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ABSTRACT A method was developed to determine the interspin distances of two or more nitroxide spin labels attached to
specific sites in proteins. This method was applied to different conformations of spin-labeled insulins. The electron para-
magnetic resonance (EPR) line broadening due to dipolar interaction is determined by fitting simulated EPR powder spectra
to experimental data, measured at temperatures below 200 K to freeze the protein motion. The experimental spectra are
composed of species with different relative nitroxide orientations and interspin distances because of the flexibility of the spin
label side chain and the variety of conformational substates of proteins in frozen solution. Values for the average interspin
distance and for the distance distribution width can be determined from the characteristics of the dipolar broadened line
shape. The resulting interspin distances determined for crystallized insulins in the R6 and T6 structure agree nicely with
structural data obtained by x-ray crystallography and by modeling of the spin-labeled samples. The EPR experiments reveal
slight differences between crystal and frozen solution structures of the B-chain amino termini in the R6 and T6 states of
hexameric insulins. The study of interspin distances between attached spin labels can be applied to obtain structural
information on proteins under conditions where other methods like two-dimensional nuclear magnetic resonance spectros-
copy or x-ray crystallography are not applicable.

INTRODUCTION

The knowledge of a protein's structure is a basic require-
ment for understanding its function. X-ray structure analysis
and two-dimensional nuclear magnetic resonance (NMR)
spectroscopy have provided deep insight into the structure-
function relationship of various proteins and nucleic acids.
However, due to unresolved problems of crystallization and
the lack of high-resolution NMR data, the determination of
structures of membrane proteins is still a challenge. This is
also true for the solution structures of water-soluble proteins
or associates of high molecular weight. An alternative
method to obtain structural information with a time resolu-
tion in the millisecond time range is based on the electron
paramagnetic resonance (EPR) spectroscopy of spin-labeled
macromolecules. Recently, a combination of EPR and ge-
netic techniques was successfully introduced in this re-
search field, namely, the site-directed spin labeling (SDSL)
(Hubbell and Altenbach, 1994). Here, a natural amino acid
is exchanged for a cysteine residue, which then will be spin
labeled. This technique allows spin labels to be attached and
studied at almost any desired site of a protein. SDSL with a
single label specifically attached to a protein was applied to
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study secondary and tertiary structures of membrane pro-
teins such as rhodopsin and bacteriorhodopsin (Hubbell and
Altenbach, 1994), and to follow structural changes during
their reactions (Shin et al., 1993; Steinhoff et al., 1994; Rink
et al., 1997). In the present study additional progress in EPR
application is described that allows distances between pro-
tein-bound spin labels to be determined.
The attachment of more than one spin label to a macro-

molecule with an interspin distance of less than -2.5 nm
leads to considerable EPR spectral changes, which are due
to dipolar interaction. This dipolar interaction is in turn a
measure of the interspin distance. In the past, various ap-
proaches have been made to obtain information on this
dipolar interaction, which may allow an estimate of inter-
spin distances in macromolecules of chemical or biological
interest. The width and the intensity of the half-field signals
in a powder spectrum were shown to yield distance infor-
mation within the range of -0.4-1.1 nm (Eaton et al.,
1983). Peak height ratios and second moments of EPR
spectra of dinitroxyls or line width measurements on spin-
labeled peptides and proteins in frozen glass were shown to
allow distance determination within the range of 1.0-2.2
nm (Likhtenshtein, 1976; Steinhoff et al., 1991; Rabenstein
and Shin, 1995; Farahbakhsh et al., 1995; Farrens et al.,
1996). In addition, perturbation calculations on EPR spectra
with interacting spins and their comparison with experimen-
tal spectra provide the determination of the orientation of
the interspin vector in the above mentioned distance range
(Eaton and Eaton, 1989; Park and Trommer, 1989).
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The aim of the present study is to provide a method to
determine intramolecular distances and distance distribu-
tions in proteins based on the measurement of the dipolar
interaction of two attached spin labels. Special attention will
be paid to the fact that proteins in solution are dynamic
molecules distributed within a variety of conformational
substates. Due to the conformational fluctuations and the
possible flexibility of the spin-labeled side chains, the in-
terspin distance and the relative nitroxide orientations in the
frozen state may be distributed around average values. Sim-
ulated dipolar broadened EPR spectra are fitted to the ex-
perimental spectra, and the mean distance as well as the
width of the distance distribution between the attached spin
labels is calculated from the fitted line width function. The
method is applied to different confornations of spin-labeled
insulins. As a test, the EPR data determined for crystallized
insulin in the R6 and T6 structures are compared with the
x-ray structure of the spin-labeled samples.

MATERIALS AND METHODS

Spin labeling

The synthesis of spin-labeled insulins (Brandenburg et al., 1994) will be
described in detail elsewhere (W. Thevis, V. Lenz, and D. Brandenburg, in
preparation).

N aB I -(2,2,5,5-tetramethyl-3-carboxy-pyrrolidin- 1 -oxyl)-
insulin (B1SL)
N-AlA,-EB29-bis-methylsulfonylethyloxycarbonyl-insulin (Msc2-insulin)
was acylated at BI-phenylalanine (cf. Fig. 1) with in situ generated
hydroxybenzotriazole ester of carboxyproxyl. After deprotection under
basic conditions, the crude product was purified by gel filtration, reverse-
phase (RP) middle-pressure chromatography, and finally ion exchange

BlSL insulin

H2 N-Gly1 A

O - hPhe1a- a12 Lys
H ~ ~~BICo NH2

spin label

B2SL insulin

spin label

FIGURE 1 Structure of the proxyl group and simplified structure of
insulin with the amino acid residues involved in modification and tempo-

rary protection. In B1SL, the proxyl group was attached to BI-phenylala-
nine. In B2SL, it was attached to B2-valine after removal of phenylalanine
by Edman degradation.

chromatography. The purity according to RP high pressure liquid chroma-
tography (RP-HPLC) was 94%.

NaB2 -(2,2,5,5-tetramethyl-3-carboxy-pyrrolidin- 1 -oxyl)-
des-Phe81-insulin (B2SL)
BI-phenylalanine was cleaved from Msc2-insulin by Edman degradation,
i.e., reaction with phenylisothiocyanate and subsequent treatment with
trifluoroacetic acid. The resulting protected des-PheB1-insulin was acy-
lated, deprotected, and purified as outlined above. RP-HPLC showed a
double peak with identical areas (total = 90%), indicating partial resolution
of the R,S stereoisomers.

X-ray crystallography

Crystals of insulin labeled at the B-chain amino terminus (B2SL) were
prepared using the established protocol to produce the 2Zn insulin form
(T6) and the 2Zn phenol insulin (R6) (Fig. 2) (Baker et al., 1988; Dere-
wenda et al., 1989). The T6 crystals that are rhombohedral proved to be
very fragile and they diffracted poorly; no useful diffraction data have been
recorded from these crystals. The R6 crystals belong to the monoclinic
space group P21 with the cell dimensions of a = 47.97 A, b = 61.53 A,
c = 60.77 A, and (3 = 112.20. The cell constants are comparable to those
of the native crystals: a = 47.95 A, b = 61.71 A, c = 61.36 A, and,B =
110.80.

The monoclinic crystals of the spin-labeled insulin are isomorphous to
the native monoclinic insulin, which contains one insulin hexamer in the
asymmetric unit (Derewenda et al., 1989). The two zinc ions are on the
three-fold axis and each dimer traps two phenol molecules in their region
of contact. In the R6 hexamer the B-chain residues B1-B8 continue as a
helix from the central B9-B19 helical segment, Fig. 2 b and c.

Diffraction data were collected on a RAXIS IIC image plate detector,
mounted on an RU200 Rigaku rotating anode x-ray generator operating at
50 kV and 100 mA, utilizing a graphite monochromator.The data extended
to 2.3 A spacing and showed good agreement between equivalents mea-
surements (overall merging R-factor of 7.7%). Refinement of the native
coordinates (initially excluding B1-B3) was carried out with these diffrac-
tion data using restrained least-squares minimization and Fourier map
procedures (Collaborative Computational Project, 1994). The target re-
straints used were 0.02 A for bond distances and 0.03 A for angular
distances. At convergence, the crystallographic agreement factor (R =

(X1 IFOI - IFcl I/E IFOI) was 17.9% for all data between 10 and 2.3 A
spacing and the root mean square (rms) deviations were 0.015 A from ideal
bond distances and 0.038 A from angular distances. In addition to the
protein atoms, 2 Zn2+ and 2 CF- ions and also 229 water molecules were
included in the refinement calculations.

The crystallographic refinement revealed that the structure had rela-
tively high thermal parameters particularly at the B-chain amino-terminal
residues, which contain the spin label moiety. It was not possible to build
the carboxy-proxyl group in chains D, F, and H accurately, and only
approximate estimates for their positions are possible. For chains B, J, and
L, the density is clear although it is a little diffuse (Figs. 2 c and 3). The
atomic coordinates for the spin label groups have consequently an esti-
mated error of -0.2 A .

Modeling of the B1SL-T6 structure was performed using the programs
INSIGHT II and DISCOVER (Biosym, San Diego, CA). BI-phenylalanine
was deleted from the native T6 structure (Baker et al., 1988), and the spin
label was attached to B2. The orientation of the nitroxide was adjusted to
mainly fill the space that was occupied by B1 before. Torsions about the
spin label single bonds were performed to prevent overlap of nitroxide
atoms with atoms of the protein. Thus, several slightly different starting
configurations were constructed and energy minimization procedures were
performed. The two configurations with the lowest energy (16 kcal/dimer
and 36 kcal/dimer) revealed a distance between thenitroxides of closest
approach of 10 and 13 A, respectively, between the two spin labels in
chains B and H, in chains F and L, and in chains J and D (cf. Fig. 2a). The
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FIGURE 2 The B2SL insulin hexamer (a) in the T6 state and (b) in the
R6 state as seen along the three-fold axis. The strands show the peptide
backbone of the chains labeled A through L; the spin labels attached to the
B-chains labeled B, D, F, H, J, and L are plotted space filled. The Zn ions
and the phenols that stabilize the R6 structure are omitted. The electron
spin probes are seen on the hexamer surface organized as two sets of
trimers. For the T6 state, the respective spin probe positions were modeled;
x-ray data of the spin labeled hexamers reveal the structure of the R6 state.
The three poorly defined spin probe moieties were generated by symmetry
operation from their well defined equivalents. After this operation, the
generated coordinates were seen to sit sensibly in the low-level electron
density. (c) A view of the B2SL insulin hexamer in the R6 state with the
three-fold axis vertical. Here, the Zn ions are shown as spheres; they lie on
the three-fold axis and are -1.5 nm apart.

FIGURE 3 The electron density map calculated with coefficient 21FOI -
lFcl at the completion of the refinement. It is contoured at a level of 1 o-.
The figure shows the residues B7 to the amino-terminal probe and a water
molecule hydrogen bonded to B4 glutamine.

distance between the nitroxides attached to the B-chains within a dimer
(chains B and D) exceeds 33 A.

EPR measurements

Insulin solutions were prepared in 0.025 M Tris/HCl buffer, pH 7.8, at 10
mg/ml. A concentrated solution of ZnSO4 was added up to a molar ratio of
0.33 metal ion/insulin monomer. The transition from the obtained T6 to the
R6 structure was performed by the addition of a concentrated phenol
solution to yield a final phenol concentration of 20 mM (Wollmer et al.,
1987; Jacoby et al., 1993). The samples were loaded in EPR quartz
capillaries. EPR spectra were recorded with a home-made X-band EPR
spectrometer equipped with an AEG H103 rectangular cavity and a modi-
fied Oxford ESR 9 variable-temperature accessory. The magnetic field Bo
was measured with a Bruker B-NM 12 B-field meter. Spectra were re-
corded with a modulation frequency of 52 kHz and a modulation amplitude
of 1.5 G. The microwave power was varied between 25 ,xW and 0.5 mW
depending on the sample type. At the maximal used microwave power of
0.5 mW, line broadening due to saturation was found to have negligible
effects on the distance determination for samples with interspin distances
of <15 A. Half-field experiments were performed with a modulation
amplitude of 8 G. The forbidden transition in triplet systems does not show
evidence of saturation below 200 mW (Eaton et al., 1983), thus a micro-
wave power of 126 mW was used for the measurements of the half-field
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spectra. After analog to 16 bit digital conversion, the spectra were pro-
cessed in a personal computer.

EPR spectra simulations

In frozen solution, the diffusive residual motion of protein side chains is
strongly restricted for temperatures below 200 K. The dynamics of proteins
in this temperature regime exhibits glass-like behavior, and the rotational
correlation time of spin label side chains exceeds 100 ns (Steinhoff et al.,
1989). Only fast vibrational motions with very small amplitudes of the
attached nitroxide ring are detectable (Steinhoff et al., 1989; Steinhoff and
Karim, 1993). The residual averaging of the g- and hyperfine anisotropy is
found to reduce the apparent hyperfine splitting by less than 2%. Thus, the
EPR spectral line shape of a frozen protein solution or polycrystalline
sample is adequately described by a powder spectrum. The shape of a
powder spectrum of nitroxide spin labels randomly oriented in space is
simulated on the grounds of the eigenvalues of the spin Hamiltonian:

H = 3eSgB0 + SAI (1)
where Bo is the external magnetic field vector, P3e the Bohr magneton, S and
I are the electron and the nuclear spin operators, respectively, g is the
electron g value tensor, and A is the electron nuclear hyperfine tensor. The
eigenvalues of the Hamiltonian are given to a good approximation by
(Libertini and Griffith, 1970)

E = g(O, 9)feBoMs + A(6, p)MsMi

where 0 is the angle between the magnetic field Bo and the distance vector
p between the two interacting spins. Here, the effect of anisotropic mag-
netic tensors is neglected. The resulting dipolar line shape function G(AB)
is calculated using Eq. 4 with discrete steps for 0 of 3°. In a frozen solution
or powder sample, the orientation distribution of the distance vector be-
tween the interacting spins may be assumed to be isotropic. Thus, the line
intensity for each angle interval is determined from Eq. 3. To account for
a range of distances expected to arise from a distribution of conformations
of the protein or of the spin label side chain, a Gaussian distribution of
interspin distances with a mean distance r and width or is permitted. The
assumption of a Gaussian distance distribution is justified below. The EPR
spectrum F(B) is calculated by convoluting the noninteracting spectrum
flB) with the line shape function G(AB) (Steinhoff et al., 1991):

F(B) = ff(B')G(B - B')dB' (5)

Fig. 4 shows a set ofEPR spectra simulated for different interspin distances
p and distance distribution widths ar. Spectral parameters were chosen close
to values found for the used spin label (Fig. 1) in aqueous glycerol solution.
The simulated EPR line width significantly increases when the interspin
distance becomes less than 2 nm (Fig. 4 a). The variation of a changes the

a e
g(o, ) = gxxlzx + gyylzy + gzzlzz

A(0, fp) = (AX2 Izx + Ayylzy + A 2 lzz) 1/2 (2)
where gii and Aii are the principle values of the tensors g and A, respec-
tively, and I,j are the squared direction cosines between the nitroxide
molecular axes i and the magnetic field directions z. MS and M, are the
eigenvalues of Sz and 4, respectively. The EPR line positions are calcu-
lated from Eq. 2 in steps of 30 for 0 and 4. The intensity I dfl of each
absorption line is proportional to the number of molecules dN with their z
molecular axis pointing into the space angle dfl. The intensity is given for
a random distribution of nitroxide orientations by

Idfl ° sin OdOdp

1
'

C,
S

.. I,.;

(3)

The procedure described above yields a stick spectrum that is convoluted
by a superposition of a Gaussian and a Lorentian to account for the natural
line-broadening mechanisms. Here, the line width is assumed to be inde-
pendent of the orientation of the nitroxides. By means of a nonlinear
least-squares fitting procedure the initially chosen values of g and A and the
three line width parameters, the widths of the Gaussian and the Lorentian
and the respective fractions, are varied iteratively until a minimum of the
squared differences between experimental and simulated spectra is ob-
tained. This method was extensively tested at X- and K-band frequencies
for protonated and deuterated spin labels attached to proteins and was
found to yield excellent agreement between experimental and simulated
powder spectra (Steinhoff, 1988).

Dipolar broadening

The dipolar interaction of two unpaired electrons leads to considerable line
broadening when motional averaging effects are absent. As discussed
above, this is the case in the temperature regime below 200 K. The
absorption lines of a pair of interacting spins are shifted from the points
without interaction by the amount of AB, which is given to a good
approximation by (Ciecierska-Tworek et al., 1973; Likhtenshtein, 1976)

AB = +3ge(3 cos2O - 1)
A =±- 4p3

4

b

5mT

FIGURE 4 (a) Simulated EPR powder spectra for different interspin
distances, p, and fixed ratio p/al = 2.6, p = 1.0 nm (thin line), 1.4 nm
(dashed line), 1.8 nm (dotted line), and 3.0 nm (thick line). (b) Simulations
performed for a fixed average distance, p = 1.4 nm, and different distri-
bution widths, a-, of 0.1 nm (thick line) and 0.9 nm (thin line). The spectra
are normalized to constant spin number.
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shape of the line-broadening function in a characteristic way, which is
different from a simple mean distance variation (cf. Fig. 4 b).

When the interspin distance becomes very small, the electron orbitals
overlap and the EPR line shape is modulated due to J coupling. A
separation between line shape effects due to dipolar interaction and ex-
change interaction seems to be difficult for immobilized samples. How-
ever, if we take the values reported by Closs and co-workers (1992) as a
first approximation for our systems, the exchange interaction frequency J
falls below the value of the dipolar splitting for interspin distances larger
than 10 A. The present analysis is thus restricted to distances exceeding 10
A, and additional experimental evidence will be given in the Results and
Discussion that within this limit the analysis of only dipolar interactions is
reasonable and practical.
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Interspin distance distribution function

In a solution of spin labels, the nitroxides are uniformly distributed. The
law of distribution of the nearest neighbor in a random distribution of
particles is given by Chandrasekhar (1943)

w(r) = exp(-4wrr3n)4'nTn (6)

where w(r) is the probability of finding a particle within the distance range

r and r + dr and n is the particle density. The average interspin distance
between nearest neighbors is calculated from this relation to

r= 0.554n-13 (7)

To facilitate a comparison of interspin distances of systems with different
particle distributions it seems to be practical to express the distance
distribution functions in terms of a Gaussian. Fig. 5 a shows a superposi-
tion of the probability function, Eq. 6, and a fitted Gaussian. With excep-

tion of the distance range below 0.5 nm the agreement between the
Gaussian and Eq. 6 is nearly perfect. The value of r extracted from the
fitted Gaussian deviates less than 1% from the true value given by Eq. 7.
The ratio of the mean distance r to the width o- of the Gaussian was found
to yield 2.64. For the distance range below 0.5 nm the effect of the residual
discrepancy between both functions is negligible for our study; the distance
of closest approach between the nitroxides is set to 0.6 nm during the
spectra simulations to account for the finite nitroxide dimension.

To analyze the shape of the distance distribution function for protein-
bound spin labels, molecular dynamics simulations on R6(B1SL) insulin
were performed. The determination of the distance distribution requires the
characterization of the entire space accessible to the nitroxide rings. To
perform this task within reasonable computation time, stochastic simula-
tions at high temperature were performed according to the method de-
scribed by Steinhoff and Hubbell (1996). The GROMOS (Biomos, Gro-
ningen, The Netherlands) program package was used. Each of the B-chains
of the insulin trimer in the R state was modified by attachment of a

nitroxide side chain to amino acid position 1. After energy minimization,
all amino acids outside a sphere of 1.5 nm around the nitroxide nitrogen
were deleted. Thus, the total number of atoms was reduced from 2500 to
765. Bond lengths and positions of the backbone atoms were constrained
using the SHAKE (van Gunsteren and Berendsen, 1982) algorithm. After
energy minimization, the backbone atoms, with the exception of those of
the first four amino acids of the B-chain, were fixed and the system was

first equilibrated at 100 K and then heated up to 300 K and finally to 600
K. From a trajectory of 1.6 ns length, the distances between the nitrogen
atoms of neighboring nitroxides were extracted. The distance distribution
is shown in Fig. 5 b. For distances exceeding the distance of closest
approach, 0.6 nm, a Gaussian is found to adequately fit the simulated
distance distribution function. The fitting reveals a value for the mean

distance T = 1.64 nm and a half-width cr = 0.62 nm. A Gaussian was also
found to fit the interspin distance in spin-labeled lysozymes (Steinhoff et
al., 1991). We conclude that a Gaussian is a good approximation for the
distance distribution function of uniformly distributed nitroxides and for
flexible spin label side chains attached to proteins.
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FIGURE 5 (a) Distribution of the distance between nearest neighbors for
a simulation of 12,000 particles distributed uniformly in solution. The
probability to find a particle in the distance range r + Ar, w(r), is plotted
versus r with the particle density set according to a concentration of 100
mM (U). The behavior of w(r), calculated from Eq. 6, fits the simulated
data well (thick line). A Gaussian (thin line) is superimposed with its
maximum at r = 1.45 nm and a width of 0.56 nm. (b) The distance
distribution function w(r) for spin labels attached to B 1 of insulin hexamers
in the R6 state determined from a molecular dynamics simulation in
vacuum. The superimposed Gaussian reveals an average distance of 1.64
nm and a distribution width, cr, of 0.62 nm.

RESULTS

Interspin distances of nitroxides in
frozen solution

Nitroxide spin labels dissolved in glycerol-water mixtures
are an appropriate model system for which an isotropic
interspin distance distribution and an independent isotropic
orientation distribution of the nitroxides can be assumed. To
prevent motional averaging of the anisotropic magnetic
interactions the samples were frozen in a 60% glycerol-
water glass. Comparison with spectra measured at 80 K
shows that temperatures below 200 K were found to be
sufficient to provide the powder spectral shape of immobi-
lized nitroxides. Fig. 6 a shows the experimental EPR
spectrum of I-oxyl-2,2,6,6,-tetramethylpiperidine (TEM-
PO) recorded at 170 K and a superimposed simulated pow-
der spectrum with the fitted values of the tensors g and A,
gxx = 2.0088, gyy = 2.0062, gz, = 2.0021, AXX = 7.1 G,
Ayy = 6.6 G, Azz = 37.4 G. The line-broadening function is
composed of 74% Gaussian of a width of 4.3 G, and 26%

3.5
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FIGURE 6 EPR spectra of TEMPO spin label in frozen glycerol water
solution for different spin label concentrations: (a) 0.005 M; (b) 0.05 M; (c)
0.08 M; (d) 0.1 M; (e) 0.15 M; (f) 0.2 M; and (g) 0.3 M. The thick lines
are fits of simulated EPR powder spectra. Adjustable parameters in (a)
were the values of the g- and A-tensors and the line width parameters; no
dipolar interaction was included. In the simulations shown in (b)-(g) these
values were fixed and the distance p and the distribution width o- were
adjusted.

Lorentian of a width of 4.3 G. The excellent agreement
between experiment and simulation, as well as the compar-
ison of the fitted values of the tensor elements with the
powder values (cf., e.g., Steinhoff et al., 1989) strongly
argue for an immobilization of the nitroxides on the EPR
time scale. After increasing the nitroxide concentration, a
considerable increase of the line width is observed (Fig. 6
b-g). To fit the simulated spectra shown in Fig. 6, b-g, the
values of the tensors g and A and the line width parameters
were fixed corresponding to the values found for the diluted
sample shown in Fig. 6 a, and the average distance p and the
distance distribution width cr were adjusted. Again, the
simulated EPR spectra agree with the experimental data
(Fig. 6, b-g). The fitted average interspin distance p was
plotted versus the average distance to the nearest neighbor,

r, calculated from the spin label concentration according to
Eq. 7. The result is shown in Fig. 7. The values p agree with
the values of r within the experimental error. The error bars
include uncertainties of the nitroxide concentration. The
small systematic deviation between the values of -r and p
may result from neglecting the dipolar influence of the next
nearest neighbor. From the simulation of 12,000 randomly
distributed particles (distance distribution given by the data
points shown in Fig. 5 a), the ratio of the distances to the
nearest neighbor and to the next nearest neighbor is found to
be 1:1.5. Due to the p-3 dependence of the dipolar broad-
ening effect (cf. Eq. 4), the influence on the line shape is
small. It is equivalent to a maximal decrease of the effective
p of 10%, which explains the observed deviation.
The characteristics of the ratio p/cr is determined from the

spectra simulations in the distance range from 1.0 to 1.6 nm.
The values are obviously independent of the average dis-
tance to the nearest neighbor as shown in Fig. 7. The mean
value yields p/a = 2.6, which agrees with the theoretical
value extracted from the distribution function, Eq. 6, r/cr =
2.64 (cf. Fig. 5 a). For distances >1.6 nm, the effect of the
dipolar broadening on the spectral shape is very small, and
a meaningful value for cr can be extracted only from signals
with optimized signal to noise ratio.
The above study demonstrates that the application of the

method to samples with a random distribution of nitroxides
yields reasonable values for the average interspin distance p
and for the distance distribution parameter or in the range of
1.0 to -2.0 nm.

Interspin distances in spin-labeled BlSL and
B2SL insulins determined from EPR experiments

To determine the magnetic and line width parameters in the
absence of dipolar interaction, an insulin sample was pre-
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FIGURE 7 The fitted values of the interspin distance p (0) and of plo
(U) for the samples shown in Fig. 6, b-g, plotted versus the average
distance to the nearest nitroxide neighbor, r, calculated from Eq. 7. The full
line shows the function r = p, and the dashed line is the average value of
p/lo = 2.6. For interspin values exceeding 1.8 nm no reasonable values for
o- could be fitted due to the very small dipolar broadening of the spectra.
In this case cr was fixed to p/2.64.
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pared with a ratio of spin-labeled to unlabeled monomers of
1:5. The insulin concentration and solution conditions were
adjusted to yield hexamers in the T6 conformation (see
Materials and Methods). The EPR spectra of this diamag-
netically diluted sample and of the completely labeled in-
sulin hexamers in the R6 and T6 conformations are shown
in Fig. 8 a. Compared with the diamagnetically diluted
sample, a considerable dipolar broadening in the completely
labeled samples is revealed by the increase of the spectral
amplitude close to the first relative minimum as a conse-

R6 T6

a

315 320 325 330
B/mT

315 320 325 330
B/mT

b

155 160 165
B/mT

FIGURE 8 (a) EPR spectra of spin-labeled insulin hexamers in glycerol
water glass at 170 K. The thick lines are fits of simulated EPR powder
spectra with the interspin distance p and the distribution parameter cr as

adjustable parameters. The fitted values are shown in Table 1. (b) Half-
field spectrum (T = 80 K) of 6 mM T6(B1 SL). The relative intensity of the
half-field transition to the allowed transition for this sample was 2.5 x
10-5.

quence of the increased line width. The dipolar line broad-
ening is similar for the B 1SL and B2SL samples in the T6
conformation in solution. The dipolar interaction of the spin
labels in the R6 conformation of BISL is considerably
stronger than that in B2SL. Compared with the protein
samples in solution, the dipolar interaction is increased in
the crystal state of B2SL in the T6 conformation. The
contrary is true for the R6 conformation. An increase of the
dipolar interaction in the crystal state may be due to a
different structure of the protein with a decreased interspin
distance compared with that in solution or to an interaction
between spin labels attached to different hexamers. How-
ever, the decrease of the dipolar interaction found in the
crystal structures of R6(B2SL) must be caused by different
structures of the amino termini in the crystal and in solution.
To determine the interspin distances, we assume that the

main contribution to the dipolar broadening comes from
pairs of interacting spin labels. On this assumption, the
average interspin distance p and the distribution parameter
cr were fitted. The spectral simulations are superimposed on
the experimental data and shown in Fig. 8 a, and the values
of the fitted parameters are given in Table 1. As can be seen,
there is an excellent agreement between the simulations and
the experimental spectra.
Due to the location of the amino termini of the B-chains

in the R6 hexamer (see Fig. 2), an interaction model con-
sisting of three equally spaced spins agrees better with the
molecular structure in solution than an interaction model of
pairs of spins. For a system with three interacting spin
labels, the dipolar spectral line shape is estimated from the
simple pair model (see Materials and Methods), which is
expanded in a classical way; the magnetic field resulting
from two magnetic dipoles located at positions Pi and P2
with respect to a third nitroxide are calculated for the four
combinations of the dipole orientations using Eq. 4. Spectra
that were fitted according to this model correspond almost
exactly to those calculated from the pair model. However,
the fitted interspin distance is increased by 25% compared
with that of the pair model in order to match the experi-
mental spectral shape. The interspin distance values for
the R6 structure calculated using this model are shown in
Table 1.

The distribution widths o( are smallest for the crystallized
samples and increase to approximately twice this value for
the hexamers in solution (cf. Table 1). This is a reasonable
result because the amino terminus is expected to be more
structured in the crystal state, whereas a number of protein
conformations with slightly different orientations of the
chain termini may exist in solution. Studies on the mobility
of the B-chain amino terminus in crystal and solution will
be described below.

For comparison, the relative intensity of the half-field
transition was determined for the T6 conformation of B 1 SL.
As the transition probability of the forbidden half-field
transition is low, high protein concentrations were neces-
sary to provide reasonable signal to noise ratios. The spec-
trum of a sample of 6 mM protein concentration is shown in
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TABLE I Average distance and distance distribution, (r ± r)/nm, between nitroxide nearest neighbors determined by EPR
dipolar interaction analysis and x-ray crystallography

R6(B2SL) R6(BISL) T6(B2SL) T6(B 1 SL)

Crystal Solution Solution Crystal Solution Solution

EPR 1.7 ± 0.3 1.4 ± 0.6 1.0 ± 0.6 1.1 ± 0.4 1.4 ± 0.6 1.3 ± 0.6
X-ray 1.8* (2.1*) 1.0§

*Interspin distance between nitroxides of different hexamers.
#Interspin distance within three equivalent spin labels.
§Interspin distance estimated from the structure of the native protein with modeled spin labels.

Fig. 8 b. To separate contributions from inter- and intramo-
lecular spin-spin interaction spectra of the half-field transi-
tion for sample concentrations of 16, 6, 4, and 2 mM were
recorded. Extrapolated to infinite dilution the relative inten-
sity yields 2.1 X 10-5, which corresponds to an average
interspin value (r-6)6 = 1.0 nm (Eaton et al., 1983). As the
relative intensity of the forbidden transition depends on r-6,
the average is weighted in favor of molecules with smaller
values of r. A Gaussian distribution of the interspin distance
with the mean value of 1.3 nm and distribution width of 0.6
nm found for T6(B 1SL) (see Table 1) yields (r 6)6 = 0.96
nm, which is in nice agreement with the result of the
half-field experiment.

Interspin distances in B2SL insulin hexamers
determined from x-ray crystallography

The spin-labeled hexamer crystal was isomorphous to the
native R6 insulin crystal. The atomic parameters for the
protein atoms, except for the three amino-terminal B-chain
residues, were taken from the native structure and refined by
restrained least-squares minimization. The residues B1-B3
were excluded from the refinement as their conformation
was liable to be affected by the attached spin label. At
convergence, difference Fourier maps were calculated,
which revealed the positions for the excluded residues and
the spin label. The electron density for all six equivalent
B-chain amino-terminal residues was clear and showed that
their conformations were essentially identical to those of the
native hexamer. The spin label moiety was clear in only
three of the six B-chains in the hexamer. It was possible in
these cases to determine the conformation at the probe
satisfactorily (Fig. 3). The probe moiety has approximately
the same conformation in all three cases with the largest
deviations from the average structure of less than 0.3 A. In
these cases, reasonably accurate coordinates were deter-
mined and refined. In the other three cases, the diffuse and
low-level electron density indicated that the spin labels were
poorly ordered. However, although the atomic positions
could not be accurately determined, it was possible to po-
sition the moieties sensibly using the noncrystallographic
symmetry. Comparison of the three equivalent spin labels
showed that they were approximately in the same position
relative to the amino-terminal helix. Fig. 2 c shows the
hexamer viewed side-on with the probe moieties space
filled.

The interspin distance within the three equivalent spin
labels B, F, and J (cf. Fig. 2 b) as determined from this
crystal structure amounts to 2.1 nm. The distance to the
nitroxide nitrogen of the nearest spin label in the other
trimer (D, H, and L) of the same hexamer is 3.9 nm. Thus,
due to the l/r3 dependence of the dipolar splitting, the EPR
line broadening for dissolved hexamers is expected to be
dominated by the interaction of the three equivalent spins
within a trimer. In the crystal, however, the distance of one
of these nitroxides to the next nitroxide of the nearest
hexamer is 1.8 nm. Thus, the application of the above model
of three interacting spins (B-F-G, D-H-L) on the analysis of
the crystal spectra will lead to an underestimation of the
nitroxide distances.

In contrast to that, the distance between the nitroxide
groups of the spin labels in the T6 conformation is shortest
for the B-chains of two different trimers, i.e., between
chains B and H, F and L, and J and D (cf. Fig. 2 a) and
amounts to 1.0 nm. The distance to the next nearest N-O
neighbor within the same hexamer is 3.3 nm and to the
nearest hexamer in the crystal is 1.5 nm. Thus, the dipolar
broadening is assumed to be essentially determined by pairs
of spin labels with an interspin distance of 1.0 nm. The
interspin distances that essentially determine the dipolar
broadening are included in Table 1.

Characterization of the spin label environment in
terms of the spin label side chain mobility

At temperatures below 200 K, protein fluctuations, includ-
ing the spin label residual motion, are frozen (Steinhoff et
al., 1989). The distribution parameter o determined from
the dipolar broadening may be taken as a measure for the
distribution width of possible configurations of the amino
termini of the B-chain. These different configurations are
due to the flexibility of either the spin label side chain or of
the binding site environment or of both. At room tempera-
ture, the spin label side chain motion occurs in the nano-
second time range, and the nitroxide mobility and the flex-
ibility of the peptide backbone are directly reflected in the
EPR absorption line shape (Miick et al., 1991, 1993; Stein-
hoff and Hubbell, 1996). The room temperature spectra of
the R6 and T6 conformations of B 1SL and B2SL insulin are
shown in Fig. 9. In the crystal structures, the mobility of the
nitroxide side chain is reduced, as can be concluded from
the spectral line shape. The dipolar interaction between
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FIGURE 9 EPR spectra of spin-labeled insulin hexamers at room tem-
perature (T = 293 K) in the crystal state and in solution in both confor-
mations, T6 and R6. Due to residual motion of the spin labels in the crystal
and in solution at room temperature, the anisotropy of g and the hyperfine
interaction as well as the electron dipolar interaction are partially averaged.

neighboring spins is not completely averaged, as is revealed
by the long wings of the low-field and high-field lines of the
spectra of B2SL in the T6 structure. However, even the
protein structure in the crystal allows for small-amplitude
residual motion of the nitroxide side chain as can be seen

from the comparison of the spectra of B2SL at 293 K and at
170 K. Especially for the T6 structure, a mobile component
is revealed by the small splitting of the resolved low- and
high-field peaks, which are superimposed on the dipolar
broadened powder-like spectrum.
The solution spectra of the T6 and R6 states of B1SL

insulin and B2SL insulin are very similar, respectively.
Now the dipolar interaction is averaged due to the rotational
diffusion of the protein and the residual motion of the spin
labels. The spectra of the T6 state show multi-component
lines in the low- and high-field regions. These lines may be
caused by an anisotropic residual motion of the nitroxide or

by at least two conformations of the amino terminus of the
B-chain that may lead to different spin label mobilities. EPR
spectra simulations (Freed, 1976) were performed to esti-
mate effective reorientation correlation times of the nitrox-
ides on grounds of isotropic Brownian diffusion. Best fits
were obtained with a superposition of two spectra simulated
with effective correlation times of 7 and 1.6 ns. The slow
component contributes to more than 80% as determined
from double integration of the simulated single spectra. For
the insulin hexamers in the R6 conformation, effective
correlation times were estimated at 4 ns for B 1SL and 5 ns

for B2SL with the shorter terminus.
The application of the Stokes Einstein law with the av-

erage radius of the insulin hexamer determined from the

crystal structure yields a rotation correlation time of 10 ns in
water at 298 K. In all cases, the experimentally determined
values are smaller and thus demonstrate the presence of a
residual motion of the nitroxide. Despite different local
environments of the spin labels in the B1SL and B2SL
samples due to the different lengths of the amino termini,
the spectra are very similar. This indicates that more amino
acid residues than those of the amino terminus are involved
in this residual motion. The x-ray data of the T6 structure of
the native insulin support this finding. The temperature
factors of the B-chain residues show a steep increase from
the fifth to the first position (Baker et al., 1988). Thus,
different residual mobilities of the B-chain amino termini in
the different structures are here revealed in solution by the
EPR spectra.

DISCUSSION

The accurate determination of intramolecular distances and
distance changes in proteins is crucial for the understanding
of functional mechanisms. High-precision methods are re-
quired in combination with straightforward chemistry and
data analysis. Recent progress in site-specific spin labeling
makes the EPR spectroscopy a promising tool for analyzing
systems of biological interest (Hubbell and Altenbach,
1994). The method presented here is based on the fitting of
simulated EPR spectra to experimentally determined spectra
of spin-labeled proteins. The degree of dipolar interaction
between two spin labels attached to specific sites of the
protein provides the information about intramolecular dis-
tances and distance distributions.

In simulating the dipolar broadening, a number of ap-
proximations are made. First, the distribution of the angle
between the interspin vector and the external magnetic field
is expected to be isotropic. This is certainly true for most
biological systems in solution and for polycrystalline sam-
ples. Second, for a given interspin vector, the molecular
orientation of the nitroxide ring is assumed to be isotropic
owing to the degree of rotational freedom of the protein
molecules along the interspin vector and to the flexible link
between the nitroxide ring of the spin label and the protein.
In turn, this residual flexibility of the nitroxide and a pos-
sible structural flexibility of the protein require the consid-
eration of an interspin distance distribution. Theoretical
considerations and molecular dynamics simulations reveal
that the interspin distance distribution function for spin
labels uniformly distributed in frozen solution or attached to
proteins may be approximated by a Gaussian.
The experimental evaluation of the dipolar broadening as

a measure of the interspin distance requires freezing of the
nitroxide motion to avoid averaging of the dipolar interac-
tion. The temperature dependence of the protein dynamics
in frozen aqueous solution appears to be similar to that of
glasses with the glass transition close to 200 K (Frauen-
felder et al., 1988). The residual motion of protein-bound
spin labels was found to behave according to this model
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(Steinhoff et al., 1989, 1993). The reorientation correlation
time of the diffusion-like motion of the attached nitroxides
exceeds 100 ns and thus is completely quenched on the EPR
time scale for temperatures below 200 K. The residual
averaging of the hyperfine interaction detected in the tem-
perature range from 70 K to 200 K, which changes the
effective hyperfine splitting by less than 2% in frozen
solution, is attributed to fast oscillations of very small
amplitude of the nitroxide ring atoms. As all measurements
of the dipolar interaction were done at temperatures below
200 K, we conclude that motional averaging effects on the
dipolar splitting are negligible.
When the interspin distance becomes very small, the

electron orbitals overlap and the EPR line shape is modu-
lated due to J coupling. The magnitude of J, or the singlet-
triplet splitting, is determined by contributions from
through-space interaction and coupling through the, a bonds
of the molecule. Through-bond coupling decreases expo-
nentially with the number of cr bonds between the labels. In
the present protein samples, the nitroxides belong to differ-
ent peptide chains, thus coupling through bonds should be
absent. The through-space value of J, however, has to be
taken into account for interspin distances of less than -10
A. Here, exchange interaction frequency J approaches the
value of the dipolar splitting if we take the values reported
by Closs and co-workers (1992) as a first approximation for
our systems. A separation between line shape effects due to
dipolar splitting and J coupling seems to be very difficult for
immobilized samples. Thus, the present analysis is re-
stricted to interspin distances exceeding 10 A.
The analysis of the EPR spectra shows that the above

assumptions are well justified for the case of free spin labels
in glycerol-water glass measured at 170 K. The fit of a
simulated powder spectrum to the diluted sample reveals
effective hyperfine tensor elements that do not show any
evidence for motional averaging. Distances and distance
distribution widths are extracted from the EPR spectra in a
distance range between 1.0 and 1.8 nm within an error of
less than 5%. The simulated spectra agree with the experi-
mental data. No significant systematic deviation of the
extracted distance values from the expected ones are ob-
served over the total distance range (cf. Figs. 6 and 7). This
suggests that the effect of exchange interaction on the
experimental spectra is negligible even for distances in the
range of 1 nm. For distances above 1.5 nm the determina-
tion of the distribution width cr is difficult because the
dipolar line broadening becomes much less than the intrin-
sic line width of the continuous wave spectrum. Due to this
reason, the uncertainty for the average interspin distance
will also increase for distance values exceeding 1.8 nm. The
use of deuterated spin labels may expand the upper distance
limit because of their property of reducing the intrinsic line
width.
The most important test of the method is the comparison

of distance data determined from EPR experiments in spin-
labeled proteins with their x-ray structures. Hexameric in-

ent distances between the amino termini of the B-chains, the
R6 and the T6 conformations. For spin labels attached to
B2SL, the distances in the protein crystals are determined
by x-ray analysis and EPR spectroscopy. For the R6 state,
the spin pair with the closest approach between the two
nitroxides shows an interspin distance of 1.8 nm, and the
largest distance to a nearest neighbor does not exceed 2.1
nm. The EPR analysis yields an interspin distance of 1.4 ±
0.3 nm on the assumption that the interaction between spin
pairs is sufficient to account for the total dipolar line broad-
ening and 1.7 ± 0.3 nm for the model of three interacting
spins. These models lead to an underestimation of the dis-
tance values as soon as the interaction between more than
two or three spin labels contributes significantly to the line
width. This is true if the distance to the next nearest neigh-
bor is less than 2 nm as for the spin labels in the crystallized
R6 structure. Thus, the interspin distance of 1.7 nm has to be
understood as a lower limit.

However, the pair interaction model holds for the T6
state, where the spin-spin interaction between the spin label
of the pairs B-H, J-D, and F-L (cf. Fig. 2 a) within a single
hexamer by far dominates other possible dipolar contribu-
tions. From the atomic data of the modified native crystal
structure an interspin distance of 1.0 nm was estimated for
the structure of lowest energy. In agreement with this, the
analysis of the dipolar broadening yields an interspin dis-
tance of 1.1 ± 0.4 nm. The comparison between x-ray data
and EPR results demonstrates that the EPR method for the
intramolecular distance determination can successfully be
applied for pairs of interacting spins; for proteins or assem-

blies with more than two interacting spin labels the pair
model may be used to estimate a lower limit of the interspin
distances.

Distance determinations in frozen solution were per-

formed with insulin samples spin labeled at positions B 1 or

B2. In this case, only dipolar interactions within a single
hexamer have to be considered. Compared with the R6
crystal state, the dipolar interaction in frozen solution is
increased, but the contrary is true of the T6 state (cf. Fig. 8
a). The model of a trimer of equally spaced spins was used
to simulate the EPR spectra of the R6 state and the pair
model was used for the T6 samples. Again, excellent agree-

ment is obtained between simulation and experiment (cf.
Fig. 8 a) and reasonable distance values could be deter-
mined. Measurements of the ratio of the intensity of the
forbidden half-field transition to the intensity of the allowed
transition support the values of p found for T6(B 1SL). This
intensity ratio was shown to be independent of the exchange
coupling constant J (Eaton et al., 1983). The agreement
between the results of both methods again justifies that
exchange effects on our spectra in the distance range above
1.0 nm were neglected.
The decrease of the interspin distance in B2SL in the R6

conformation in solution compared with that of the crystal
state reveals that the positions of the amino termini of the
B-chains are closer to each other, i.e., closer to the three-

sulin provides two well studied conformations with differ-
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the distance values determined for B 1SL. The extension of
the B-chains by one residue decreases the average distance
between the amino termini from 1.4 to 1.0 nm (cf. Table 1).
A movement of each amino terminus by -0.2 nm toward
the poles of the hexamer caused by the additional residue
accounts for these data. The addition of a single residue
within an a-helix increases its length by 0.14 nm, whereas
the length of an extended chain would be increased by 0.32
nm. The measured displacement of 0.2 nm agrees well with
the above limits and suggests an arrangement of the amino
termini oriented toward each other in the solution structure
of R6.
As is the case in R6, the location of the B-chain amino

termini in the T6 structure in solution differs from that in the
crystal. The introduction of the probe at B 1 or B2 will
prevent the B-chain amino terminus to be buried com-
pletely, as is seen in the native T6 2Zn insulin hexamer
(Baker et al., 1988). The distance between neighboring
B-chain amino termini of different trimers is increased by
-0.3 nm in solution compared with that in the crystal,
probably because the lattice packing ties down B8-B5. The
B 1SL structure reveals distance values close to those of the
B2SL structure.

Slight differences between solution and crystal structures
of proteins are well known from comparisons between data
determined by NMR spectroscopy and x-ray crystallogra-
phy. The location of the amino termini are additionally
determined by inter-hexamer contacts in the crystal. In
solution, the nitroxide environment is different, and there-
fore, the amino termini may occupy a number of different
orientations. In addition, the chain termini are expected to
be more flexible in the dissolved protein than in the crys-
tallized sample. The different flexibility is reflected in the
distance distribution parameter or, which is significantly
smaller for the crystallized than in the dissolved samples.
The degree of the nitroxide mobility is determined from
EPR spectra of the crystallized and dissolved proteins at
room temperature. In both cases, R6 and T6, the nitroxides
are immobilized in the crystal by the interaction with nearby
structure. In solution, the nitroxides are fairly mobile. The
nitroxide mobility is different for the R6 and T6 structures
with the highest motional restrictions sensed in the T6 state.
Strikingly, the spectra of B1SL and B2SL reveal very sim-
ilar mobilities of the spin labels in the respective structures.
This suggests that the motional freedom of the amino ter-
minus mainly determines the EPR spectral shape rather than
the residual motion of the nitroxide ring. In a well structured
hexamer, B1SL and B2SL may be expected to be different,
because of their different local environment. The absence of
a significant difference indicates that the amino termini in
T6 and R6 are released from the hexamer to a similar extent.
In both, T6 and R6, this is easy to understand. In T6, the
modified B 1 and B2 residues cannot pack into the hexamer.
In the native R6 molecule, B1 and B2 are exposed and
therefore both are very mobile; modification by the probe
will lead to similar mobilities. Approximately 80% of the

amino terminus more immobilized than that in the R6
structure.

Several different methods for distance measurements be-
tween nitroxides have been developed and applied in the
past. In the motional narrowing regime, the dipolar interac-
tion tensor averages to zero and J coupling determines the
EPR spectral shape for interspin distances of less than 1 nm.

The determination of J provides relative distances and thus
allows the analysis of the secondary structure of doubly
spin-labeled peptides (Miick et al., 1992; Fiori et al., 1993;
Hanson et al., 1996). Second moment calculations and mea-

surements of peak height ratios, which were empirically
calibrated using different nitroxide biradicals, were sug-
gested to study interspin distances in immobilized proteins
in the range from 1 to 2 nm (Likhtenshtein, 1976). Using a

Fourier deconvolution technique, the dipolar interaction of
spin labels attached to a-helical peptides was determined
and shown to be applicable as a molecular ruler in the
distance range from approximately 0.8 to 2 nm (Rabenstein
and Shin, 1995). Half-field intensity measurements of im-
mobilized samples allow distances measurements in the
range up to 1.2 nm without interference due to possible
exchange interaction (Eaton et al., 1983). If the relative
positions of the nitroxide groups are fixed in a static posi-
tion and not affected by dynamic processes of the protein,
the dipolar interaction results in the splitting of the hyper-
fine lines into two new peaks on either side of the original
EPR spectrum. In this case, the line shapes and positions of
the split peaks of dipolar spectra are sensitive to the distance
and to the relative orientations of the nuclear hyperfine
tensors (Park and Trommer, 1989; Eaton et al., 1983; Eaton
and Eaton, 1989). However, proteins are dynamic systems,
and in many cases, the nitroxide side chains are flexible.
The degree of the flexibility depends on the length of the
spin label side chain, on the strength of its interaction with
atoms of adjacent secondary and tertiary structures, and on

the distribution of conformational substates of the protein
(Steinhoff and Hubbell, 1996). Due to this flexibility, the
nitroxide orientations and spin label positions are distrib-
uted around average values in the frozen protein, where the
fluctuation rates are strongly decreased. The present ap-

proach accounts for this effect and provides the distance
distribution width in addition to the mean value. In the
distance range between 1.0 and 1.2 nm the analysis of the
dipolar broadened line shape has advantages compared with
half-field experiments because the signal to noise ratio is
more than three orders of magnitude higher. Thus, the
investigation of spin-labeled protein mutants is possible,
where the sample volume and the protein concentration
might be limited. Due to this high sensitivity, distance
measurements in the range up to 2.0 nm are possible. The
use of deuterated spin labels with their smaller intrinsic line
widths may expand this range. The exchange interaction
frequency J was found to be negligible compared with the
dipolar splitting for interspin distances exceeding 1 nm.

protein molecules in the T6 structure are found with an
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(1995) who could neglect J coupling influences for interspin
distances larger than 0.8 nm.

In summary, the method of analyzing EPR dipolar inter-
action is well suited to estimate interspin distances of spin-
labeled proteins as demonstrated for a model system. In
combination with the freeze quenching technique, time-
dependent conformational changes of proteins might be
followed. Using genetic engineering techniques, nearly any
desired site of a protein can be spin labeled (Hubbell and
Altenbach, 1994). Taking these experimental tools into ac-
count, the EPR dipolar interaction analysis method opens a
wide field of investigating protein structures.
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