarity and proticity.

5.2 and 5.3). The intrinsically higher resolution of W-band EPR
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