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Abbreviations used: Aib, (-aminoisobutyric acid; ESE, electron spin echo; PELDOR, pulsed electron-electron double resonance; TEMPONE, 2,2,6,6-tetramethyl-1-piperidinyloxy-4-one; TFE, 2,2,2-trifluoroethanol.

Abstract:
Pulsed ELDOR is described as a technique for structural studies of spin labeled peptides in frozen solutions and for determining crystallographic distances on the order of 10 Å between spins by measuring magnetic dipole interactions. Results from studies of double labeled trichogin GA IV analogues demonstrate conformational variations with solvent polarity, and aggregates of four peptides are detected in weakly polar (frozen) solvents. An aggregate model of four 310-helical trichogin molecules has been proposed.

1. Introduction

The structural properties of peptides provide very important information for understanding the biophysical behavior of complex peptide-membrane systems. Spin labeling of the peptide chain and analysis of molecular dynamics via electron spin resonance (ESR) spectroscopic methods have traditionally been used to provide useful information with regard to structural properties of proteins, both in solution and within biomembranes. Prior to 1990, electron-electron double resonance (ELDOR) and saturation transfer ESR methods were used with spin label probes to study the supramolecular interactions of proteins (cf. Berliner, 1976, 1979, 1989; Dalton, 1985). But since 1990, advances in time domain ESR have opened up new vistas for the study of proteins via spin probes. These include two-dimensional Fourier Transform ESR, which may be used to examine motional dynamics, and electron spin echo (ESE, also known as pulsed) ELDOR, which allow one to measure crystallographic distances between spins via magnetic dipolar interactions. This chapter addresses some of the experimental and theoretical problems associated with the application of pulsed ELDOR to the study of protein structure, as specifically applied to aggregation phenomena and resultant activity of certain peptides (cf. Arsher et al., 1991). 
One such family of membrane active peptides are the peptaibols, which exhibit antibiotic activity via the formation of ion channels and resultant disruption of membrane integrity. They are typically oligomers of less than 20 amino acid residues, and a high proportion of these are non-standard. Besides the occurrence of non-standard residues within the polypeptide chain, the N- and C-terminal amino acids of the polypeptides are also modified by an alkyl group and hydroxyl group, respectively. Trichogin GA IV is a member a peptaibols subfamily (cf. Chugh & Wallace, 2001) that isolated from the mold Trichoderma longbrachiatum. This 10-residue polypeptide contains (-aminoisobutyric acid (Aib) as the non-standard amino acid residue. It is terminated on the C-end by a 1,2-amino alcohol (leucinol) and on the N-end by an n-octanoyl group (Auvin-Guette, et al., 1992). 

Trichogin GA IV displays a number of unique characteristics. Surprisingly, despite of its short main-chain length, it exhibits membrane-modifying properties on liposomes that are comparable to those shown by the longer-chain peptaibols (Auvin-Guette, et al., 1992). Conformational studies in organic solvents (Auvin-Guette, et al., 1992; Toniolo & Benedetti, 1991) suggested that trichogin GA IV has a right-handed, mainly α-helical structure and that the peptide helix has an amphophilic character. Recently these results were confirmed using a spin labeling technique (Miick et al., 1991; Friori et al., 1993). So far, however, only conventional continuous wave ESR (cw-ESR) technique has been applied to the study of spin labeled peptaibols.

Following a precedent set by Hanson et al. (1992), this chapter reviews current results obtained via pulsed electron-electron double resonance (PELDOR), as applied to the problem of conformation and aggregation of spin-labeled trichogin peptides. This work (cf. Milov et al., 1998; 1999; 2000a–d; 2001; Maryasov et al., 1998; Maryasov & Tsvetkov, 2000) started in Novosibirsk in 1998 in collaboration with Professor C. Toniolo of the University of Padova  and Dr. J. Raap of Leiden University.

2. theoretical basis of Peldor spectroscopy

2.1 Magnetic Dipolar Interactions in Inhomogeneously Broadened Spectra

.

ESR is widely used for the investigations of structure and dynamics of paramagnetic centers that are associated with biologically important compounds and/or structures. These paramagnetic centers may be inherent to the structure, such as a metal ion or free radical intermediate associated with an enzyme, or an extrinsic spin probe whose location is designed (cf. Eaton & Eaton, 1989; Hubbell et al., 2000). For the purposes of determining (supra)molecular dimensions in biological structures, crystallographic distances between centers may be measured indirectly via magnetic dipole-dipole interactions. Unfortunately, magnetic dipolar interactions are determined from cw-ESR spectral linewidths (cf. Bales, 1989), and therefore the limits to resolving line width will, in turn, limit the range of crystallographic distances that may be determined. The problem is that the magnitude of dipole-dipole (d-d) interactions, measured as a broadening of the ESR line width, is proportional to 1/R 3, where R denotes the distance between unpaired electrons, and this proportionality factor becomes immeasurably small for the distances greater then 10 Å. For example, d-d broadening is approximately 0.05 mT at R ( 15 Å, and the effect is therefore lost among other inhomogeneous sources of ESR line broadening (anisotropic g-factor, hyperfine interactions, etc.). As an alternative, the pulsed ESR technique, particularly methods based on Electron Spin Echo (ESE), is a superior method of measuring dipolar interactions (Salikov et al., 1976, Salikov & Tsvetkov, 1979; Tsvetkov, 1985). 

The single frequency, double pulse ESE method makes it possible to get information about weak d-d interactions by studying the dependence of the ESE signal amplitude on the time between microwave pulses, denoted as (. This method was successfully applied in 1970s and 1980s for the determination of distances between paramagnetic centers and spatial distribution of radicals in irradiated materials and the other systems (Salikov & Tsvetkov, 1979; Tsvetkov, 1985), but the application of the ESE technique to a particular system is subject to certain constraints. The first of these constraints is spectrometer deadtime, which limits the minimum measurable distance between paramagnetic centers (or the maximum concentration thereof). Secondly, if a given paramagnetic center is surrounded by magnetic nuclei, then the anisotropic hyperfine interaction will modulate the ESE signal decay envelope (Dikanov & Tsvetkov, 1992) and be difficult to distinguish modulations from the d-d interaction. These difficulties may be overcome by introducing a pulse at a second frequency into the pulse scheme (Milov et al., 1981).

An inhomogenously broadened electron magnetic resonance spectrum (Figure 1b) represents an envelope of overlapping spin packets, each of which corresponding to a resonant field/frequency combination or g-value. In a given experiment in which the spectrometer is operated at a single field/frequency combination (corresponding to some g-value within the spectral envelope), a spin packet is selected whose spins, collectively denoted as A, will nutate under the action of the microwave pulses the one field/frequency combination (designated (a). Neglecting spectral diffusion, all other unexcited spins, denoted as B preserve their orientation (Figure 1a). In a conventional two-pulse ESE experiment with the spectrometer   

[image: image32.wmf]t

4

t

3

t

2

t

1

V(

t

3

 ,T)





t

T=

V(

t

 ,T=0)



V

T

t

t

0

2

p

p

p

/

t

2

Echo

V(T=0)

n

B

,

t

n

A

,

n

A

,

b

a

T

0

time

V(T)

Figure 1. a) Dipole-dipole interaction between A and B spins. Spins B produces a local field at spin A position ∆HAB(±) which depends upon B spin projection ±1/2 on external field H0; b) Inhomogeneously broadened ESR spectrum, represented in frequency domain. Spins A and B excited by the pulses at (A and (B, respectively.

operating at frequency (A, the A spins are stimulated and contribute to the echo amplitude. If, however, a second spin packet B is stimulated by a pumping pulse at frequency (B (Figure 1b), then the echo amplitude will be affected by the degree to which the spins of packets A and B interact (i.e. via magnetic dipolar interactions). In practice, the (B pulse is temporally positioned between the two pulses producing the ESE signal at frequency (A (Figure 2a). The time interval between the first pulse at (A and the pumping pulse at (b is 
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Figure 2. a) Sequence of π/2 and π mw pulses at (A separated by time interval τ produce ESE signal at time 2τ, V(T=0). Then pumping π pulse at (B applied at time T, the amplitude of ESE signal changes up to V(T) value; b) ESE signal decay when time interval τ changes V(τ,T=0), τ0 – dead time in ESE two pulse method; τ1, τ2…(i- starting fixed time intervals in PELDOR experiments, V(τi,T) - an example of PELDOR signal decay.

denoted by T. The pulse acting on spins B causes a change in the z-projections of spins B and, as a result, a change in the local magnetic fields at the sites of the spins A (Figure 1a). The magnitude of this change is determined by the d-d interaction of spins A and B. A change in the local fields induced by the pumping pulse, causes additional dephasing of spins A which affects the magnitude of the ESE signal compared to that in the absence of the pumping pulse. It is assumed that in the system under investigation, the spin-lattice relaxation time (T1) is much longer than phase relaxation time of the spins (Tf). A similar approach to measuring d-d interactions via NMR spectroscopy has also been described (Emshwiller et al., 1960).
In cw-ESR spectroscopy the method of exciting the spin system at two frequencies is known as ELDOR spectroscopy. We chose to call the pulsed version of ELDOR as PELDOR, but one can find several complex pulsed ESR techniques for dipolar investigations (Borbat & Freed, 1999; Kurshev et al., 1989; Saxona & Freed, 1996; Jeschke et al., 1998). One such technique goes by the acronym DEER in ESE (Double Electron-Electron Resonance in ESE). These various pulse schemes have some advantages and limitations when compared to PELDOR, and many are reviewed by Schweiger & Jeschke (2001), but in our opinion PELDOR is the experimentally simplest to apply and interpret. PELDOR applications in free radical research are summarized by Tsvetkov (1989) and Milov et al. (1998).

In the PELDOR method one measures the signal amplitude variation with T, denoted here as V (T), for a fixed time interval ( between the pulses that produce the spin echo signal (Figure 2a). Maintaining a fixed time ( avoids the masking influence of dynamic and relaxation processes on the ESE signal from spins A and allows one to explicitly determine the d-d interaction with spins B from the T-dependence of the ESE amplitude (Figure 2b), PELDOR signal decay. It is necessary to emphasize that the minimum T value (or maximum V (T) amplitude) in this case is not limited by the dead time of ESE spectrometer, but only by the duration of the microwave pulses (Figure 2b).

In order to analyze the PELDOR spin-labeled peptide data presented in Section 3, we now present some theoretical results for V (T) decay of different model spatial organizations of the spin system.

2.2 Mathematical Formulation of the Dipole-Dipole Interaction

2.2.1 Case 1: Spatially oriented spin pairs

For a single pair of spins A and B, fixed in space and coupled by the d-d interaction (Figure 1a) the PELDOR signal decay law has the form (Milov et al., 1998):
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In this case pb is the fraction of spin B population that flips under the action of the pumping pulse, or the degree of ESR spectrum excitation at (B. D is the d-d splitting (in rad/s) of the resonance spin A due to interaction with spin B,
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where (  is the gyromagnetic ratio for the electron; ħ is Planck’s constant; R is the distance between the paramagnetic centers; and ( is the angle between the direction of the external magnetic field Ho and the vector which connects the paramagnetic centers (Figure 1a). In order to make Equation (2) generally applicable, the exchange interaction J is included. As written, Equations (1) and (2) reveal that this method allows detection of rather weak d-d interactions, since by definition 
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It is worth mentioning that the lower limit of D is set by the phase relaxation rate 1/Tf. Equation (1) contains the information necessary for analysis of the simplest systems, but this must be averaged correctly for the different disordered systems.

2.2.2 Case 2: Uniformly distributed paramagnetic centers

Let us consider the case when paramagnetic centers are distributed uniformly rather than in pairs over some range of distances. The PELDOR signal decay in this case should be calculated by using the Markoff method (Abragam, 1961) taking into account the influence of all spins B in the sample. If the dynamics of spins B is considered to be independent of each other, then instead of Equation (1) we get for this case
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where the subscript j numbers paramagnetic centers of type B. The angular brackets denote the averaging over their spatial (angle and distance) distribution and the shape of the ESR absorption line. In this general case we assume that the paramagnetic centers are localized isotropically in the volume. Calculations show that for this case PELDOR decay in the a sample with a paramagnetic center concentration C, distributed uniformly over a specified volume:
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where Δω1/2 is the d-d broadening of the ESR line. This expression completely concurs with the general expression for ESE signal decay (Salikov et al., 1976; Salikov & Tsvetkov, 1979).

2.2.3 Case 3: Polyoriented spin pairs 

Equation 1, which expresses the PELDOR amplitude decay V (T) in the case of spatially oriented pairs with fixed distance, can be used to obtain the decay function in the case of fixed distance but polyoriented systems. If the mutual orientations of the fixed radical pairs are arbitrary the following result is obtained after averaging of Equation (1) (Milov et al., 1981, 1998).
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where с and s are the Fresnel integrals
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and
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Equation 7 shows that the d-d and exchange interactions will lead to modulation of the PELDOR echo amplitude. The form of Equation 7 also shows that this amplitude modulation will be damped with increasing T at a rate that depends on the dipolar interaction ( D (Figure 3) and the dispersion of distances separating the interacting spin pairs. In the latter case, the deviation of distance between paramagnetic centers from a fixed value R is [image: image34.wmf]T
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illustrated in Figure 3; the effect can be significant at even a small deviation (R/R = 0.11, and modulation will disappear at (R/R = 0.25.

Figure 3. Simulated modulation the PELDOR echo decay function V(T) for polyoriented fixed distance spin pairs, using Equation 6 parameterized with different spreads in distances: (1) (R/R=0; (2) (R/R=0.1; (3) (R/R=0.25

2.2.4 Case 4: PELDOR in spin groups

In complex spin systems such as spin pairs, spin clusters or aggregates, two types of d-d interactions exist. They are intercluster (interpairs, interclusters, etc.) and intracluster (between spins in pairs, clusters, etc.) dipolar spin couplings. The corresponding PELDOR decays will be denoted as V(T) inter and V(T)intra. If it is assumed that intercluster and intracluster d-d couplings are independent, then the total PELDOR decay can be represented as the product (Milov et al., 1998; Salikov et al., 1979).
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This, in principle, enables one to resolve the influence of intercluster and intracluster d-d couplings on the relaxation in complex systems. From the preceding analyses, Equations (1) and (6) correspond to V(T)intra  and Equation (5) corresponds to V(T)inter in the case of d-d relaxation of diluted frozen solutions of radical pairs or biradicals. Sometimes the term V(T)inter may have a complex structure such as V(T)inter (  
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In many cases spatial groups of paramagnetic centers (i.e. clusters or aggregates) may be formed in which the distance between particles is much smaller then between the groups, for example, due to different clustering processes or upon radiolysis or photolysis of solid. The results of theoretical calculations of the PELDOR signal decay for this situation make it possible to estimate the geometrical parameters of the groups and the number of spins, N, in them.

For simplicity, it is assumed that all paramagnetic centers under investigation are in identical groups and that each group contains N paramagnetic molecules. In order to neglect the probability that more than one spin B flips in the group caused by a pumping microwave pulse at (B, a small the value of (pb N) is taken. In this case the correlation between the positions of spins B in the groups can be neglected. As a result, the relations 1 and 2 of Milov et al. (2000b) are reduced, and the PELDOR signal decay due to dipole-dipole coupling of paramagnets within (intra) the groups will have the form:
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where V(T)intra is the PELDOR signal decay function, and <.......>(R indicates averaging over all possible values of angles and distances between spins inside the group.

The averaging in Equation (12) due to a random orientation of spin groups leads to a fast decay of the echo signal at time T ( T* corresponding to the value of the mean d-d coupling of spins and effective distance Reff 
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According to Equation (12), the function V(T)intra tends to its limit Vp at T(T* (Figure 4a). The Vp value can be obtained from Equation (12) at (cos(D T)( ( 0:
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Equation (14) makes it possible to estimate the number of spin labels in the group, N. To this end it is necessary to know the Vp and pb values (Figure 4b).
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Figure 4. a) PELDOR decay function V(T) in the case of isolated group with N spins in the group and mean distance between spins, Reff; b) Determination of number of spins in group, N, from the experiments with different degree of ESR spectrum excitation pb by pumping pulse.

When there is a distribution over the number of spins in a group, the method described above gives the effective number of spins (Milov et al., 1984). The PELDOR method was used to extract information about the statistics of spin number in groups (Ponmarev et al., 1988, 1990). The solution to this problem is based on the fact that in the presence of a distribution of the number of spins in groups, the PELDOR signal will involve only spins from groups in which the second pulse at (A excites only one spin. The groups, in which two or more spins are excited, will fail to contribute to echo signal due to complete dephasing of the entire spin ensemble at moment 2(. The dependence of the number of spins on pa (the fraction of spins forming the echo signal at (A) will give information on the spin number-distribution function.

2.3 Determination of the parameter pb 

When analyzing the PELDOR decay kinetics it is necessary to keep in mind the physical meaning and the methods for determination of the parameter  pb. The value of pb depends upon the turning angle of the B spins’ magnetization due to the pumping pulse action. This turning angle, (, depends on the difference between the frequencies of pumping pulse and spins under action. When the line width of the spins is small in comparison with the pumping pulse magnitude, all the B spins rotate by the same angle under pumping pulse action. In this case pb takes a simple form:
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where ( = (H1((.  The terms H1 and (( correspond to the amplitude and duration of the pumping pulse (experimental parameters), respectively. For broad ESR lines it is necessary to average Equation (15) on the line shape function. According to Mims (1965), the pb value corresponding to an ESR spectrum with the line shape function I(() (i.e. see Figure 1) could the represented (in the case of rectangular pulses) as
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where (1 ( (H1, and (B is the frequency of the pumping pulse.

This means that it is possible to calculate pb corresponding to a given experimental condition if the pulse shape parameters are accurately known. In practice, however, it is easier to experimentally determine pb from the V (T) decay (see Equation 5) in the case of uniformly distributed paramagnetic centers with the same I((). In this latter case an exponential decay occurs, and if the concentration of paramagnetic centers is known, the rate of decay will give the pb-value. For example, a sample of uniformly distributed nitroxyl spin labels may be used as a standard from which pb is measured. It is also possible to obtain pb using Equation (14) in the case when N is fixed (synthetic radical pairs for example).

2.4 Characteristic distances from PELDOR experiments 

It is possible to estimate the range of distances R that are accessible for measurements using the PELDOR oscillation decay (Figure 2). The smallest possible value of d-d coupling, ( D, is determined by the largest time interval between microwave pulses at (A, (max, at which it is still possible to detect the two pulse ESE signal, denoted V(0) (cf. Figure 2b). This time corresponds to the phase relaxation time Tf and depends upon the paramagnetic center concentration, temperature and other properties of the spin-system. Estimates can be made from the modulation amplitude of the electron spin echo by so-called matrix protons, in which case the limiting process is spin diffusion in the nuclear system (Salikov et al., 1976; Salikov & Tsvetkov, 1979). The phase relaxation time Tf  ~(max  for an organic matrix will therefore be less then ~5 (s. In order to observe single oscillation period in the PELDOR decay function V(T) it is necessary to have ( D (max ( 2(, then the maximum distance Rmax, as determined from Equation (10) is
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This estimation gives Rmax ~ 65 Å at (max = 5 (s.

Assuming the detection bandwidth of spectrometer is wide enough, the minimum value of R, or maximum ( D value is determined by the amplitude of the microwave field, H1, at (B in PELDOR. This field should be enough to excite both lines of the Pake dipolar doublet separated at (D (Maryasov & Tsvetko, 2000). For this case ( D ( 2(H1 and as 2(H1(p ( (, where (p is the duration of pumping pulse, and we have
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At (p ( 30 ns this gives Rmin ( 10 Å, and therefore these estimates show that PELDOR oscillation decay provides the possibility to make measurements of distances in the range from 10 Å to 65 Å.

Another important theoretical scenario occurs when the distance between the paramagnetic centers is determined according to some distribution function n(R). It appears possible to estimate the parameters of this function by analysis of PELDOR decay up to distances of about 100 Å (Milov et al., 1981).

When performing PELDOR experiments at (A and (B frequencies one should have in mind the constraints imposed by the ESR line width and pulse duration. Pulses at (A and (B should be located in the frequency domain within the ESR line width (( and their duration (p should be not too small. The excitation profiles across the entire ESR spectrum should not overlap spectra. This requires: ((A((B)<(( and ((A((B)(p>>1 and prevents measurements by PELDOR for narrow ESR lines and narrow microwave pulses in the time domain. In our studies of nitroxyl radicals (( ( 300 MHz, so that for ((A((B) ( 100 MHz and (p ( 40 ns satisfy the requisite conditions. For narrow ESR lines, other pulse methods may be more convenient to use, for example the «2+1» method (Kurshev et al., 1989).

3. application of peldor to spin probe interactions 

The following sections present cw-ESR and PELDOR results from our investigations of single and double labeled trichogin type peptides. These results pertain to glassy state peptide solutions frozen at 77 K. Experimental measurements of d-d interactions performed on liquid phase samples will appear in the future publications.

3.1 Experimental Details

The PELDOR experiments are performed using a conventional ESE spectrometer equipped with a provision for producing microwave pulses at a second frequency (B (Milov et al., 1981). The microwave power of both sources is applied to a bimodal reflection resonator, and the PELDOR signal (echo) arising at frequency (A is recorded. The detection design also allows one to determine the shape, duration and amplitude of the additional microwave pulse at frequency (B.

A bimodal cavity resonator with two TE102 modes oriented at right angles (Huisjen & Hyde, 1974) is used to simultaneously drive the sample at the two frequencies. In our experience, these resonators are very experimentally convenient because they allow one to use either a Dewar flask or a gas flow system to cool the sample as in the usual ESE experiments. A schematic diagram of the resonator and Dewar flask is shown on Figure 5. In our case, 
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Figure 5. The position of a Dewar flask 1 in the TE102 modes of bimodal resonator 2 for PELDOR experiments. A schematic drawing of H1 fields orientation 3 and 4 in the external magnetic field H0 and specimen position 5 are shown. (Reproduced from Milov et al., 1998).

the isolation between resonators at (A and at (B (at frequencies (A ( 9.4 GHz and (A ( (B ( 100 MHz) was about 20 dB with a quartz Dewar flask introduced into the resonator. The quality factors of the resonator were Qa ( 220 and Qb ( 150. Durations of the first and the second pulse were 40 and 70 ns, respectively. Duration of the pumping pulse was about 40 ns. In experiments we used standard 5 mm o.d. sample tubes 5 mm of 5-6 mm length.

The spin labeled analogues of trichogin GA IV were used to examine their chain conformation and aggregation. In each of these the spin label TOAC replaced one or more of the Aib groups in peptide chain at positions 1, 4, 8, and the C terminal leucinol (1,2 amino alcohol) is replaced by Leu-OMe group (Table 1). It is also possible to change n-Octanoyl N-group to Fmoc. We shall denote the specific trichogin analogues modified by TOAC and FTOAC by numbers according to Table 1 (cf. Hanson et al., 1996). In those experiments requiring spin dilution, we used nonlabeled trichogin peptide, Tric-OMe. The stable nitroxyl radical 2,2,6,6-tetramethyl-1-piperidinyloxy-4-one (TEMPONE) was used as a reference standard nitroxide radical. 

Table 1. Spin-labeled and N-terminal substituted trichogin GA IV (Tric-OMe), structures and its notations used in this paper.
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3.2 Conformational properties of trichogin peptides in polar glassy solutions
3.2.1 Intermolecular d-d interactions in mono and double- labeled peptides

The cw-ESR spectra of spin-labeled peptides FTOAC-1, FTOAC-8, FTOAC-1,8 are compared in Figure 6 with the spectrum of the nitroxyl radical TEMPONE. A 7:3 (v/v) mixture of CHCl3/DMSO was used as the glass-forming matrix at 77 K, and all spectra are typical of nitroxide radicals  
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Figure 6. CW-ESR spectra of spin labeled peptides and TEMPONE in CHCl3/DMSO (7:3) at 77 K: (1) TEMPONE; (2) FTOAC8; (3) FTOAC 1; (4) FTOAC-1,8. Spin label concentrations were ~10-2 M. (Reproduced from Milov et al., 1999).

in frozen glassy solutions. The spectrum of double labeled peptide FTOAC-1,8 is broadened by approximately 0.3 mT more than the line width of the mono-labeled peptides. This broadening of the cw-ESR spectrum, however, is too small to be analyzed correctly.
That the PELDOR technique is much more sensitive than cw-ESR to weak dipolar and exchange spin couplings is illustrated in Figure 7. These data clearly show that the PELDOR echo amplitude decays differently among the samples that are otherwise indistinguishable via cw-ESR. The observed exponential decay is typical for a uniform random distribution of spin labels in the sample volume and conforms to Equation (5).
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Figure 7. PELDOR signal decay due to intermolecular d-d interaction at 77 K. Concentrations of paramagnetic compounds in CHCl 3/DMSO (7:3) are as follows: (1) 7.2 ( 1018 cm-3 FTOAC-1; (2) 6.6 ( 1018 cm-3 TEMPONE; (3) 6 ( 1018 cm-3 FTOAC8. Curves 4, 5 are differences of curves 1, 2 and 3, 2, respectively from Figure 8 (see text). (Reproduced from Milov et al., 1999).

From slopes of the ln V(T) decay profiles in Figure 7 (curves 1-3) the value of d-d broadening is about 0.02 mT. This d-d broadening detected among mono-labeled peptides is one order of magnitude smaller than the broadening measured by cw-ESR lines between the biradical FTOAC-1,8 and the mono-radicals in the same concentration range (ca. 10 (2 M of unpaired electrons). One may conclude that the 0.3 mT broadening observed in the cw-ESR spectrum of the biradical must be attributed to the coupling of spins inside the peptide molecule.

3.2.2 Intramolecular d-d interactions in double-labeled peptides

Returning to the PELDOR echo decay of the double-labeled peptide FTOAC-1,8 (Figure 8), we see that by varying the biradical concentration the decay envelope may be resolved into at least three contributing phenomena. The first of these corresponds to a fast decay during the first 50 ns, followed by a period of weak damping oscillations, and finally by a slow decay at T >50 ns. The last clearly depends on the concentration of the peptide and should be attributed to intermolecular coupling of spin labels, i.e. the dipolar spin coupling between labels belonging to different biradical molecules. The first two characteristics must originate from the coupling inside the biradical peptide.
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Figure 8. PELDOR signal decay at 77 K of double-labeled FTOAC-1,8 in CHCI3/DMSO (7:3) at different mean concentrations of spins in a sample. (1) 1.3 ( 1018 cm-3; (2) 7.6 ( 1018 cm-3; (3) 1.2 ( 1019 cm-3. (Reproduced from Milov et al. 1999).

The contributions of both intramolecular and intermolecular couplings of spin labels to the PELDOR signal decay can be separated using Equations (5) and (11) as follows. Let V1(T) and V2(T) be PELDOR signals corresponding to concentrations C1 and C2 of biradicals, respectively. Taking the logarithm of Equation (11) and using Equation (5) in its exponential form V ( exp [(Cf(T)], we can obtain system of two equations. 
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It follows that subtraction of the appropriate experimental lnV vs. T plots makes it possible to exclude the intramolecular contribution due to the relaxation. Only the intermolecular coupling of biradicals will remain by this procedure. Curves 4 and 5 in Figure 7, for example, are obtained by subtracting curves shown in Figure 8 from each other (respectively curve 2 minus curve 1, and curve 3 minus curve 2). Of note is the fact that curves 4 and 5 in Figure 7 show small but significant differences compared with the linear plots obtained for single labeled compounds (TEMPONE and peptides FTOAC-8, FTOAC-1; see Figure 7, curves 1-3). At short times (T<300 ns) the linearity in the lnV vs. T plots (see curves 4 and 5 in Figure 7) is distorted significantly. Relaxation caused by intermolecular d-d interaction has little effect in this time range as compared with case of randomly distributed molecules. This means that strong intermolecular d-d interaction (at short intermolecular distances) in this system occurs more rarely. This effect indicates that close approach of some spin labels for the double spin-labeled molecules is hampered.

The nitroxide fragments of the single labeled peptides (and TEMPONE) are accessible to each other, and their distribution in space is random, but addition of one more spin label per peptide molecule leads to the loss of such accessibility. The simplest explanation is that TOAC labels become charged in the peptide chain, and the resultant coulomb interaction prevents the nearest approach of biradicals. The Onsager radius for biradicals should be in this case four times more than that for monoradicals. Estimations show that electrostatic interactions could be responsible for this phenomenon. A similar effect was observed for the spin-labeled polyvinylpyridine polymer (Milov & Tsvetkov, 1997), and electrostatic repulsion between the positively charged polymer molecules was considered as a possible reason. This phenomena was studied in detail for charged nitroxide radicals (Milov & Tsvetkov, 2000).

The main difficulty in this case is that the TOAC residue possesses a large electrical dipole moment (the spin label TEMPO has the value of it 3.14 D; Rozantsev, 1970), but seems not to be charged easily. The interaction energy of electrical dipoles strongly depends on the orientations of dipole moments of both labels and of the vector connecting them. Attraction as well as repulsion is both possible. But the correlation of mutual orientations of attracting dipoles is possible in this case and the spatial distribution of the double labeled peptides might be not random. Further experiments are needed to prove the electrostatic nature of the observed phenomenon, for example, by using media with different polarity.

3.2.3 Peptide secondary structure from distance determination 

The relaxation curves for the biradical peptide FTOAC-1.8 in CHCl3/DMSO, shown in Figure 8, can be used to extract the effect of intramolecular d-d interaction on the PELDOR signal. As follows from Equation (19), the intramolecular contribution to the PELDOR echo amplitude is
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The factor in square brackets is proportional to the contribution caused by interparticle interactions. Figure 9 shows the dependence of the PELDOR amplitude on T, after subtracting the intermolecular contribution from the experimental curve 1 (V1) in Figure 8. This is the mean value obtained for two estimations of intermolecular contribution when respectively curve 2 and curve 3 in Figure 8 were used as V2. The concentration dependent factor in Equation (20) was estimated each time from experimental data. The dependence of V(T)intra versus T obtained this way is given by dots in Figure 9 and shows an oscillating decay.
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Figure 9. PELDOR signal decay of double-labeled FTOAC-1,8 caused by intramolecular d-d interaction between spin labels. Curve 1 (dots) is obtained from experimental data given in Figure 8 using Equation 20 (see text for details). Curve 2 shows calculation results for peptide with fixed distance between unpaired electrons 19.7 Å. Curve 3 presents PELDOR signal for uniform distribution over distance in the range 18.7-20.7 Å. The relation between the experimental signal amplitude at T=0 and the fitting curve indicates a 25% fraction of such peptides. Unfitted initial PELDOR signal decay at short time (T<70 ns) is caused by the rest of the molecules. (Reproduced from Milov et al., 1999).

The PELDOR amplitude modulation indicates that the peptides assume a conformation in which the spin labels are far removed with only a small variation in distance (cf. Equations 6-10). The period of the PELDOR modulation corresponds to a frequency of 6.53 ( 0.2 MHz, which, according to Equation (10), corresponds to a distance between unpaired electrons of R ( 19.7 Å. This analysis has neglected exchange for the following reasons: in order to influence the PELDOR signal at a detectable level, the absolute value of J must be more than 2 ( 105 s(1. (J Tmax ~1). Direct exchange interaction caused by overlapping wavefunctions of nitroxyl’s p-electrons becomes less than this value at distances greater than 8-10 Å (Friori et al., 1993). Indirect exchange interaction decrease exponentially with the number of single bonds between unpaired electrons, ca. one order of magnitude per one bond (Parmon et al., 1980), and therefore, because the radical fragments are interconnected by a long chain (more than 20 single bonds), the exchange interaction must be very small.

The modulation amplitude decreases with time T so fast that it seems reasonable to conclude that the width of the distance distribution is not negligible. This is demonstrated by the simulated decay envelope (curve 2 in Figure 9), which was modelled by using a single conformation without any spread in the spin-to-spin distance. In this simulation we set pb as to match the simulated and experimental modulation amplitudes, and yet it is clear that the signal intensity, modulation amplitude or modulation decay are still quite distinct between the experimental data and the calculated curve. This discrepancy between model and experiment was removed by introducing a narrow uniform distribution for the interspin distance in the range between 18.7 and 20.7 Å (curve 3 in Figure 9). This fitting could be interpreted as evidence for multiple conformations of the TOAC spin label, differently oriented in the space (Milov et al., 1999).

The fraction of the biradicals FTOAC-1,8, that produce PELDOR modulation effects is roughly estimated to be about 25% from the relation between the pb value used for this simulation and its estimation from experimental data (pb ( 1 ( V(T( () ( 0.17). The remainder of the molecules (about 75%) have longer distances between the radical fragments with broad distribution over this parameter and a fluidly decaying PELDOR signal (this part of the signal is not fitted in Figure 9).

In order to follow the conformational (or R-distance) changes of peptide due to substitution of N-terminal group together with the changes of glassy solution properties we studied double labeled peptides TOAC-1,8 and FTOAC-1,8 in several polar solvents: methanol, ethanol, TFE and CHCl3/DMSO mixtures of different ratio. All measurements were performed on 2 ( 10(3M solutions cooled at 77 K (Milov et al., 2000a).

After the V(T)inter subtraction from the general PELDOR decay by the same procedure as described above, the V(T)intra part for these measurements is shown in Figure 10.
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Figure 10. PELDOR signal decay due to intramolecular d-d interactions in double-labeled peptides:(1) TOAC-1,8 in TFE; (2) FTOAC-1,8 in TFE; (3) TOAC-1,8 in CHCl3/DMSO(1:1); (4) FTOAC-1,8 in CHCl3/DMSO(7:3); (5) TOAC-1,8 in CHCl3/DMSO(7:3); (6) TOAC-1,8 in ethanol; (7) FTOAC-1,8 in ethanol; (8) TOAC-1,8 in methanol. (Reproduced from Milov et al., 2000a).

In these data only the TOAC-1,8 samples exhibit modulation of the PELDOR signal decay, and only when the peptide is suspended in the CHCl3/DMSO solution. This modulation pattern does not change when we changed the ratio CHCl3/DMSO from 7:3 to 1:1 by volume in the glassy matrix. In other solvents, the PELDOR signal from FTOAC-1,8 is not modulated in the T range 100-700 ns. As before, the oscillation period V(T)intra obtained from the CHCl3/DMSO samples yield a distance R between spin labels, and from the initial modulation amplitude the relative fraction of peptides in the sample that correspond to this distance. All these data are collected in Table 2.

Table 2 PELDOR results of distance determination (in Å) and corresponding fraction of double labeled trichogins (in %) adopted fixed distance conformation in different glassy matrix at 77 K

	Peptide
	Glassy Matrix

	
	CHCl3/DMSO
	CF3CH2OH
	CH3OH
	CH3CH2OH

	FTOAC-1,8
	19.7

25%
	
	
	

	TOAC-1,8
	19.7

30%
	15.3

15%
	19.7

36%
	21.8

31%


Table 3. Calculated distances (in Å) between spin labels in TOAC-1,8 type trichogin in different helix conformations

	Reference
	Conformation

	
	(
	310
	27
	25

	7
	11.0
	14.0
	22.0
	28.0

	38
	12.04
	13.98
	
	

	39
	10.06
	14.08
	
	


The distance R obtained from the PELDOR decay should correspond to the distance between labels at the particular peptide chain conformation. In order to calculate this parameter for different molecular conformations we use the known structure parameters of these peptides obtained by X-ray analysis (Monaco et al., 1999). When the backbone torsion angles of peptide FTOAC-1,8 were adjusted to generally accepted values for secondary structures like (-, 310-, 27- and 25-helix, the distances between the labels could be calculated. The calculated values (Milov et al., 1999; Monaco et al., 1999; Anderson et al., 1999) are collected in Table 3. It is evident from the calculated and measured R values that TOAC-1,8 and FTOAC-1,8 in all frozen solutions, except in TFE, adopt a ribbon like conformation 27-helix type. In the case of the TFE matrix TOAC-1,8 adopts a 310 conformation, while FTOAC-1,8  has no fixed distance conformers with the exception of CHCl3/DMSO solutions.

This observation seems to be rather unusual in view of the fact that Aib- and TOAC-residues are generally accepted to be strong promotors of (- and 310-helical conformations in peptaibol molecules (Karle & Balaram, 1990; Toniolo & Benedetti, 1991; Toniolo et al., 1998). Only the fully extended structure has been reported for a homo-tripeptide based on a C(-amino acid (Aubry et al., 1994). The crystallography data (Monaco et al., 1999) shows that the distance between spin-labels in TOAC-1,8 is R ( 11.4 Å and from the half-field cw-ESR signal intensity analysis R was found (Anderson et al., 1999) for this peptide as 12.0 Å.

PELDOR data for TOAC-1,8 and FTOAC-1,8 evidently shows that the conformation type strongly depends upon the properties of the solvents and the structure of the peptide. It is not clear at the moment if one should attribute these effects to conformational properties of the particular peptide at low temperatures, or to the structure and polarity of these solvents that form a glassy matrix. It is evident, however, that the comparison between the data obtained by different methods will be possible only for the same experimental conditions (temperature, matrix, etc.)

3.3 Self-assembly of trichogin peptides in weakly polar glassy solutions

In this section we examine self-assembly of spin labeled trichogin GA IV analogues by using PELDOR method. It is generally assumed that the membrane modifying properties of peptaibols are due to formation of amphiphilic helix bundles with polar groups pointing to the inside of the bundle and hydrophobic groups projecting towards the hydrophobic membrane. But in spite of a variety of investigations, experimental data on the formation of peptide clusters in the phospholipid bilayer or even in membrane mimicking hydrophobic solvents are still lacking. As it was shown in the preceding section, trichogin does not aggregate in polar glass-forming solvents. In the following sections data are presented in which PELDOR was used to investigate the effects of less polar solvents on the self-assembling properties of this particular antibiotic peptide. 

3.3.1 Aggregation of peptides: detection and investigation 

As the first step of our investigation of spin labels d-d couplings we have measurements for frozen solutions of FTOAC-4 and TOAC-1 in chloroform-toluene (7:3). This solvent mixture is appropriate because it contains components of low polarity, the peptides are readily dissolved, and it forms a transparent glass upon freezing to 77 K. An additional solvent system, chloroform-toluene-ethanol (3.5:1.5:5), was also examined in order to reveal the effect of a polar solvent on the intermolecular interaction between peptides. We also present PELDOR data on the double labeled peptide FTOAC-1,8 in frozen methanol solution, which will be used as the reference for the determination of experimental parameters in the analysis of the PELDOR results for peptide FTOAC-4 and TOAC-1.

cw-ESR spectra of the spin labeled peptides FTOAC-4, TOAC-1, FTOAC-1,8 are shown in Figure 11. The microcrystalline powder spectra (curves 1 and 2) are simple singlets, whose widths are caused by strong d-d and exchange interactions between spin labels at short distances within the crystals. The spectra of frozen peptide solutions (curves 3-7) are typical for nitroxide radicals under these conditions. The spectral shapes indicate that freezing of solutions does not cause peptides to segregate into a separate phase.
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Figure 11. CW-ESR spectra of peptides FTOAC-4, TOAC-1, FTOAC-1,8 in the solid phase at 77 K: (1 & 2) dry powder of peptides FTOAC-4 and TOAC-1; (3 & 4) peptides FTOAC-4 and TOAC-1 in a chloroform-toluene mixture; (5 & 6) peptides FTOAC-4 and TOAC-1 in a chloroform-toluene-ethanol mixture; (7) double-labeled peptide FTOAC-1,8 in methanol. (Reproduced from Milov et al., 2000b).

Curves 1 and 2 in Figure 12 illustrate the PELDOR signal decays, V(T), for two single labeled peptides FTOAC-4 and TOAC-1 in glassy chloroform-toluene. A comparison between these results and phase relaxation data for polar solvents (Figure 7) reveals two unusual features. The first peculiarity is a fast decrease in the amplitude of V(T) at the initial time region up to T ( 150 ns. A fast decrease of the V(T) in this time region indicates the existence of compact groups of spin labels in the system under study instead of a uniform spatial distribution of spins (Figure 4). A strong d-d coupling of spin labels within a group leads to a fast dephasing at short times. This type of dependence was repeatedly observed in glassy solutions of biradicals (Milov et al., 1998; Ponomarev et al., 1998) and double-labeled peptides (Milov et al., 1999). The latter represent a simple case of groups consisting of two spins that is exemplified by curve 5 in Figure 12 obtained for a frozen solution of double labeled peptide FTOAC-1,8 in methanol. By comparing curves 1, 2 and 5 in Figure 12 one sees that, within the initial time region, the depth of the fast PELDOR signal decay of peptides FTOAC-4 and TOAC-1 is much greater than that of peptide FTOAC-1,8 whose structure contains only two spin labels. According to Equation (14), a substantially greater depth for peptides FTOAC-4 and TOAC-1, relative to the corresponding value for the biradical, indicates that these compounds form aggregates of more than two peptide molecules.
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Figure 12. PELDOR signal decay for glassy peptide solutions at 77 K: (1 & 2) peptides FTOAC-4 and TOAC-1 in a chloroform-toluene mixture, respectively; (3 & 4) peptides FTOAC-4 and TOAC-1 in a chloroform-toluene-ethanol mixture, respectively; (5) double-labelled peptide FTOAC-1,8 in methanol. (Reproduced from Milov et al., 2000b).

The second remarkable feature of Figure 12 is the presence of a slower decrease in the time region at T>150 ns, which is accompanied by signal modulation. The slow decrease of V(T) is related to the d-d coupling of spin labels belonging to different aggregates. Since this coupling is almost independent of the interaction between spin labels within the aggregate, the total decay of the PELDOR signal can be considered as the product of two time dependencies: V ( Vinter Vintra (see Equation 11).  The V(T) modulation that is observed in curves 1 and 2 of Figure 12 are related to the interaction of labels within aggregates (Vintra) and are of the same origin as the PELDOR modulation obtained from biradicals and double labeled peptides which have been measured in frozen polar glassy solutions. These modulations indicate that the aggregates of peptides FTOAC-4 and TOAC-1 have fragments with a fixed structure in which the distances between spin labels have a minor spread. These distances can be estimated from the period of oscillations.

Adding ethanol to the otherwise low polarity mixture of chloroform-toluene markedly changes the behavior of the PELDOR signal decay, as shown in curves 3 and 4 of Figure 12. As compared with curves 1 and 2, the signal decay now has no fast decay component at short T and no oscillations. Curves 3 and 4 in Figure 12 can be described by a simple exponential decay, typical for a random distribution of spin labels in the bulk (part 2). Transitions from dependencies 1 and 2 in Figure 12 to 3 and 4 after addition of ethanol to the chloroform-toluene mixture strongly indicate dissociation of peptide aggregates into their monomeric constituents. 

Figure 13 shows the cw-ESR spectra of peptides FTOAC-4 and TOAC-1 in the same solvent mixtures at room temperature. Spectra 1 and 2 are broader than spectra 3 and 4, which allows one to conclude that peptide aggregates do also exist in liquid solutions at room temperature. The broadening effect can be caused by additional spin relaxation in the aggregates due to d-d or exchange interactions of spin labels. Similar cw-ESR spectra were observed for some double-labeled peptides in other solutions at room temperature (Friori et al., 1993). An additional contribution to the linewidth from the anisotropy of the hyperfine interaction and g tensors is also possible in the case of a slow rotational mobility of aggregates. A detailed analysis of these effects is currently in progress.
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Figure 13. Solution CW-ESR spectra of peptides FTOAC-4 and TOAC-1 solution at room temperature: (1 & 2) peptides FTOAC-4 and TOAC-1 in a chloroform-toluene mixture; (3 & 4) peptides FTOAC-4 and TOAC-1 in a chloroform-toluene-ethanol mixture. (Reproduced from Milov et al., 2000b).

3.3.2 Quantitative Estimates of Peptide Aggregation

The number of peptide molecules in the aggregate can be estimated by applying the theoretical models of PELDOR decay (Section 2) to curves 1 and 2 in Figure 12). To do so we shall use the formulaic model corresponding to the scenario in which the spins occur in groups, for which it is necessary to obtain the limiting value of PELDOR decay function Vp (see Equation 14).

It is difficult to make a reliable determination of Vp directly from the experimental decay V(T) (Figure 12), because V(T) is the product of V(T)intra and V(T)inter. The V(T)intra function, after the fast decay at short T, can have oscillations around its Vp value if a fraction of the spins in an aggregate has a fixed distance. At the same time, V(T)inter smoothly depends on T in a similar way as appears in curves 3 and 4 (Figure 12). This means, unfortunately, that the increasing influence of the V(T)inter part of the decay and the incomplete attenuation of the oscillation do not permit us to get the precise value of Vp from the experimental curves 1 and 2 at long T values, as predicted by calculations (Figure 4). However, at short T values the contribution to the total V(T) decay by V(T)inter is relatively small and we can assume that V(T) ~ V(T)intra. This means that the depth of the initial fast decay of the experimental V(T) function at short T corresponds to the Vp value with an uncertainty determined by the oscillation amplitude. Therefore the Vp value was taken from the mean V(T) at T ( 150 ns for curves 1 and 2 (Figure 12). The fast decay is by then over and the slow decay of V(T)inter is not significant, due to the low interaction between spin labels in different aggregates. This estimate gives the mean value of Vp ( 0.51 ± 0.01 for both peptides FTOAC-4 and TOAC-1.

In order to determine the pb value for peptides FTOAC-4 and TOAC-1, we used the V(T) function of the double labeled peptide FTOAC-1,8 (curve 5 in Figure 12). This approach is possible since the pb value is only a function of the ESR line shape and pumping microwave pulse parameters according Equation (16). Therefore, the value of pb is the same for all peptides under investigation because the ESR spectra and the experimental PELDOR parameters are the same for all peptides. We chose the double labeled peptide FTOAC-1,8 in methanol as in this case we have no modulation in the V(T ) decay function. This property gives us the opportunity to determine pb from the depth of the initial decay at short T. For double labeled peptide FTOAC-1,8 N ( 2 and the Vp value obtained is 0.8 ± 0.01. After substituting N ( 2 and Vp ( 0.8 into Equation (14), we obtain pb ( 0.2, which can be used in the estimation of N for peptides FTOAC-4 and TOAC-1.

By substitution of Vp ( 0.51 ± 0.01 and pb ( 0.2 ± 0.01 into Equation (14), we obtain N ( 4 ± 0.3 for both peptides. Thus, the quantitative estimate shows that peptides FTOAC-4 and TOAC-1 form aggregates consisting of four molecules within a chloroform-toluene mixture. Note that the assumption we have made above about the absence of a spread in N needs additional verification. If N varies for different aggregates, only a mean effective value can be determined using the method that has been developed (Milov et al., 1984; Ponomarev et al., 1988).

It is possible to roughly estimate a mean value for distances between the labels within the aggregate from the time T* of the fast decay function V(T) (see Equation 13). This time corresponds to the mean value of d-d interaction. For T* in the range 100(150 ns, this will give Reff ( 30(36 Å and gave us an upper limit for the aggregate dimension.

More correct distance values between spin labels in the aggregates can be calculated from the frequency of oscillations of the PELDOR signal. The experimental values of oscillation frequencies are 2.51 ( 107 rad/s for peptide FTOAC-4 and 1.85 ( 107 rad/s for peptide TOAC-1. Using Equation (10) for the oscillation frequency, we obtain a distance of 23.5 Å for peptide FTOAC-4 and 26.0 Å for peptide TOAC-1. The estimated error in the R depends on the error in the measurement of oscillation frequencies and does not exceed 1.5%.
Although the position of the spin label in the primary structures of peptides FTOAC-4 and TOAC-1 is different, the difference between the observed distances of the respective peptides is not large. As mentioned above, oscillations indicate the existence of rigid structural fragments in the aggregates without rather small any spread in distances between spin labels. Not all the possible distances between spin labels are manifested in our experiments. We are likely to observe oscillations due to pairs of spin labels with relatively small distances, because these pairs are located in rigid fragments of the aggregate. Therefore, it should be particularly emphasized that the values of distances obtained from oscillations can only characterize the size of the rigid part of the aggregate structure.

3.4 Aggregation effect as general properties of peptides in weakly polar glassy solutions

As described in previous section for peptides FTOAC-4 and TOAC-1, the oscillation frequency and amplitude of PELDOR signal decay depend upon the position of spin labels in the peptide structure and the difference in the structure of terminal peptide groups which could affect the structure of aggregates. These preliminary observations require additional investigation of PELDOR relaxation effects in spin labeled peptides aggregates: changing the structure of peptides, the position of label and the properties of solvents (polarity, ability to form complexes, etc.). To start this program we have studied the d-d relaxation for the group of trichogin peptides TOAC and FTOAC types (Table 1), both singly labeled in positions 1, 4 and 8 and doubly-labeled 1,8. As before, the latter peptide FTOAC-1,8, was used to measure experimental parameters based on the study of the intramolecular d-d interaction of its two spin labels. A solution of the nitroxyl radical TEMPONE was used to examine the random distribution of spins in solid glass.

As a solvent for peptides and TEMPONE, we used the chloroform-toluene mixture in a 1:1 ratio by volume. In addition, to elucidate the influence of solvent properties, the solutions of peptide TOAC-4 were also studied in mixtures of chloroform-decalin in a 1:1 ratio, dichloroethane-toluene in a 1:2 ratio and tetrachloromethane-toluene in a 1:2 ratio by volume. To avoid the aggregation, we have studied solutions of FTOAC-1,8 in polar solvent ethanol. In addition to glass composition differences, we also recorded a wider time T domain, which allowed a more detailed study of peculiarities in the PELDOR relaxation decay V(T). For comparison under the same conditions, the data are given for TOAC-1 and FTOAC-4 peptides studied in previous part.

In Figure 12 the V(T) decay corresponding to TOAC-1 and FTOAC-4 in the non-polar glass mixture featured a rapid amplitude decrease at short times (T ( 150 ns), which indicates the formation of aggregates from mono spin-labeled peptides. The same rapid decay of ELDOR signal amplitude was found for all mono-labeled peptides in various solutions studied in this part. A strong d-d interaction of spin labels in the aggregates leads to fast decay of the PELDOR signal during the initial time period followed by oscillations caused by peptides in the aggregates with a mutual regular arrangement of spin labels inside the aggregates. 

Figure 14 shows the effect of spin label aggregation on the PELDOR signal decay. The ln(V/Vinter) curves for all spin labeled peptides in the chloroform-toluene mixture was obtained by subtracting the Vintra part from the PELDOR decay in the manner described by Milov et al. (2000d). The data obtained for TOAC-4 in other solvents are given in Figure 15. The modulation frequencies and the corresponding distances calculated using Equation (10) are presented in Table 4 along with the Vp values measured from the curves shown in Figures 14 and 15. The mean quantities of labels in aggregate, N are calculated using Equation (14). This quantity was determined for all peptides by using pb ( 0.17 calculated from Equation (14) for FTOAC-1,8 containing two spin labels and served as the N-reference specimen.
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Figure 14. PELDOR signal decay due to d-d interaction of spin labels in aggregates of mono labeled peptides in a glassy frozen (77 K) mixture of chloroform-toluene (1:1): 1- FTOAC-1; 2- FTOAC-4; 3 – FTOAC8; 4 – TOAC-1; 5 – TOAC-4; 6 – TOAC8; 7 – FTOAC-1,8 in ethanol. (Reproduced from Milov et al., 2000d).
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Figure 15. PELDOR signal decay due to d-d interaction of spin labels in aggregates for glassy solutions of single labeled peptide TOAC-4 in the solvents: (1) chloroform/cis-trans decalin 1:1; (2) tetrachloromethane/toluene 1:2; (3) dichloroethane / toluene 1:2. (Reproduced from Milov et al., 2000d).

The ln(V/Vinter) plots versus T shown for single labeled peptides in Figure 14 are different for the structure of terminal group and the position of spin label in peptide. Curves 1-3 refer to peptides containing Fmoc as a N-terminal group, curves 4-6 refer to the peptides with the N-terminal n-octanoyl group. As follows from the Figure 14, the structure of the terminal group has a weak effect on V(T) whereas the oscillation amplitude and frequency strongly depend on the position of spin label in the peptide structure. Note that the oscillation amplitude and frequency measured for TOAC-1 and FTOAC-4 are close to those given earlier (Figure 12). The minor difference can be assigned to the different compositions of solvents.

The occurrence of two modulation frequencies in the case of TOAC-4 peptide is of interest (Table 4). This can indicate either the existence of two fixed distances inside the aggregate or the possible existence of the two different types of aggregates with different distances between spin labels. Unfortunately, the data available do not allow us to choose between these possibilities.

Figures 14 and 15 for TOAC-4, TOAC-1 and FTOAC-4 indicate that the aggregate properties depend on the solvent nature and composition. It appears from the figures that all parameters, such as frequency, amplitude and modulation damping rate, change when one solvent of the binary solvent mixture is changed. This is best observed when comparing the V(T) decay for TOAC-4 solutions in the chloroform-toluene (Figure 14, curve 5) and chloroform-decalin (Figure 15, curve 1) mixtures. After substituting toluene by decalin, the modulation frequencies decrease and the modulation damping rate increases, which can be assigned to some ‘loosening’ of aggregates and disorder in their structure. It is noteworthy that despite some variation in modulation amplitude and damping that are attributable to peptide structure and solvent properties, the distances between spin labels (Table 4) in aggregates are grouped around the values of 23, 26 and 33 Å.

It is worthwhile to emphasize that the use of experimental Vp values for determining the number of labels in aggregates from Equation (14) is sure to give the correct number of labels in the aggregate providing that all aggregates in solution contain an identical number of labels. In the case of a distribution in the number of labels within the population of aggregates or in the presence of some fraction of monomeric peptide molecules, the Vp value depends not only on the parameter of the pumping pulse pb but also on the similar parameter pa of pulses forming echo signal (Milov et al., 1998; Ponomarev et al., 1990). The effective number of N found from the experimental Vp value will be in this case lower than the true mean number of labels in aggregates. In this case, the parameters of the distribution in the number of labels in aggregates can be estimated by the approach given by Milov et al. (1998) and Ponomarev et al. (1988). This approach will need additional measurements with changes of the pb and pa parameters.

Table  4. Experimental frequencies of oscillations, distances between spin labels R, Vp and N values for different spin labeled peptides. 

	Peptide
	Solvent Mixtures
	Frequency, MHz
	R(Å)
	Vp ( (%
	N ( 4%

	FTOAC-1,8
	Ethanol
	
	
	0.17
	2

	FTOAC-1
	Chloroform:Toluene

(1:1)
	
	
	0.67
	3.14

	FTOAC-4
	Chloroform:Toluene

(1:1)
	3.85(0.15
	23.7(0.3
	0.6
	3.75

	FTOAC-8
	Chloroform:Toluene

(1:1)
	5.0(0.25
	21.8(0.36
	0.64
	3.4

	TOAC-1
	Chloroform:Toluene

(1:1) 
	2.5(0.3
	27.4(1.1
	0.63
	3.5

	TOAC-4
	Chloroform:Toluene

(1:1)
	4.3(0.2

1.5(0.2
	22.9(0.35

32.5(1.4
	0.6
	3.75

	TOAC-4
	Chloroform:cis,trans Decalin

(1:1)
	3.3(0.2

1.2(0.2
	25(0.5

35.0(1.9
	0.62
	3.56

	TOAC-4
	CCl4:Toluene

(1:1)
	4.3(0.2

1.5(0.2
	22.9(0.35

32.5(1.4
	0.58
	3.92

	TOAC-4
	ClCH2CH2Cl:Toluene

(1:1)
	4.3(0.2

1.5(0.2
	22.9(0.35

32.5(1.4
	0.54
	4.3

	TOAC-8
	Chloroform:Toluene

(1:1)
	4.5(0.2
	22.6(0.33
	0.66
	3.23

	FTOAC-4
	Chloroform:Toluene

(7:3)
	4.0(0.16
	23.5(0.3
	0.51
	4.0

	TOAC-1
	Chloroform:Toluene

(7:3)
	2.9(0.1
	26.0(0.4
	0.51
	4.0


The values of the effective number of spin labels N in aggregates (Table 4) vary from 3.1 to 4.3 depending on the peptide structure and solvent composition. As mentioned above, this distribution in the number of labels can be related to the distribution in the number of labels in aggregates or the presence of the uncontrolled number of unbounded peptide molecules in solution. A change in these parameters with peptide structure and solvent composition can lead to the corresponding changes in the N value determined from Equation (14). In addition, a certain error in the measurement of N can be caused by differences between the pb values of the studied peptides and pb for double-labeled peptide FTOAC-1,8 chosen as a reference with N ( 2. These differences can arise from the fact that the pb value is the convolution of the absorption line shape of ESR spectrum with the pumping pulse parameters (Equation 16) and the deviations of the determined value of N from its true value can be due to the slight differences in ESR spectra. Therefore we have at least two reasons for a spread in N values.

3.5 Conformational structure of trichogin inside the aggregates

It has shown in the preceding sections how PELDOR may be used to analyze the structure of a supramolecular cluster or aggregates of spin-labeled peptides in frozen glassy solutions by extracting information about the intermolecular distances between spin labels from d-d couplings. Based on the experimental data obtained we showed that the number of peptide molecules in aggregate of trichogin GA IV is close to four.

The data on magnetic d-d relaxation obtained by PELDOR in frozen glassy solutions of single-labeled peptides indicate that the aggregates include peptide chains with a fixed structure whereas the intermolecular distances between spin labels show minor spreading. This observation allows one to assume a fairly ordered spatial structure of the peptide within the tetrameric cluster. It is therefore of interest to experimentally determine the secondary structure adopted by the peptide within the aggregates.

One approach to secondary structure analysis within the aggregate is to examine the intramolecular magnetic dipole coupling of two spin labels incorporated at well-defined positions in the peptide chain. In this way one can get information about the distance between labels of an individual peptide molecule, which should differ among the peptide conformational states (Table 3), and therefore comparing experimental and calculated distances can provide the evidence of a particular peptide conformational state. Towards this end we have studied the intramolecular d-d couplings of aggregated TOAC-1,8 (Table 1; cf. Milov et al., 2001). 

Intramolecular d-d couplings from TOAC-1,8 are resolved from intermolecular d-d couplings by spin dilution using the unlabeled peptide Tric-OMe.  This mixture was then dissolved in the weakly polar chloroform-toluene solvent (7:3) mixture, under which conditions aggregates are formed. With adequate spin dilution, each peptide aggregate contributing to the PELDOR data will contain at most one double-labeled peptide per aggregate, since the fraction of aggregates with two and more double-labeled peptides will be negligible, and therefore the resultant PELDOR data will correspond to intramolecular d-d interactions coming from a single represtenative peptide within an aggregate. For comparison purposes, we shall use PELDOR data obtained from TOAC-1,8 in a polar (non-aggregate forming) solution of TFE.

Figure 16 shows the cw-ESR spectra of TOAC-1,8 peptide. The spectrum in the dry powder form at 77 K (curve 1) is a single line whose width between the extreme is 3.2 mT. By contrast, the ESR spectrum in frozen glassy TFE ((10-2 M, curve 2) features an anisotropic triplet that is typical of TOAC labeled peptide in a diluted glassy solution. The difference between spectra 1 and 2 is probably due to the strong exchange coupling of spin labels due to their high concentration in the powder.

[image: image47.wmf]0

100

200

300

400

500

600

0,6

0,7

0,8

0,9

1,0

1:0

6:1

1:3

1:10

1:0

T

 (ns)

5

4

3

2

1

V

/

V

inter


[image: image48.wmf]-100

0

100

200

300

400

500

600

700

0,75

0,80

0,85

0,90

0,95

1,00

1,05

8

7

6

5

4

3

2

1

T

 (ns)

V

(

T

) a.u.

Of interest is the considerable difference between the spectra of peptide TOAC-1,8 in polar TFE and in weakly polar chloroform-toluene solution (Figure 16, curves 2 and 3). In the case of the chloroform-toluene mixture a substantial broadening of the components and a general change in the spectral shape are seen. Since the difference in concentration of peptide TOAC-1,8 in the two solutions is negligible, this change might be explained by formation of aggregates, as has been found previously for single spin-labeled trichogin peptides in nonpolar solvents. Note that in this case the effect of aggregation leads to a more considerable change in the ESR spectral shape than it has been revealed for the aggregates consisting of single spin-labeled peptides (Figure 11). Thus, the cw-ESR data for the double spin-labeled peptide TOAC-1,8 for the first time definitely confirm the previously observed phenomenon of aggregation of single spin-labeled peptides in apolar solvents.

Curve 4 in Figure 16 refers to a mixture of double labeled peptide TOAC-1,8 and unlabeled peptide Tric-OMe in a frozen chloroform-toluene mixture. The ratio of double labeled to unlabeled peptides is 1:10. It turns out that a decrease in the fraction of double labeled peptide molecules in aggregates, owing to the addition of unlabeled peptide, causes a substantial narrowing and higher resolution of the ESR spectrum. These changes are related to a decrease in the intermolecular d-d coupling of spin labels with a decreasing fraction of spin-labeled peptide molecules inside the aggregates. Note that the ESR spectral shape becomes close to the ESR spectrum of peptide TOAC-1,8 in TFE. This is an obvious result from the point of view of magnetic d-d interactions in the tetramer, as the dilution from eight to two spins per cluster is the same as that taking place in the dissociation of the aggregate to the monomeric peptide in a polar solvent.

Our conclusions regarding the aggregation of peptide TOAC-1,8 in chloroform-toluene are confirmed by the PELDOR data. Figure 17 shows the PELDOR signal amplitude decay ln V(T) for a mixture of peptides TOAC-1,8 and Tric-OMe in a chloroform-toluene (1:3) glass at 77 K. Curves 1-3 were obtained for different total concentrations of the peptide while keeping the ratio of peptide TOAC-1,8 to Tric-OMe constant. The concentration-independent fast decrease of V(T) at T < 100 ns, followed by weak signal oscillations, refers to the coupling of spin labels inside the peptide cluster. At T > 100 ns, the decrease of the amplitude is dependent on peptide TOAC-1,8 concentration and can be referred to the interaggregate spin coupling signal.
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Figure 17. Dependence of ln(V) on T for glassy solutions of mixtures of peptides TOAC-1,8 and Tric-OMe (ratio 1:3) in chloroform-toluene at 77 K. The concentrations of peptide TOAC 1,8 for curves 1, 2 and 3 are 1 ( 10-3 M, 2.5 ( 10-3 M and 5 ( 10-3 M, respectively. (Reproduced from Milov et al., 2001).

This time dependent behavior of V(T) makes it possible to resolve intra- and inter-aggregate d-d interactions by using Equation (16). To this end, after the initial fast signal decay, the experimental dependence ln(V) was considered to decay with time only due to the spin coupling between aggregates and is represented by the second-order polynomial (Milov et al., 1999; 2000c) with regard to T in the form of a smooth non-oscillating curve lnVinter. As an example, this dependence is shown in the form of a smooth curve for experimental curve 2. As in the previous part, by subtracting the lnVinter dependence from the experimental curve 2 we found the V/Vinter ratio close to Vintra and sufficient to estimate the oscillation frequencies as well as the Vp values.

Curves 1-5 in Figure 18 illustrate the dependence of V/Vinter on T at 77 K, for different ratios of double labeled and unlabeled peptides in chloroform-toluene (curves 1-4) as well as for peptide TOAC-1,8 in TFE (curve 5). In general, the data show the characteristic features of spin aggregation, namely, a fast decrease in the PELDOR signal at T<100ns followed by passage beyond the limiting Vp value, accompanied in some cases by rapidly attenuating modulation.
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Figure 18. Dependence of V/Vinter on T for the frozen glassy solutions of the mixtures of peptides TOAC-1,8 and Tric-OMe at different ratios of peptides: (1) TOAC-1,8 in chloroform-toluene; (2) TOAC-1,8/Tric-OMe (6:1) in chloroform-toluene; (3) TOAC-1,8/Tric-OMe (1:3) in chloroform-toluene; (4) TOAC-1,8/Tric-OMe (1:10) chloroform-toluene; (5) TOAC-1,8 in TFE. (Reproduced from Milov et al., 2001).

By comparing curves 1 and 5 in Figure 18, it is seen that the Vp value for peptide TOAC-1,8 in the aggregated form (curve 1) is smaller than that for the same peptide in the monomeric form (curve 5). The Vp value observed for curve 5 corresponds to two spin labels per monomeric peptide. According to our data presented in the preceding sections, the number of molecules in the aggregate is about four. Therefore, the number of spins per aggregate for curve 1 should be about eight. According to Equation (14), when pb is constant Vp will decrease with increasing number of spin labels, N, in the aggregate. This corresponds qualitatively in the change of the experimental Vp value (Figure 18, curves 1-4). It is necessary to stress that it is rather difficult to calculate quantitatively N values from curves 1-4, Figure 18. This analysis is complicated by the pb dependence upon the labeled/unlabeled peptide ratio which corresponds to the dependence of ESR spectra shape upon this value (Figure 16).

Figure 18 shows that dilution of double labeled peptide TOAC-1,8 by unlabeled peptide Tric-OMe leads to both an increase in the Vp value and the appearance of oscillations in the dependence of V/Vinter on time T. The modulation period determined for curve 4 recorded for the peptides TOAC 1,8/Tric-OMe mixture (at a 1:10 ratio) in chloroform-toluene is 75 ( 5 ns. This value is, within experimental error, equal to the modulation period derived from curve 5 for peptide TOAC-1,8 in TFE. This coincidence looks accidental and shows only that the conformation of TOAC-1,8 in TFE and in the aggregate are closely related.

An increase in Vp and changes in the ESR spectra by dilution of double labeled peptide TOAC-1,8 by unlabeled peptide Tric-OMe correspond to a decrease in the mean number of spin labels in the aggregates. Thus, at a fairly high degree of dilution by unlabeled molecules, the fraction of aggregates containing more than one double spin-labeled peptide molecule becomes small. Then, the main contribution to the dependence of V/Vinter on time T will be made by the intramolecular coupling of labels in the isolated double spin labeled molecules that are hidden in the aggregates. This makes it possible to estimate the intramolecular distance between two spin labels.

The modulations of V/Vinter on time T in Figure 18 indicate that some fraction of peptide TOAC-1,8 molecules, in aggregates as well as in TFE, has a fixed distance structure in which the intramolecular distances between spin labels are fixed with a minor spread. In this case the mean distances R between spin labels in this fraction can be estimated from the experimental modulation frequencies using the Equation (10). In particular, using this equation and the observed modulation period ( value 75 ( 5 ns, we get the intramolecular distance between spin labels of peptide TOAC-1,8 in the aggregate, i.e. R = 15.7 Å. According to Equation (10), the error for R, dR = 2.3% is calculated from the experimental error of the oscillation period (d(/( = 0.07) using the relation dR/R = d(/3(.

The estimation of distance between spin labels for double labeled peptide TOAC-1,8 in TFE (Figure 18, curve 5) gives the value 15.4 Å. Within experimental error, this value is equal to the between labels distance of 15.3 Å obtained earlier for double labeled peptide in TFE (Table 2). The analysis performed in previous part (Table 3) shows that this distance most closely corresponds to a 310-helical structure.

Two remarks have to be made at this stage. First, the peptide conformation is, considering the flexible nature of peptides, most likely the average of different segmental conformations. Second, the conformation is in agreement with the secondary structure that has been proposed earlier based on a set of intermolecular distances between spins of single labeled peptides in the aggregate measured with the PELDOR technique. Thus, the data obtained confirm the possibility of the 310-helical conformation for at least a part of the peptide molecules in the aggregate. The coincidence of modulation frequencies and the close values of modulation amplitudes for peptide TOAC-1,8 in the aggregated state and glassy TFE indicate a similar spatial structure of peptide TOAC-1,8 under these two different conditions.

As mentioned in the previous section, when studying the frozen TFE solution of peptide TOAC-1,8, the observed modulation amplitude is much smaller than that expected from theoretical calculations for a pair of spins at a fixed distance (Figure 3). A similar behavior is shown by peptide molecules included in aggregates (Figure 18, curve 4). This is indicative for the fact that the aggregated labeled peptides do not all have the 310-helical structure. Indeed, some fraction of them has a significant spread of intramolecular distances between spin labels and therefore gives only a fast decay in V(T)intra without any modulation around Vp. The fast decay of Vintra at short T should be attributed to all types of spin labeled peptides.

The relationship between the depth of the fast decay and the modulation amplitude makes it possible to estimate the fraction of aggregated peptides with an 310-helical conformation much more accurately than earlier in previous part (Table 2). To determine this fraction, we use the equations for the modulation amplitude in the case of a fixed pair of spins randomly oriented in the magnetic field, Equations 6-10. In the absence of any exchange interaction between these spins (J=0), these two equations are simplified, and for T>1/(D the Vintra behavior will have the form
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where (D = 2((( = (2
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/R3 and pb ( 1 ( Vp. According to Equation (21), when the spread of frequency, (( D, is not important, the attenuation of the Vintra oscillation approaches 1/T 1/2. The analysis of the experimental oscillation attenuation (Figure 18, curve 4) shows that it is faster than 1/T 1/2 and this means that we have to consider some spread in oscillation frequencies and a corresponding spread of distances (R around the mean value R = 15.7 Å obtained from the experimental oscillation period.

In order to estimate the frequency spread let us assume for simplicity that this spread is small in comparison with the oscillation frequency, and the frequency distribution function is a Lorentzian line centered at the frequency (0 = (2(/R03 with the half-width ((1/2 at the half-height (((1/2<<(0). In this case, the mean value of the decay function, (Vintra(, could be obtained by integration of Equation (21) as.
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A(T) ( ((/12(0T)1/2exp(-((1/2T)               

                                    (23)

where (0 is the mean value of the oscillations frequency and A(T) is the oscillation amplitude. Equations (22) and (23) makes it possible to estimate ((1/2 from the experimental A(T) decay and therefore to find the corresponding distance spread (R1/2 = (((1/2/3

The ratio of the modulation amplitudes A(T) at the peak points of the cos((oT((/4) function which are separated by the oscillation period ( = 2(/(0 will be


[image: image26.wmf])

exp(

2

1

2

1

)

(

)

(

D

-

÷

ø

ö

ç

è

æ

D

+

=

D

+

dw

T

T

A

A

T

T











 (24)

This gives for the distance spread the following relations 


[image: image27.wmf](

)

z

R

R

ln

6

1

0

2

1

p

d

±

=



                                                          (25)


[image: image28.wmf]2

1

2

1

)

(

)

(

T

A

T

A

Z

T

T

D

+

=

D

+

                                                               (26)

where Z is the attenuation of Vintra modulation amplitude due only to the  distance spread between spin labels.

From the experimental Vintra measurements (Figure 18 curve 4) it is evident that the Z value is practically the same at any oscillations period chosen. In our particular case Z = 0.83 ( 0.02 and according to Equations (25) and (26) this gives the corresponding distance spread between spin labels (R1/2/R0 = (0.01. This value reflects qualitatively the geometric rigidity of the corresponding peptide conformations that are responsible for the observed oscillations in Vintra. It is worthwhile to mention that the distance spread measured by this way is less than the experimental error of the mean distance measurements from the experimental modulation frequency.

The Equation (22) now could be used in order to estimate the fraction of aggregated peptides with a 310-helical conformation. Using it, the general dependence of Vintra on T for T > 1/(0 may be written in the form
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where X is the fraction of peptides with a 310-helical structure. The first term in Equation (27) is related to 310-helical peptides, while the second is related to peptides having other types of conformation. After the fast decay of (Vintra(, when T > 1/(0, the peak values of Equation (10) are reached by cos((0T-(/4) ( 1. In this case Equation (27) makes it possible to estimate the value of X:
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By substitution of the experimental values of (0 ( 8.37 ( 107 rad/s, Vintra and T (at the first peak of curve 4 in Figure 19), exp (((1/2T) ( 1.28 and pb ( (1(Vp) ( 0.22 into Equation (28), we obtain the fraction of aggregated peptides with 310-helical conformation, i.e. X ( 0.19 (± 0.03). This value is close to the estimated fraction of peptides with 310-helical structures for TOAC-1,8 in TFE solution, as it has been reported in previously part.

From our data there is no direct evidence to assign a conformation to the remaining fraction ((80%) of aggregated peptides. In comparison with the cw-ESR spectra of mono-labeled peptides (Figure 11), the cw-ESR spectrum of the spin diluted double-labeled peptide in the aggregate (Figure 16, curve 4), indicates an additional broadening of the lines due to dipole coupling between labels inside the peptide. This means that the molecules of the main fraction of our aggregated spin system exist with a comparatively large spread of distances between the spin labels. This spread even could include some fraction of distances which may correspond to (-helical or mixed (/310-helical structures. However, more experiments are needed in order to get additional information on the secondary structure of these aggregated peptides. 

In other types of frozen solutions, TOAC-1,8 may adopt different conformations depending upon the nature of solvent. Indeed, the intramolecular distance between spin labels may vary from 15.3 Å (for TFE) to 21.8 Å for ethanol (Table 2). A somewhat different situation was observed in MeOH/EtOH glass at 77 K. By analyzing the cw-ESR spectra at half-field (g ( 4.0), it was reported that trichogin GA IV can exist in a mixed (/310-helical conformation in equilibrium with unfolded conformers (Anderson et al., 1999). The same type of mixed helical conformation was found in the crystal state by X-ray diffraction analysis for trichogin GA IV (Toniolo et al., 1994) and the TOAC-4,8 analog (Crisma et al., 1997). It may be concluded that short peptides as trichogin exhibit conformational flexibility depending upon temperature and the nature and organization of surrounding molecules into the matrix (glass, crystalline, etc.).

Molecular model of aggregated trichogin peptides. The values of distances found for aggregates of two different trichogin analogues, one labeled at the first and the other at the fourth position of the peptide chain, establish a specific set of constraints that may be used to build a molecular model (Milov et al., 2000). X-ray diffraction analysis of TOAC-4,8 trichogin revealed two independent molecules in the P21 asymmetric unit (Monaco et al., 1999; Crisma et al., 1997). The N-terminal region of each molecule folds in a 310-helical conformation, while the central and C-terminal regions are mainly (-helical. From cw-ESR studies of three different double labeled trichogin analogues it was concluded that the overall secondary structure of these lipopeptaibol analogues in solution remains essentially unchanged (Monaco et al., 1999).
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An aggregate model was constructed from four 310-helices by adjusting the helical axes in pairs with the polar sides pointing to the center of the tetrameric peptide cluster (Figure 19).

Figure 19. A molecular model for the aggregate containing four TOAC-1,4 molecules with the polar sides pointing to the center. The red and blue marked parts contains two head-to-tail oriented peptide molecules, respectively. The marked by arrows atoms corresponds to the spin label oxygen inside the peptide chains. Positions 1, 2 and 3, 4 correspond to 1 and 4 TOAC positions in peptide chain, respectively.

After steps of energy minimization a model was produced with the following average inter-residue distances: TOAC-1...TOAC-1: 26 Å and TOAC-4... TOAC-4: 22 Å. These values are consistent with the distances obtained from the PELDOR experiments: 26.0 Å (peptide TOAC-1) and 23.5 Å (peptide FTOAC-4) and in agreement with 310 conformation state. The exterior of the aggregate appears to be highly hydrophobic. The interior of the peptide cluster leaves room for several solvent molecules. At each end, the polar cavity is closed by four different hydrophobic groups, i.e. the two side chains of Leu-11 and the two n-octanoyl groups (or the two Fmoc groups in peptide FTOAC-4). The question on how solvent molecules interact to stabilize these aggregates has to be examined in further detail.

4. Conclusion
The results given in this paper demonstrate the potential and select applications of the pulsed electron-electron double resonance in electron spin echo (PELDOR) method when used with spin labels for studying the structure of macromolecules in a solid phase. As compared with cw-ESR, the PELDOR technique extends the range of measured distances between spin labels up to several tens of angstrom. This provides information on both the structure of studied molecules and the presence and structure of their aggregates.

The use of PELDOR technique for studying the spin-labeled analogues of trichogin GA IV in frozen solutions shows that depending on peptide structure and the polar properties of a solvent, 15-35% of peptide molecules can have of 27 or 310 helical conformations with a minor spread in distances between spin labels. In frozen weakly polar solvents, such as the mixtures of chloroform-toluene, decalin-toluene, toluene-CCl4, aggregates of the spin labeled trichogen analogues were found. These aggregates could be dispersed by increasing the polarity of the solvent mixture. It was found that the aggregate structure mainly depends on solvent composition and, to a lesser degree, on the type of terminal groups. Estimating the distances between spin labels in aggregates from the PELDOR data shows that the distances between the labels group, with a small spread, are situated around the values of 23, 26 and 33 Å. Estimation of the number of spin labels in aggregates, based on the behavior of PELDOR signal at the long time interval, gives the lower boundary of the number of peptide molecules in aggregates to within 3.1(4.3. The cw-ESR results indicate the possible existence of aggregates in the same solutions, but in the liquid phase at room temperature.

The PELDOR method combined with the cw-ESR technique was used to study the double TOAC spin labeled trichogin GA IV aggregates diluted by the unlabeled peptide. The magnetic dipole-dipole interaction of spin labels for these aggregates was experimentally investigated in glassy chloroform-toluene mixture as a function of the content of unlabeled peptide. At high degree of dilution with unlabeled peptide oscillations of the PELDOR signal were observed due to intramolecular coupling of the spin labels. The intramolecular distance between spin labels (inside the peptide molecule) was determined from the oscillation frequency to be 15.7Å with a small spread in distances. This distance is close to that calculated for the peptide in the 310 conformation. The fraction of 310-helices was estimated from the oscillation amplitude to be about 19% of the total number of spin-labeled peptides in solution. The remainder of the peptide molecules exhibit a fairly great spread in distances between spin labels.

A molecular model of the aggregate with four 310-helical trichogin molecules has been proposed which is consistent with some experimentally obtained distance data.
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Table 2. PELDOR results of distance determination (in Å) and corresponding fraction of double labeled trichogins (in %) adopted fixed distance conformation in different glassy matrix at 77 K

	Peptide


	Glassy matrix



	
	CHCl3/DMSO


	CF3CH2OH
	CH3OH
	CH3CH2OH

	FTOAC-1,8
	19.7

25%
	*
	*
	*

	TOAC-1,8
	19.7

30%
	15.3

15%
	19.7

36%
	21.8

31%


*    There are no oscillation effects in PELDOR decay (Figure 10)

Table 3. Calculated distances (in Å) between spin labels in TOAC-1,8 type trichogin in different helix conformations
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Table 4. Experimental frequencies of oscillations, distances between spin labels R, Vp and N values for different spin labeled peptides.

	Peptide
	Solvent (volume mixtures)
	Frequency, MHz
	R (Å)
	Vp ± 2% 
	N ±4%

	FTOAC-1.8
	Etanol
	-
	-
	0.17
	2

	FTOAC-1
	Chloroform+Toluene (1:1)
	-
	-
	0.67
	3.14

	FTOAC-4
	Chloroform+Toluene (1:1)
	.3.85±0.15
	23.7±0.3
	0.6
	3.75

	FTOAC8
	Chloroform+Toluene (1:1)
	5.0±0.25
	21.8±0.36
	0.64
	3.4

	TOAC-1
	Chloroform+Toluene (1:1)
	2.5±0.3
	27.4±1.1
	0.63
	3.5

	TOAC-4
	Chloroform+Toluene (1:1)
	4.3±0.2

1.5±0.2
	22.9±0.35

32.5±1.4
	0.6
	3.75

	TOAC-4
	Chloroform+

cis trans Decalin (1:1)
	3.3±0.2

1.2±0.2
	25±0.5

35.0±1.9
	0.62


	3.56

	TOAC-4
	CCl4+Toluene (1:1)
	4.3±0.2

1.5±0.2
	22.9±0.35

32.5±1.4
	0.58


	3.92

	TOAC-4
	ClCH2CH2Cl+ Toluene (1:2)
	4.3±0.2

1.5±0.2
	22.9±0.35

32.5±1.4
	0.54
	4.3

	TOAC8
	Chloroform+Toluene (1:1)
	4.5±0.2
	22.6±0.33
	0.66
	3.23

	FTOAC-4
	Chloroform+Toluene (7:3)
	4.0±0.16
	23.5±0.3
	0.51
	4.0

	TOAC-1
	Chloroform+Toluene (7:3)
	2.9±0.1
	26.0±0.4
	0.51
	4.0
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Figure 16: CW-ESR spectra of peptide TOAC-1,8 at 77 K: (1) peptide TOAC-1,8 in the dried powder; (2) solution of peptide TOAC-1,8 in TFE; (3) solution of peptide TOAC-1,8 in a chloroform/toluene mixture (7:3); 4 - mixture of peptides TOAC-1,8 and Tric-OMe (ratio 1:10) in a frozen chloroform-toluene (7:3). (Reproduced from Milov et al., 2001).
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