Recent developments in biological spin-label spectroscopy
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Introduction

Spin-label spectroscopy deals with the electron spin resonance (ESR) of stable nitroxide free radicals. Its use in biology is based on the versatile chemistry of nitroxides that yields spin-labelled derivatives of biological ligands, lipids and macromolecules, and on the unique sensitivity of the nitroxide ESR spectra to rotational mobility and spin-spin interactions. Two new aspects of spin-label methodology that will greatly enhance its application in structural and membrane biology are non-linear ESR and high-field ESR, which are described here.

Results and Discussion

Non-linear ESR refers to spectra recorded with high incident microwave powers for which the electron spin transitions are partially saturated. The spectral intensity is then no longer linearly dependent on the microwave H1 field and the spectra become sensitive to the spin-lattice relaxation time, T1, of the spin label. In the relevant biological situations, the nitroxide T1 lies in the microsecond regime. This is several orders of magnitude longer than the nitroxide spin-spin relaxation time, T2, which determines the sensitivity of conventional spin-label spectroscopy to molecular motion and spin-spin interactions. T1-sensitive methods, i.e., non-linear ESR, therefore extend the sensitivity of nitroxide ESR spectroscopy to slower dynamic processes, in the microsecond regime, and to much weaker spin-spin interactions. Examples of slow molecular dynamics include the rotational and translational diffusion of spin-labelled membrane proteins or supramolecular aggregates, and the exchange of spin-labelled lipids at the lipid-protein interface in biological membranes. Weak spin-spin interactions arise from low relative spin concentrations that are inherent to many biological systems, and from restricted mutual accessibility or relatively large separations of the spin centres. Such studies involving spin-spin interactions have found their most successful application in site-directed spin labelling combined with cysteine scanning mutagenesis. In general, the T1-sensitivity is expressed as an enhancement in relaxation rate that can be induced by physical or chemical exchange between different environments, by Heisenberg spin exchange interactions or by magnetic dipole-dipole interactions [1]. The relaxation agents may be spin labels themselves, molecular oxygen or paramagnetic ion complexes.


Currently useful non-linear techniques involve detection either in-phase or in quadrature phase with the Zeeman field modulation, at partially saturating incident microwave powers. In-phase detection is used in the familiar progressive saturation of the integrated first-harmonic absorption signal (V1). Detection of the signal with a 90°-phase lag is performed either with the first or second harmonic absorption signal (V1' and V2', respectively). Second harmonic detection, V2', is used in saturation transfer spectroscopy, where the absorption lineshapes are sensitive to slow rotation, and the integrated intensities are dependent on T1 [2]. First harmonic detection, V1', is sensitive only to T1 and has the advantage, unlike second harmonic detection, that it is insensitive to T2 and that the range of T1-sensitivity can be tuned by varying the field-modulation frequency [3].


The T1-dependence of the non-linear spectral intensities was determined by incorporating both the microwave and Zeeman modulation fields in the Bloch equations [4]. In the rotating frame, the equation of motion for the complex spin magnetisation vector, M, is [5]:








(1)

where A is the Bloch equation matrix, and the spin-lattice relaxation is given by the term 

. Molecular rotational mobility can be included by the terms involving fR, which is the frequency of molecular reorientation. The different harmonics (Vn, n = 1 or 2) are obtained by expanding M in a Fourier series with respect to the Zeeman modulation frequency. In-phase (V1) and out-of-phase (V1' and V2') signals are given by the real and imaginary parts, respectively, of the Fourier coefficients of M, the solution for which is obtained by expanding in a power series of the Zeeman modulation amplitude. To lowest order the nth harmonic then depends on the nth power of the modulation amplitude. Spectral simulations hence yield the following empirical calibrations for the dependence of the integrated intensities on T1:

1st harmonic in-phase, V1- progressive saturation:








1st harmonic out-of-phase, V1':









2nd harmonic out-of-phase, V2' - saturation transfer ESR:








where a1, b1, a1', b1', a2', b2' and m are the principal calibration parameters, and ('10 and ('20 are small corrections.

Table 1.   Approximate fitting parameters for T1 ((s) spectral calibrations. (T2 = 20 ns)
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For the first-harmonic, in-phase, the values of a1 and b1 are directly proportional to T2.


High-field ESR extends the motional sensitivity of conventional 9 GHz spin-label ESR to include non-axial rotational diffusion. This is achieved because at a microwave frequency of 94 GHz the anisotropy of the spin-label Zeeman splittings, which are specified by the completely non-axial g-tensor, outweighs that of the 14N-hyperfine splittings, which are dipolar in origin and therefore completely axial. The approximate angular-dependent spin Hamiltonian is given by:




where only at a microwave frequency of 94 GHz (i.e., H ( 3.35T, as opposed to H ( 0.33T at 9 GHz) is the term involving (g = ½ (gxx-gyy) sufficiently large to give pronounced sensitivity to the azimuthal orientation, (. Experiments with cholesterol-containing lipid membranes in the liquid-ordered phase have shown that this important steroid membrane component can induce non-axial ordering of the lipid chains within the membrane plane [6]. This result could have important implications for the formation of sphingolipid-cholesterol domains (or "rafts") that have been proposed as a vehicle for intracellular membrane sorting. Because of the increased resolution at high-field, linewidths and lineshifts for the three canonical orientations (x,y,z) can be read directly from the spectrum, in the case of slow rotational diffusion. Correlations between the two, in the high-field spectra, depend strongly on the mechanism of rotational reorientation. Chain flexing motions ((R() were found to correspond to small-increment Brownian rotation in the cholesterol-containing membranes [6]. Preliminary spectral simulations made on the basis of Eq. 1 and equivalents, neglecting saturation and Zeeman modulation, confirm the sensitivity to motional model. Assuming Brownian rotational diffusion yields adequate spectral simulations, which allow inclusion of contributions from dispersion that are difficult to avoid experimentally for aqueous samples at high microwave frequencies.
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