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Abstract Calibrations are given to extract orientation order parameters from
pseudo-powder electron paramagnetic resonance line shapes of '*N-nitroxide spin
labels undergoing slow rotational diffusion. The nitroxide z-axis is assumed parallel
to the long molecular axis. Stochastic-Liouville simulations of slow-motion 9.4-
GHz spectra for molecular ordering with a Maier—Saupe orientation potential reveal
a linear dependence of the splittings, 2A.x and 2A s, of the outer and inner peaks
on order parameter S, that depends on the diffusion coefficient Dg; which char-
acterizes fluctuations of the long molecular axis. This results in empirical expres-
sions for order parameter and  isotropic  hyperfine  coupling:
Sz =51 X (Amax — Amin) — So and a, = }(fmaxAmax + fminAmin) + 0d,, respectively.
Values of the calibration constants sy, So, fmax, fmin and da, are given for different
values of Dy, in fast and slow motional regimes. The calibrations are relatively
insensitive to anisotropy of rotational diffusion (Dg /) = Dr 1), and corrections are
less significant for the isotropic hyperfine coupling than for the order parameter.

1 Introduction

Spin-labelled molecules in partially ordered environments are restricted in their
rotational amplitude. This is a common situation in liquid crystals or lipid
membranes; also for spin labels anchored to a macromolecule, and in ligand binding
sites or occlusion cavities. The degree of ordering is expressed by an order
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parameter that is related to the rotational amplitude and can be determined directly
from the electron paramagnetic resonance (EPR) spectrum.

When the nitroxide z-axis lies close to the long molecular axis of a spin-labelled
molecule, we can extract orientation order parameters from the EPR powder
patterns of non-aligned samples, because spectral anisotropy is then largest [1-3].
Notable practical examples are lipid chains incorporating the DOXYL nitroxide (see
e.g., [4-6]), and helical peptides containing the TOAC nitroxide residue [7-9]. Such
situations also arise frequently in site-directed spin-labelling with MTSSL [10-12],
and also for rigidly spin-labelled DNA bases [13].

For rotational motion that is fast relative to the spectral anisotropies, the '*N
hyperfine tensor A = (A, A,y,A.,) is partially averaged to give axial principal
values:

(A))) = ao +2AAS,, (1)
(A1) = a, — 3AAS: (2)

where a, = %(Am + Ay, + AZZ) and AA =A, — %(Axx + Ayy). The order parameter is
given by:

(A7) — (A1)
AA

where 0, is the instantaneous angle that the nitroxide z-axis makes with the director
for ordering, and angular brackets indicate a time or ensemble average over the
orientational distribution in 0,.

Values for the order parameter are obtained from the splitting 2A,,,x of the outer
peaks in an experimental powder pattern, and from that of the inner peaks 2A .
These peaks in the powder spectrum correspond to turning points in the angular
dependence of spectra from macroscopically aligned samples. For fast motion, Apax
is rigorously equal to <A / /> [1, 14]. But to obtain (A ) we must make a correction to
Anmin, because of spectral overlap in the central region of the powder pattern
[1, 2, 15, 16]. When the motion is slow on the nitroxide EPR timescale, however,
both outer and inner peaks shift relative to the positions specified by the motionally
averaged tensor elements <A //> and (A). We expect this because slow motion
causes shifts in the outer extrema of the powder pattern, even for unrestricted
isotropic rotational diffusion [17, 18]. The main purpose here is to obtain
appropriate corrections when the spectra are in the slow-motion regime for nitroxide
EPR.

S, = = %(3<cos2 0.)—1) (3)

2 Results

Figure 1 shows 9.4-GHz EPR spectra for a "N-nitroxide with fixed order parameter
(S =0.5), and different values of the rotational diffusion coefficient Dg, that
extend from the slow (< 1.10% s7!) to fast motional regimes. Powder spectra from
non-aligned samples are simulated with the stochastic-Liouville equation for
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Fig. 1 Stochastic-Liouville simulations of '*N-nitroxide 9.4-GHz EPR powder spectra, for different
values of the rotational diffusion coefficient Dg| = O.lDR// =1.5-20 x 107 s~!, as indicated, and
fixed order parameter S,; = 0.5. Vertical ticks show the positions of the outer and inner hyperfine peaks,
which have splittings 2Am. and 2An;, respectively. Hyperfine and g-tensors are: (A, Ay, Az) =
(0.64,0.57,3.33) mT and (g, &y, &) = (2.0086,2.0058,2.0021). Residual Gaussian broadening,
FWHM = 0.18 mT

Brownian diffusion [19], as implemented in EasySpin 5.1.9 [20], with molecular
ordering specified by a Maier—Saupe orientational potential: U(0,)/kgT =
—J.cos? 0, [21]. In terms of the latter, the order parameter becomes:

_ 3exp(/) 31
22 ! exp(Ac?)de 44 2

4)

ped

from the Boltzmann distribution, where ¢ = cos 6,. The nitroxide z-axis lies along
the long molecular axis. The diffusion coefficient for excursions of the molecular
long axis (and simultaneously the nitroxide z-axis) is Dgr,, and that for rotation
about the same axis Dy /) is ten times faster. As Dg, decreases below 1.10% s~!, the
splitting of the outer peaks in the powder pattern 2A,,x increases and that of the
inner peaks 2A, decreases, as expected in the slow-motion region. The spectral
line shapes also give us some guide as to whether a particular experimental powder
pattern contains slow-motional components.
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Fig. 2 Dependence on order parameter S.. of the shifts, dmax (squares) and dnin (circles), in Apax and
Anmin from their motionally averaged values <A / /> and (A ), because of slow motion and spectral overlap.
Spectra are simulated as in Fig. 1, using a Maier—Saupe orientational potential, and fixed diffusion
coefficient Dr; = 0.1Dg;, =4 x 107 s~!. Straight lines are linear regressions over the range S.. =
0.2 — 0.8 (see Egs. 5, 6)

In the fast regime, the motionally averaged hyperfine constants <A / /> and (A))
depend linearly on the order parameter according to Egs. 1 and 2. So also do the
experimental constants Apax and Apin. In the slow-motion regime, we find from
simulations such as those in Fig. 1 that Aj.x and A, depend approximately linearly
on order parameter over the range S, = 0.2 — 0.8 (see Fig. 2):

Amax = <A//> =+ dr(:lax — d;nax X SZZ (5)
Amin = <AJ_> — dgﬁn + d;nin X Szz- (6)
Values of the parameters, 4y, dI’nax and dp, , I’nin, for different values of Dy

are obtained by linear regression. Figure 3 shows the dependence of these
calibration parameters in Eqgs. 5 and 6 on diffusion coefficient. Note that the Dg -
axis is logarithmic. We see that the dependence for all four parameters is
approximately logarithmic over the range Dr, = (2.65 —8.0) x 107 s7!, in the
slow-motion regime. This dependence is given by the solid lines. In the fast-motion
region (Dr; > 1 x 108 s’l), the linear dependence of d,,, on order parameter is
slight and restricted to the range S,, = 0.5 — 0.8. The dotted lines in Fig. 3 are fits of
the logistic equation: y = (¢ — ¢2)/[1 + (x/x,)’] + ¢2, with logarithmic x-axis.
These provide fits over a wider range of diffusion coefficient, but with lower
precision. We return to this type of fit later.

Substituting from Eqgs. 5 and 6 into Eq. 3, we get the following calibration for the
corrected order parameter:
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Fig. 3 Dependence on rotational diffusion coefficient Dg, (= 0.1Dg/,) of linear regression parameters
for the line shifts dimax = Amax — (A//)> and diin = (A1) — Amin, as a function of S (see Fig. 2). Solid
lines are linear regressions over the range Dg; = (2.65 —8.0) x 107 s™! for the logarithmic x-axis.
Dotted lines are fits of the logistic equation (see Table 1)

(Amax - Amiﬂ) B (dﬁlax + dgnin)
M — (dp— i) 7

max min

S =

in terms of the measurables A, and Api,. We therefore write Eq. 7 as:
SZZ =5 X (Amax _Amin) — S0 (8)

where the calibration parameters s; and s, are given for different values of Dy, in
Table 1. Logistic fits of the dependence on diffusion coefficient (cf. dotted lines in
Fig. 3), over the full range Dg; = (1.5 — 20.0) x 107 s~!, are given in the footnote
to Table 1. We get higher precision, but over a more limited range, by using linear
regression with logarithmic Dy, -axis (cf. solid lines in Fig. 3):

51 = 2.828 — 0.313 x log,o D (s~ ©)
5o = 13.038 — 1.637 x log,o Dr. (s~ (10)

over the range Dr, = (2.65 —8.0) x 107 s~!. When in the fast regime, Ap.x =
<A / /> over the range S,; = 0.1 — 0.4, and the corresponding calibration becomes:

S, =0.355 X (Ajmax — Amin) — 0.040. (11)
For comparison, previous corrections require subtraction of 0.03-0.05 for fast
motion [1-3].

We also get corrected values of the isotropic hyperfine coupling,
a,=4(A;/) +2(AL)), from Egs. 5 and 6:
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Table 1 Calibration parameters in Eqs. 8 and 13 for order parameter and isotropic hyperfine coupling,
for different diffusion coefficients Dg (= 0.1 x D))

Dry (571 s1 (mT™ 5o onax Jin Sa, (mT)
1.5 x 107 0.529 1.067 1.020 1.980 —0.046
2.0 x 107 0.535 1.050 1.024 1.976 —0.058
24 x 107 0.522 0.973 1.019 1.981 —0.043
2.65 x 107 0.512 0.914 1.015 1.985 —0.032
3.0 x 107 0.488 0.805 1.004 1.996 0.002
4.0 x 107 0.440 0.560 0.988 2.012 0.050
5.0 x 107 0.411 0.402 0.982 2.018 0.068
6.0 x 107 0.397 0.315 0.980 2.020 0.073
7.0 x 107 0.378 0.228 0.972 2.028 0.093
8.0 x 107 0.382 0.205 0.982 2.018 0.070
1.0 x 10® 0.373 0.140 0.982 2.018 0.069
1.2 x 10® 0.369 0.105 0.984 2.016 0.063
1.5 x 108 0.366 0.077 0.986 2.014 0.059
(0.353 0.044 0.974 2.026 0.087)*
2.0 x 10 0.364 0.051 0.988 2.012 0.053
(0.357 0.035 0.982 2.018 0.067)*
Empirical logistic fits
—1y _ 0.174
al (mT ) = W + 0368
_ 1.092
a4 = 1+(Dg /3.892x107)>%% +0.067
_ 0.04
fmax — 0982 + W
_ 0.04
Snin = 2.018 — T DA 12X T
- o012
da, = 0.068 1+(Dg /3.12x107)%68

@ Fits with 2, = 0, d,,, = 0

max

a, = %(Amax + 2Ami“) - %(dglax - Zd:;lin) + %(d;nax - 2dr/'nin) X Sy (12)
This depends on S,;, which we substitute from Eq. 7 (or 8) to give the following
general form:

1
a, = g(fmaxAmax +fminAmin) + da, (13)

where the calibration parameters fiax, fmin and oa, are given for different values of
Dgr, in Table 1. Using linear regression with logarithmic Dy -axis (cf. Fig. 3), we
get the approximate dependence of the calibration parameters:

Fnax = 1713 — 0.095 x log, Dr. (s) (14)
Jinin = 1.287 4 0.095 x log;o Do (s™) (13)
da,(mT) = —2.075 + 0.277 x log g Dr. (s ™) (16)

over the range Dr | = (2.65 — 8.0) x 107 s~!. Again, logistic fits over the full range
of Dr, are included in the footnote to Table 1. Note that corrections to a, for slow
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motion are smaller than those to the order parameter, because the opposite shifts in
Amax and Apy, compensate. When in the fast regime, the calibration corresponding
to Eq. 11 becomes:

a,(T) = 3(0.978A 0 + 2.022Apin) + 0.077. (17)

For comparison, previous treatments make an additive correction of
0.05-0.09 mT for fast motion [1-3]

When calculating the order parameter, we use the isotropic hyperfine coupling to
correct for differences between the hyperfine tensor of the experimental sample and
that used to get AA for Eq. 3. The spin-Hamiltonian tensors used here, with
AA = 2.74 mT (see Fig. 1), correspond to the MTSSL spin used in site-directed
spin labelling (see, e.g., [22]). They correspond reasonably closely with those for
DOXYL spin labels, which also have a five-membered ring. To make the correction,
we simply scale (Amax —Amin) in Eq.8 or 11 by the factor:
%(Axx + Ay, —|—AZZ)/a0 =1.513 mT/ag, where a, comes from Eq. 13 or 17, respec-
tively. This corrects for differences in environmental polarity, and to a first
approximation for differences between nitroxide structures (e.g., TOAC spin labels
with the six-membered piperidine ring).

The calibration parameters in Table 1 are obtained from simulations for fast axial
diffusion: Dr,; = 10Dg, corresponding to a prolate rigid rotator with axial ratio
a/b =~ 6.5 [23]. For segmental rotation, however, the elements of the diffusion
tensor are more likely to be equal. Figure 4 compares spectra simulated for Dg;, =
10Dg, (solid lines) with those for Dr,; = Dr (dashed lines), where the order
parameter is now S;; = 0.4; in each case the value of Dy is the same. We see some
differences in line shape for slow motion, but not in the fast motional regime.
Table 2 gives the calibration parameters for order parameter and isotropic hyperfine
coupling when Dg,; = Dg. Only in the slow motion regime do these differ from
those in Table 1, and mostly the differences are not large. We conclude from this
that calibration parameters depend markedly on Dy in the slow motion regime, but
little on the rotational anisotropy Dy, / Dg. .

3 Discussion and Conclusions

Experience shows that spin-label spectra from systems exhibiting partial molecular
order frequently contain components that are in the slow motional regime for
nitroxide EPR. In such cases, we must make corrections to both Ay.x and Amin,
which we obtain from the canonical turning points in pseudo-powder spectra from
non-aligned samples, when calculating orientational order parameters and isotropic
hyperfine couplings. Because of partial cancellation in the latter case, corrections
are more important for S,; than for a,. A previous treatment with an oversimplified
slow-motion model gave no correction for Ay, because a near rigid-limit value of
Dr, was used to emulate a powder distribution [3].

To calculate order parameters for slow motion, we must know the diffusion
tensor element Dy, that characterizes angular excursions of the molecular long axis
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Fig. 4 Stochastic-Liouville
simulations of '*N-nitroxide 9.4-
GHz EPR powder spectra, for
different values of the rotational
diffusion coefficient Dg; =
0.1Dg/; (solid lines) and D, =
Dgy, (dashed lines), as
indicated, and fixed order
parameter S,; = 0.4. Simulation
parameters otherwise as in

Fig. 1

x10’

: 5
f\/\ﬁﬁﬂy
f\/\H”

1.5x10°

2x108
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(to which the nitroxide z-axis is assumed approximately parallel). This requires
simulation results for at least one spectrum in an experimental series. The spectra in
Figs. 1 and 4, which correspond to two different order parameters, can be a helpful
guide here. We then get order parameter and isotropic coupling constant from
Egs. 8 and 13, respectively, by using the appropriate calibration constants listed in
Table 1 (or Table 2). Alternatively, the calibration constants come from Egs. 9, 10,
14-16 for Dg; = (2.65 — 8.0) x 107 s~ or less precisely outside this range from
the logistic fits listed at the bottom of Table 1. As we see from Fig. 4, the value of
Dr is crucial, whereas the faster rotation around the molecular axis, D/ /( >Dg,),
is relatively unimportant.

The calibrations given here are for partially averaged powder spectra that display
well defined axial anisotropy. For this, the nitroxide z-axis must lie close to the long
molecular axis that is being ordered, because this is the principal axis for the
N-hyperfine anisotropy. If the nitroxide z-axis is inclined at angle Ono to the
molecular axis, we know from the spherical harmonic addition theorem that the
order parameter measured by EPR is given by: S;; = P»(cos Ono) X Smol, Where Spol
is the order parameter of the long molecular axis, and P,(cos Ono) is a second rank
Legendre polynomial. As already mentioned, practical examples of spin labels with
the appropriately oriented nitroxide axes are DOXYL-labelled hydrocarbon chains,
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Table 2 Calibration parameters in Eqs. 8 and 13 for order parameter and isotropic hyperfine coupling,
for different diffusion coefficients Dr = Dr. (= Dg/)

Dr (s si (mT™") 5 Finax Fonin da, (mT)
1.5 x 107 0.544 1.078 1.039 1.961 —0.105
2.0 x 107 0.540 1.052 1.031 1.969 —0.081
24 x 107 0.527 0.975 1.026 1.975 —0.064
2.65 x 107 0.516 0916 1.021 1.980 —0.049
3.0 x 107 0.493 0.814 1.010 1.990 —-0.016
4.0 x 107 0.446 0.562 0.998 2.002 0.022
5.0 x 107 0.427 0.438 0.995 2.005 0.034
6.0 x 107 0.404 0.328 0.986 2.014 0.058
7.0 x 107 0.380 0.229 0.974 2.026 0.087
8.0 x 107 0.368 0.170 0.970 2.030 0.097
1.0 x 10% 0.374 0.144 0.983 2.017 0.066
1.2 x 10® 0.369 0.105 0.984 2.016 0.064
1.5 x 10® 0.367 0.076 0.987 2.013 0.057
(0.353 0.044 0.975 2.025 0.086)*
2.0 x 10° 0.364 0.051 0.988 2.012 0.053
(0.357 0.035 0.982 2.018 0.067)*

@ Fits with &, =0, d', =0

and TOAC in peptide helices. Complications arise with lipid chains because motion
of the long molecular axis often lies in the slow regime [24], but rotational
isomerism of the chain segments is much faster [25, 26]. In this case, the effective
hyperfine anisotropy is reduced from AA to AA x S,_, by rapid trans-gauche
isomerism in the chain (cf. Eqs. 1 and 2). Order-parameter calculations for the slow
long-axis motion are then made using this reduced anisotropy. Multifrequency EPR
is helpful in separating fast and slow components of spin-label motion. For instance,
the slower long-axis motion of lipid chains in phospholipid membranes is driven
into the rigid limit at 94-GHz EPR frequency, and the high field spin-label spectrum
reflects motional averaging S;_, by trans-gauche isomerism alone [27-29].

Although the slow-motion order parameter calibrations require an estimate of the
diffusion coefficient, they offer significant improvements over those based purely on
motional narrowing theory. Even when a full spectral simulation study is to be
attempted, the calibrations given here are a useful starting point to establish initial
simulation parameters.

It goes without saying that the present corrections apply only to those pseudo-
powder spectra which show a well-defined inner hyperfine splitting, 2Apin.
Although this accounts for a major class of spectra from important spin labels,
there are numerous cases when this does not apply, e.g., polymeric liquid crystals
and glasses (see for instance [30]).

Acknowledgements Open access funding provided by Max Planck Society. I thank the Hans Christian
Andersen Foundation (SDU), and Christian Griesinger and the Department of NMR-based structural
biology (MPI), for financial assistance.

@ Springer



106 D. Marsh

Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, dis-
tribution, and reproduction in any medium, provided you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were
made.

References

—_

. W.L. Hubbell, HM. McConnell, J. Am. Chem. Soc. 93, 314-326 (1971)
. B.J. Gaftney, in Spin Labeling. Theory and Applications, ed. by L.J. Berliner (Academic Press, New
York, 1976), pp. 567-571

. K. Schorn, D. Marsh, Spectrochim. Acta A 53, 2235-2240 (1997)

. P. Fretten, S.J. Morris, A. Watts, D. Marsh, Biochim. Biophys. Acta 598, 247-259 (1980)

Y.V.S. Rama Krishna, D. Marsh, Biochim. Biophys. Acta 1024, 89—-94 (1990)

. K. Schorn, D. Marsh, Biochemistry 35, 3831-3836 (1996)

. D. Marsh, J. Magn. Reson. 180, 305-310 (2006)

. D. Marsh, M. Jost, C. Peggion, C. Toniolo, Biophys. J. 92, 473-481 (2007)

. D. Marsh, M. Jost, C. Peggion, C. Toniolo, Biophys. J. 92, 4002-4011 (2007)

10. L. Columbus, T. Kalai, J. Jeko, K. Hideg, W.L. Hubbell, Biochemistry 40, 3828-3846 (2001)

11. L. Columbus, W.L. Hubbell, Biochemistry 43, 7273-7287 (2004)

12. M.A. Lietzow, W.L. Hubbell, Biochemistry 43, 3137-3151 (2004)

13. P. Cekan, A.L. Smith, N. Barhate, B.H. Robinson, STh Sigurdsson, Nucleic Acids Res. 36,
5946-5954 (2008)

14. J.A. Weil, H.G. Hecht, J. Chem. Phys. 38, 281-282 (1963)

15. O.H. Griffith, P.C. Jost, in Spin Labeling. Theory and Applications, ed. by L.J. Berliner (Academic
Press, New York, 1976), pp. 453-523

16. D. Marsh, in: Spectroscopy and the Dynamics of Molecular Biological Systems, ed. by P.M. Bayley,
R.E. Dale (Academic Press, London, 1985) pp. 209-238

17. R.C. McCalley, E.J. Shimshick, H.M. McConnell, Chem. Phys. Lett. 13, 115-119 (1972)

18. S.A. Goldman, G.V. Bruno, J.H. Freed, J. Phys. Chem. 76, 1858—1860 (1972)

19. J.H. Freed, G.V. Bruno, C.F. Polnaszek, J. Phys. Chem. 75, 3385-3399 (1971)

20. S. Stoll, A. Schweiger, J. Magn. Reson. 178, 42-55 (2006)

21. C.F. Polnaszek, G.V. Bruno, J.H. Freed, J. Chem. Phys. 58, 3185-3199 (1973)

22. D.M. Freed, A.K. Khan, P.S. Horanyi, D.S. Cafiso, Biochemistry 50, 8792-8803 (2011)

23. F. Perrin, J. Phys. Radium 5, 497-511 (1934)

24. K. Schorn, D. Marsh, Chem. Phys. Lipids 82, 7-14 (1996)

25. A. Lange, D. Marsh, K.-H. Wassmer, P. Meier, G. Kothe, Biochemistry 24, 4383-4392 (1985)

26. M. Moser, D. Marsh, P. Meier, K.-H. Wassmer, G. Kothe, Biophys. J. 55, 111-123 (1989)

27. V.A. Livshits, D. Kurad, D. Marsh, J. Phys. Chem. B 108, 9403-9411 (2004)

28. V.A. Livshits, D. Kurad, D. Marsh, J. Magn. Reson. 180, 63-71 (2006)

29. D. Marsh, D. Kurad, V.A. Livshits, Magn. Reson. Chem. 43, S20-S25 (2005)

30. D.A. Chernova, A.K. Vorobiev, J. Appl. Polym. Sci. 121, 102-110 (2011)

o

©C®No LA W

@ Springer


http://creativecommons.org/licenses/by/4.0/

	Spin-label Order Parameter Calibrations for Slow Motion
	Abstract
	Introduction
	Results
	Discussion and Conclusions
	Acknowledgements
	References




