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Abstract

Inter-spin distances between 1 nm and 4.5 nm are measured by continuous wave (CW) and pulsed electron paramagnetic resonance
(EPR) methods for a series of nitroxide-spin-labelled peptides. The upper distance limit for measuring dipolar coupling by the broad-
ening of the CW spectrum and the lower distance limit for the present optimally-adjusted double electron electron resonance (DEER)
set-up are determined and found to be both around 1.6–1.9 nm. The methods for determining distances and corresponding distributions
from CW spectral line broadening are reviewed and further developed. Also, the work shows that a correction factor is required for the
analysis of inter-spin distances below approximately 2 nm for DEER measurements and this is calculated using the density matrix
formalism.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Electron paramagnetic resonance (EPR) can be used to
assess the distances between pairs of paramagnetic centres
by relating the strength of the measured dipolar coupling to
their separation. For a general review of the field for birad-
ical systems both polarised or in thermal equilibrium see [1]
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and references therein. Assuming solvent-mediated super-
exchange and through-space dipolar interactions, the iso-
tropic exchange coupling can be modelled approximately
as a decaying exponential with inter-spin separation r,
whereas the Hamiltonian for the dipolar coupling between
point dipoles gives an r�3 dependence; for a free electron g

value Eq. (1) gives the dipolar coupling frequency:

mdd ¼
52:04

r3

� �
ð1� 3 cos2 hÞ ð1Þ
where h is the angle between the inter-spin and applied
magnetic field vectors, mdd is given in MHz and r is
measured in nm.

This paper explores the elucidation of inter-spin dis-
tances and distance-distributions through analysis of
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1. the unresolved splitting of the X-band (�9.5 GHz) con-
tinuous wave (CW) EPR spectrum and

2. the four-pulse double electron electron resonance
(DEER) signal for a series of nitroxide spin-labelled syn-
thetic peptides in a frozen matrix.

The line broadening of the CW spectrum caused by
dipolar couplings has been analysed in terms of distance
and distribution previously using a variety of approaches
including convolution of a relevant unbroadened EPR line
shape with the dipolar spectrum corresponding to a Gauss-
ian distribution of distances [2], Fourier deconvolution of
the broadened and unbroadened spectra [3,4] and fitting
the data incorporating the Euler angles of the paramag-
netic centres and their spatial relationship [5]. When pro-
tonated (rather than perdeuterated) nitroxide spin probes
are used, the broadening of the X-band CW EPR line
shape generally becomes negligible for distances in the
range of 1.5–2 nm. Broadening should not be used to esti-
mate inter-spin distances where exchange coupling is larger
than, or comparable to, the dipolar coupling term, in prac-
tice (for non-conjugated systems) this excludes distances
shorter than approximately 0.8 nm.

The four-pulse DEER technique provides a deadtime-
free method of measuring the frequency (i.e. strength) of
the dipolar interactions [6]. In this pulsed ELDOR (ELec-
tron DOuble Resonance) experiment, two microwave
(m.w.) frequencies are applied: the first frequency provides
all observer pulses whilst the second frequency is used for
the pump pulse, as shown in Fig. 1 [7]. DEER has been
used to measure distances from 1.6 to 7.5 nm between
organic and nitroxide-based radicals [8–10]. Deadtime-free
measurements allow for the determination of distance-dis-
tributions; the Matlab computer package DeerAnalysis
2006 solves the mathematically ill-posed problem of
extracting distances and distributions from the DEER time
domain data by Tikhonov regularisation [11–13]. The
upper limit for distance measurements is imposed by the
phase memory time, Tm, of the frozen sample whereas
the lower limit was believed to be dictated by the excitation
τ
π/2
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τ
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Fig. 1. EPR pulse sequence for the DEER experiment used for the work prese
coincided with both the centre of the microwave mode of the resonator and the
by adding eight data sets with a variable delay s1 starting at 200 ns and using
3 ls.
bandwidth of the pump pulse (which must be greater than
the dipolar coupling) [14]. This work shows that the dura-
tions and non-ideality of both observer and pump pulses
must be taken into account. It is demonstrated that for
dipolar coupling frequencies at the limit of the excitation
bandwidth, a simple correction can be made to the kernel
function for Tikhonov regularisation in order to determine
the distribution of inter-spin separations more accurately.

In the only previous study of nitroxide separations at the
CW EPR/DEER borderline (i.e. 1–2.5 nm) of which the
authors are aware, four doubly-spin-labelled mutants of
human carbonic anhydrase II were investigated [15]. The
distances found by CW EPR and DEER agreed well but
little information about distance-distributions was given
except that the DEER spectrum of one of the labelled
mutants was best modelled with two distinct distances.
The problem of reliable data analysis is complicated in
the case of moderately broadened distance-distributions.
However, spin labels often exhibit these broad distributions
due to their own conformational flexibility, as well as that
of the system under investigation. Uncertainties in the
analysis arise because in the borderline ranges of both
CW EPR and DEER the contributions from different dis-
tances are not evenly weighted. This problem is explored
in more detail in the present work.

In order to carry out such an investigation, a series of
peptides were designed, synthesised and spin-labelled.
The peptides were based on a repeating sequence of
(AAAAK)nA where n was either 4 or 7. Cysteine residues
were substituted at strategic positions in the chain, in place
of alanine residues, and were subsequently spin-labelled
with a nitroxide-based radical. Millhauser and co-workers
and Shin and co-workers used similar sequences for their
CW EPR investigations into the nature of the helical sec-
ondary structure of such peptides [3,16]. The primary struc-
tures and abbreviated names of the nine peptides (eight
containing two labels and one a single label) are given in
Table 1.

The nine peptides were spin-labelled with MTS (1-oxyl-
2,2,5,5-tetra-(methypyrroline-3-methyl)-methanthiosulfo-
τ τ2 2

π

nted here. The resonator was overcoupled (Q � 100) and the pump pulse
maximum of the nitroxide spectrum. Proton modulations were minimised

an increment D s1 = 8 ns. The t increment was 8 ns. s2 was between 1 and



Table 1
The abbreviated names and amino acid sequences for the nine investigated peptides (A, alanine; C, cysteine; K, lysine)

Name Sequence

5 10 15 20 25 30 35

4K(3) AACAK AAAAK AAAAK AAAAK A
4K(3,7) AACAK ACAAK AAAAK AAAAK A
4K(4,11) AAACK AAAAK CAAAK AAAAK A
4K(3,11) AACAK AAAAK CAAAK AAAAK A
4K(3,12) AACAK AAAAK ACAAK AAAAK A
4K(3,13) AACAK AAAAK AACAK AAAAK A
4K(3,14) AACAK AAAAK AAACK AAAAK A
4K(3,18) AACAK AAAAK AAAAK AACAK A
7K(3,32) AACAK AAAAK AAAAK AAAAK AAAAK AAAAK ACAAK A
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Fig. 2. The structure of the spin labels used for labelling the peptides.
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nate) and the ring-saturated form which shall henceforth be
referred to as SAT (1-oxyl-2,2,5,5-tetramethylpyrrolidin-3-
yl-methyl)-methanethiosulfonate) (Fig. 2). The two spin
labels were used in order to investigate their relative
dynamic properties once attached to each peptide. While
the results of these experiments are not discussed in this
paper the distance results from both types of nitroxide spin
label are used to show that even subtle changes in the nat-
ure of the spin label can effect the measured distance-
distributions.
2. Theory and methods

This section outlines the methods of analysis used for
the CW EPR and DEER data. Example results, illustrated
by 4K(3,11)-MTS, are shown in Fig. 3.
2.1. CW EPR

Analysis of CW EPR spectral line broadening, caused
by dipole–dipole coupling, in terms of distances and dis-
tance-distributions was carried out using custom-written
programs. All techniques used the 0th harmonic spectrum
which was found by integrating the experimental fre-
quency-domain spectrum and applying a high-order poly-
nomial baseline correction (this operation was repeated
10 times with different start and end points for the baseline
correction and the average spectrum found).
2.2. Second moment analysis

The difference between the second moments of a dipo-
lar-broadened and an unbroadened EPR line shape is
directly proportional to r�6. Also, the second moment of
a magnetic resonance line shape is independent of isotropic
exchange coupling effect [17].

The method relies on the broadening of the outer-flanks
of the spectrum and thus is limited strongly by other inho-
mogeneous broadening effects (for example, unresolved
hyperfine structure) and the quality of the baseline. The
second moment of the dipolar interaction, l2, is obtained
from the normalised dipolar broadened spectrum, d, and
the normalised non-coupled spectrum, s, and is given by:

l2 ¼
X
ðB� BdÞ2d �

X
ðB� BsÞ2s ð2Þ

where B is the applied magnetic field and B is the magnetic
field corresponding to the mean of the spectrum [18,19].
The second moment (in Hz2) of a powder sample of like
spins is also calculated as [20]:

l2ðHz2Þ ¼ 3

5

l4
bg4l2

0

ð4pÞ2h2
SðS þ 1Þ

X 1

r6
ð3Þ

The Van Vleck formula (Eq. (3)) can be converted into field
units (T2) so that Eqs. (2) and (3) can be equated and,
assuming a well-defined distance, can be solved for r:

rðnmÞ ¼ 2:32

ðl2:108Þ1=6
ð4Þ

When applying this procedure to the spectra obtained,
there are two major sources of error. The first arises from
the formulation of Eq. (3) which assumes like spins (i.e.
strong coupling); the distance given by the second moment
from coupling of unlike spins will smaller by (3/2)�1/3. The
second major error source is the polynomial baseline cor-
rection. The statistical error associated with the baseline
correction can be calculated using Eq. (5) where rd

l2
and

rs
l2

are the standard deviations in the second moment val-
ues for the doubly- and singly-labelled peptides, respec-
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Fig. 3. The methods for finding distances and distance-distributions for a doubly-labelled peptide using EPR. The spin-labelled peptide (4K(3,11)-MTS) is
shown in an a-helical confirmation. The average distance between the nitroxide moieties of the spin labels and an estimate of the distance-distribution is
given by allowing movement of the cysteine side chain and spin label tether in a molecular dynamics simulation. The distance between the spin labels is
measured experimentally using (i) DEER and analysis by Tikhonov regularisation and (ii) investigation of the line broadening caused by dipolar coupling
in the CW spectrum (by finding its second moment, convolution, convolution matrix and Fourier deconvolution methods). For the case of 4K(3,11)-MTS,
the experimental methods yield a shorter average inter-spin label distance with a smaller standard deviation than the molecular modelling for the case of a
perfect a-helix. See main text for more details.
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tively, for repeated data analysis with different settings for
the baseline.

j Dr j¼ 0:044l�7=6
2 ðrd

l2
Þ2 þ ðrs

l2
Þ2

h i1=2

ð5Þ

For a given biradical it is difficult to assess the contribu-
tions from like and unlike spins and therefore Eq. (4) was
used without modification. The two main sources of error
are likely to be about the same magnitude and both will
increase with radical separation.

2.3. Convolution

The dipolar broadened EPR spectrum can be considered
as a sum of non-coupled (singly-labelled) species convolved
with an appropriate dipolar broadening function. Assum-
ing that this function is formed from a superposition of
Pake patterns, the coupled (doubly-labelled) spectrum
can then be reconstructed. The Pake, or dipolar coupling,
pattern is formed from random orientation distributions
(isotropic h in Eq. (1)) of dipole–dipole interacting spins
(nuclei or radicals) [21]. The minimum intensity will occur
when mdd(h = 0 radians) = mi (the vector connecting the
spins is parallel to the magnetic field) while the maximum
will be when mdd(h = p/2) = m^ (the vector connecting the
spins is perpendicular to the magnetic field). The form of
the pattern depends upon the model used for the relation-
ship between the exchange and dipolar coupling interac-
tions. If the difference between the Larmor frequencies of
the coupled spins is much greater than the difference
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between the exchange and dipolar coupling, the weak cou-
pling regime is encountered and the turning points are
dependent upon J (the magnitude of the exchange inter-
action) as well as mdd. When the difference between the
exchange and dipolar coupling frequencies is much greater
than the frequency difference between the spins, the system
is strongly coupled and the dipolar frequency pattern is
independent of J. For nitroxide radicals at X-band EPR
frequencies (i.e. 9.5 GHz) the spectral width is of the order
of 180 MHz which indicates that strong coupling can be
assumed for the CW EPR lineshape analysis for inter-spin
separations below approximately 0.7 nm whereas the weak
coupling case is appropriate for distances greater than
approximately 1.5 nm, provided that J is almost negligible
(which is usually true for non-conjugated systems with
inter-spin separations greater than 0.8 nm) [22,23]. As men-
tioned in Section 2.2 above, the dipolar coupling splitting is
3/2 times larger for the strong coupling regime than for
weakly coupled spins. The region between 0.7 and 1.5 nm
is not adequately described using either strong or weak
coupling which can cause problems for the analysis of most
CW EPR dipolar broadened spectra.

Steinhoff and co-workers have developed a Fortran 77
program, ‘‘Dipfit’’, which simulates the non-coupled
spectrum [2]. This is then convolved with a sum of Pake
patterns in the strong coupling regime, corresponding to
a Gaussian distribution of distances until the sum
squared residual between the experimental and simulated
spectrum is minimised. A custom-written version of the
convolution program was produced using Matlab 7.0,
and shall henceforth be referred to as ‘‘DipCon’’. This
program uses the simplex algorithm to minimise the
sum squared difference between the experimental singly-
labelled peptide spectrum broadened by a convolution
with Gaussian distributions of weak coupling regime
Pake patterns and the experimental spectrum from the
doubly-labelled peptides (note that the procedures
adapted here are only valid if the dipole coupling does
not exceed the hyperfine couplings). The Pake patterns
were calculated with J = 0 (i.e. zero exchange) and such
that the singularities all lie within the field range of inter-
est. In total 3491 Pake patterns were formed with a dipo-
lar splitting corresponding to distances between 0.51 and
4 nm (the 0.51 nm lower limit was chosen as an arbitrary
limit where the assumption that J = 0 is certainly no
longer valid). The routine furthermore allows the use
of either one or two Gaussian distributions of Pake pat-
terns for fitting. However, tests showed that allowing the
use of a pair of Gaussian distributions for the convolu-
tion resulted in better fits (as expected) but a split distri-
bution profile, regardless of the true nature of the
broadening function. The mean distance and standard
deviation were reproducible using either convolution
method, consistent with the findings of Hustedt and co-
workers [5]. The results shown in this paper employ
the approach of fitting a monomodal Gaussian distribu-
tion only.
2.4. Elucidating the dipolar broadening function

In the previous section the dipolar broadened EPR spec-
trum was modelled as a convolution of the uncoupled line
shape with a dipolar broadening function. However, it is
also possible to directly derive the dipolar broadening func-
tion from the coupled and uncoupled spectra and conse-
quently the distance and distance-distribution of
simulated Pake patterns.

Rabenstein and Shin found the dipolar broadening
function by deconvolving the coupled and non-coupled
EPR spectra (d and s, respectively) in Fourier space and
then transforming the function back to real space. This is
shown by Eq. (6) where b is the broadening function, F
and F�1 are the forward and inverse Fourier transforms,
respectively.
b ¼ F �1½F ðdÞ=F ðsÞ� ð6Þ
The broadening function was analysed by assuming that
it has the form of a strong coupling regime Pake pattern
and applying a formula to find the average distance and
variance [3].

Deconvolution is an unstable algorithm; it produces high
amplitude components that obscure the line shape in both
the time and, particularly, frequency domain due to the
necessity of dividing by approximately zero. To increase
the fidelity of the real space broadening function for analysis
with the Rabenstein and Shin formulae, the deconvolved
product may be cut to avoid the high frequency noise or fitted
with up to two Gaussians which are then transformed back
to the frequency domain [15,24]. Hubbell and co-workers
have produced a low-noise broadening function by adding
a slight bias (<0.01%) to all AC components of the Fourier
transform of the non-coupled spectra (the denominator of
the deconvolution equation) and by low-pass filtering of
the broadening function itself [4]. This avoids division by
near zero values. The Hubbell method differs from that of
Shin; it uses a combination of deconvolution and convolu-
tion procedures to fit up to 50 weighted Pake patterns to
the broadening function and simultaneously convolves them
with the singly-labelled spectrum to produce a fit to the dou-
bly-labelled protein spectrum.

The program ‘‘DipBF’’ was written using Matlab 7.0 to
determine the dipolar broadening function from the CW
EPR spectra. Two methods were used: a convolution
matrix of the singly-labelled peptide spectrum and Fourier
deconvolution.
2.5. Convolution matrix method

This technique uses the principle that the coupled spec-
trum, d, is a convolution of the uncoupled line shape, s,
with a broadening function, b:

d ¼ s� b ð7Þ
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Knowledge of the doubly labelled spectrum and the forma-
tion of the convolution matrix of s, conv(s) will yield b

which is approximately related to the inter-spin distance-
distribution, D, by the Pake patterns (modelled as being
in the weak coupling regime), p:

b ¼ p D ð8Þ
Also therefore note that, overall D and d are related by:

d ¼ ½p convðsÞ� D ð9Þ
The conv(s) formed by DipBF is a square matrix (with

dimensions equal to the number of data points collected in
the CW experiment); edge effects (distortions of b) should
be avoided by ensuring adequate baseline in both s and
the matrix of Pake patterns (as used for convolution). To
test for numerical stability of the deconvolution approach,
the compact singular value decomposition (csvd) was made
using the regularisation tools of Hansen as shown by Eq.
(10), where U and V are the left and right singular vectors
of s [25,26]. In this case the csvd corresponds to diagonali-
sation of the matrix.

convðsÞ ¼ U c V ð10Þ
A plot of log(c) (singular values) showed that conv(s) sat-
isfies the discrete Picard condition, i.e. the singular values
decay gradually to zero for the singly-labelled peptides
and hence they do not have numerical rank; the broaden-
ing function cannot be found from least squares fitting of
d by conv(s) and the problem is termed ill-posed. Simi-
larly the singular values for p and [p conv(s)] were plotted
and Eqs. (7)–(9) were found to be ill-posed (data not
shown).

The maximum entropy method (MEM) has been used to
solve the ill-posed problems [27]. MEM intrinsically sup-
presses the negative portions of the output (e.g. b in Eq.
(7)). In EPR, MEM has been used previously for accurately
determining distances and distance-distributions from dou-
ble quantum coherence (DQC) EPR results (using the
result from Tikhonov regularisation—another method of
solving ill-posed problems—as a seed) [28]. MEM was used
to find D by solving Eqs. (7) and (8) in the distance range
0.51–4 nm (physically realistic results were not produced by
using MEM to solve Eq. (9)).

The reliability of the MEM method to find D was
assessed by using test data sets generated by artificially
broadening the experimental uncoupled spectrum (i.e.
4K(3)) with one or two Gaussian distributions of Pake pat-
terns. In general the distance, standard deviation and dis-
tance profile were reproduced well for distances between
0.7 and 1.7 nm. Reproducing the profile breaks down for
both shorter distances and mean distances above 1.7 nm,
although the mean distance is reproduced approximately
for distances up to 2.0 nm. If the presence of high levels
of singly-labelled peptide as an impurity was assumed in
these simulations, the output distances were longer than
the input distances used in the simulation of the doubly-
labelled peptide spectrum.
2.6. Fourier deconvolution

The principle of Fourier deconvolution for this problem
is given by Eq. (6). The broadening function, b, found from
deconvolution can then be implemented by DipBF to find
the distance-distribution using the maximum entropy
method to solve Eq. (8).

In DipBF the uncoupled, s, and coupled, d, spectra are
fast Fourier transformed. The spectra are then divided with
respect to one another (Eq. (6)) and the result is centred at
zero time. A boxcar filter function is applied with a user-
defined width (a window function width of 30 data points
was found to be a good compromise between cutting the
noise and allowing maximum signal to pass for the data
discussed here) and the spectrum outside of the boxcar
was zero-filled to the original number of data points. This
cuts the high amplitude, high frequency noise which would
otherwise obscure b and is essentially equivalent to low
pass filtering. The imaginary part of the data was discarded
since it is zero, as expected for properly deconvolved
spectra.

Artefacts arising from the use of the boxcar function
(sinc waveforms) and interference from noise affect the fre-
quency domain spectrum obtained by transforming the
deconvolved result. Fitting the broadening function in the
time domain with a pair of Gaussians gives a pair of Gaus-
sians in the frequency domain after back Fourier transfor-
mation, with no transformation artefacts. The transformed
data was used to give the distance-distribution profile, D,
using the MEM to solve Eq. (8).

Using example data it was found that for broad distribu-
tions the direct method and Gaussian fit method gave sim-
ilar mean distances and standard deviations. Narrow
distributions were best reproduced directly since the Gaus-
sians in Fourier space did not give good fits to the trans-
formed resolved Pake pattern. In general, the distance
profiles obtained for these test cases by the two-step convo-
lution matrix method were reproduced by the Fourier
deconvolution techniques.

Rabenstein and Shin reported that monoradical impu-
rities could be removed during analysis because they
appear in the broadening function almost as a delta func-
tion at zero frequency [3]. Our own modelling has shown
that this is only true for very short inter-spin distances
which have distinct broadening functions compared to
the delta function. Longer distances (greater than approx-
imately 1 nm) require that any radical impurities are
removed prior to signal processing to avoid obscuring
the true profile.

2.7. DEER

The effect that the excitation bandwidth given by non-
ideal pulses in the four-pulse DEER experiment has on
the simulated spectrum was studied, starting from the the-
ory developed for the corresponding three-pulse experi-
ment by Tsvetkov et al. [29,30]. This theory assumes that
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only the resonance offsets of the spins, and the secular part
of the dipole–dipole Hamiltonian,

bH sec ¼ xdd
bS Az
bS Bz ð11Þ

with the orientation- and distance-dependent dipole–dipole
coupling xdd, need to be considered in the description of
spin evolution and that observer pulses excite exclusively
A spins and pump pulses excite exclusively B spins. During
the rectangular pulses of finite length, both the static and
the m.w. Hamiltonians are taken into account. Within
these assumptions the theory suggests that finite pulse
lengths and limited bandwidth result in two significant dif-
ferences with respect to a description using ideal pulses.
First, there is a decrease in modulation depth with increas-
ing dipole–dipole coupling, and second, there is a time shift
of the zero time of the dipolar oscillation by half the length
of the initial observer p/2 pulse. The latter effect does not
depend on the strength of the dipole–dipole coupling and
can be easily accounted for in data analysis for the dead-
time-free four-pulse DEER experiment, as the actual zero
time coincides with the maximum of the signal trace.

The dependence of the modulation depth on pulse
lengths and on the strength of the dipole–dipole coupling
was studied for four-pulse DEER by numerical density
operator computations using subroutines from the Easy-
Spin library [31,32]. This way the remaining assumptions
were relaxed. Specifically, we include the pseudo-secular
part of the dipole–dipole Hamiltonian,

bH p sec ¼ �
xdd

2
ðbSAx

bSBx þ bS Ay
bSByÞ ð12Þ

and assume that all m.w. pulses act on all spins in the sys-
tem according to their resonance offsets from the fre-
quency of the pulse. The only assumptions retained are
that the resonance frequencies of the observer and
pumped spins are uncorrelated, the pulses have rectangu-
lar shape, and the exchange coupling between the spins
can be neglected. If the exchange coupling were known
the last assumption could be relaxed. Likewise, orienta-
tion correlation of the spin labels could be easily intro-
duced into the computations, if a model for the relative
geometry were given.

The observer pulse frequency (local maximum of the
nitroxide absorption spectrum near the low-field edge)
and pump frequency (global maximum of the spectrum)
are chosen as in the experiments. The resonance frequen-
cies of the two coupled electron spins were varied inde-
pendently throughout the nitroxide spectrum. For each
pair of resonance offsets from the observer frequency
the weighting is computed as the product of the intensities
at the two resonance frequencies found from an experi-
mental echo-detected EPR spectrum of the nitroxide rad-
ical. Computations were performed in a reference frame
rotating at the observer frequency. During the pump
pulse with length tp, the Hamiltonian describing relative
frame rotation,
bH rot ¼ DxmwðbS1;z þ bS 2;zÞ ð13Þ

is subtracted, which corresponds to a slowdown of the
frame rotation by angular frequency Dxmw, so that the
pump pulse is applied in a frame rotating with the pump
frequency. The slower rotation is afterwards compensated
for by applying only bH rot for a time tp. This treatment is
possible since bH rot commutes with all terms of the static
Hamiltonian, including bH p sec. The detection operator cor-
responds to quadrature detection on both spins. For detec-
tion, 13 points of the signal trace were summed with the
time increment between these points being 4 ns and the
7th point coinciding with the echo maximum. This corre-
sponds to the 48 ns integration window for the echo signal
with 4 ns time resolution of the SpecJet digitizer used in the
experiments.

In agreement with the theory of Tsvetkov et al. we find
that for coupling strengths of the order of the excitation
bandwidth and smaller, only the modulation depth
depends on the coupling strength [29]. This approximation
of moderate excitation bandwidth effects is valid down to
modulation depths, k, that are 1/10 of the maximum mod-
ulation depth k0, which is encountered in the limit of very
small coupling (xdd fi 0). For even larger couplings, the
modulation phase and frequency are significantly affected.
In this regime of strong excitation bandwidth effects, a cor-
rection is not promising, as the remaining modulation
hardly exceeds the noise level within a reasonable measure-
ment time and because a further error source is introduced
by exchange couplings.

In the regime of moderate excitation bandwidth effects,
simulations were performed for several typical sets of pulse
parameters (Fig. 4). In general, the dependence of the mod-
ulation depth on xdd can be fitted quite satisfactorily by a
Gaussian

k ¼ k0 exp �x2
dd

r2
exc

� �
ð14Þ

where rexc is the effective excitation bandwidth of the whole
four-pulse DEER experiment. This effective excitation
bandwidth is found to depend on the lengths of both the
pump and observer pulses. For the pump pulse this is be-
cause a large bandwidth is required to invert both compo-
nents of the dipolar doublet of the B spin and thus the local
field at the A spin, as already remarked earlier [14]. How-
ever, such inversion also shifts the resonance frequency of
the A spins by the dipolar coupling frequency (xdd). Hence,
subsequent echo refocusing by the final observer pulse can
only take place if this pulse can invert the shifted transi-
tions. A significant shortening of the pump pulse while
maintaining its flip angle p and the flip angles and lengths
of the observer pulses thus results in a strong increase in the
modulation depth, but only in a moderate improvement
of the effective excitation bandwidth (compare Fig. 4A
and B).

The values for k0 obtained by fitting the data for our
standard pulse lengths are in good agreement with our



Fig. 4. Dependence of the modulation depth k on the dipolar coupling frequency mdd = xdd/2p in the four-pulse DEER experiment. Full circles correspond
to numerical density operator simulations of the whole pulse sequence and solid lines to a Gaussian fit according to Eq. (14). The length of all observer
pulses is 32 ns. (A) Pump pulse length tp = 12 ns, effective excitation bandwidth rexc = 17 MHz. (B) tp = 32 ns, rexc = 12 MHz.
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experimental findings, indicating that the idealizing
assumptions that remain in our approach are fulfilled.
For data analysis in terms of distance-distributions, knowl-
edge of k0 is not required, as the modulation after back-
ground correction is renormalized to unity amplitude.
Excitation bandwidth correction thus only requires incor-
poration of the second factor on the right-hand side of
Eq. (14) into the kernel, K, used in simulations of DEER
time-domain data and in Tikhonov regularisation. The cor-
rected kernel is given by:

Kðt; rÞ ¼
Z 1

0

exp �x2
dd

r2
exc

� �
cosðxdd tÞd cos h ð15Þ

using the value of rexc obtained from the density operator
computations for the experimental pulse lengths. This exci-
tation bandwidth correction has been incorporated as an
additional tool into DeerAnalysis2006 [12].
4 We also attempted the use of the ratio of peak heights (d1/d) method
[36], despite showing the same trend as the other techniques the ratios did
not lead to realistic distances. This is probably due to the need for well-
defined inter-spin distances, a condition the peptides are not expected to
fulfil.
3. Experimental results and discussion

The secondary structure of the peptides was character-
ised by circular dichroism (CD) and nuclear magnetic res-
onance (NMR) methods [33,34]. The peptides were found
to be essentially a-helical in a mixture of 1:1 (v/v) water
and trifluorethanol (TFE) at room temperature but with
considerable fraying at the termini. A spin-labelled peptide
model was constructed assuming a perfect and rigid a-helix
structure. Flexible spin labels were added to the cysteine
residues and the trajectories of distances between the nitr-
oxide moieties was monitored over 0.1–0.2 ns using an
MM2 force field [35]. The mean distances and their stan-
dard deviations were used as guidelines for the approxi-
mate distances expected from the EPR experiments. The
modelled distances for the 4K peptides ranged from
1.07 ± 0.31 nm for 4K(3,7) to 2.64 ± 0.55 nm for
4K(3,18) and was 4.61 ± 0.46 for 7K(3,32). In general,
the distribution profiles were well approximated as
Gaussian.

3.1. CW EPR

The CW EPR spectra of the peptides were recorded at
50 K in water/TFE frozen solutions. The distances and dis-
tance-distributions were obtained by the analysis tech-
niques outlined in Section 2.4 The results for the 4K
peptides are given in Table 2 and Fig. 5. The CW spectra
of 7K(3,32) in frozen solution were very similar to their
4K(3) analogues. In general the results follow the trend
in distances given by the a-helical model. Additionally,
each method for evaluating the distance indicates a
break-down of the CW analysis techniques for the peptides
with longer inter-spin distances such as 4K(3,12) and
4K(3,18), indicating the upper limit for these techniques.
Detailed accounts of the results from each method are
given below.

3.2. Second moment

The results show that there is a good correlation between
the distance from the second moment calculation and the a-
helix MM2 modelled distance trend for 4K(3,7), 4K(4,11),
4K(3,11) and 4K(3,14), although the statistical errors for
4K(3,11) and 4K(3,14) are not negligible, presumably
because they are near the upper limit of the applicable region
for this type of analysis. The second moment distances for
4K(3,13), 4K(3,12) and 4K(3,18) are dubious; the latter
two do not have positive second moment differences with



Table 2
Results from the second moment analysis, convolution of dipolar coupling patterns with the uncoupled spectrum (DipCon), convolution matrix method
and direct Fourier deconvolution compared to the results from the a-helical model calculations for the 4K peptides (more details may be found in the text
and the graphical results are shown in Fig. 5)

Peptide a-Helical model Second moment DipCon (monomodal) DipBF: convolution matrix DipBF: Fourier deconvolution

�r=nm rÆræ/nm �r=nm ±Er/nm �r=nm rÆræ/nm rfit/10�5 �r=nm rÆræ/nm �r=nm rÆræ/ nm rMEM/10�4

4K(3, 7) MTS 1.07 0.31 1.07 0.07 1.14 0.29 4.70 1.17 0.36 1.14 0.39 1.3
SAT 1.02 0.05 1.28 0.35 5.69 1.16 0.42 1.14 0.46 1.6

4K(4, 11) MTS 1.20 0.40 1.09 0.09 1.26 0.38 4.20 1.30 0.43 1.28 0.44 1.7
SAT 1.13 0.04 1.33 0.37 2.99 1.36 0.37 1.36 0.39 1.3

4K(3,11) MTS 1.70 0.43 1.32 0.23 1.46 0.38 3.67 1.50 0.38 1.47 0.33 2.4
SAT 1.43 0.18 1.77 0.49 2.74 1.60 0.38 1.58 0.33 3.6

4K(3,14) MTS 1.89 0.48 1.50 0.47 1.84 0.47 3.05 1.68 0.39 1.65 0.34 6.2
SAT 1.53 0.3 1.79 0.37 2.18 1.65 0.38 1.61 0.31 4.8

4K(3,13) MTS 2.03 0.53 1.68 1.06 1.66 0.00 2.09 1.70 0.39 1.61 0.33 4.9
SAT 1.76 0.62 1.76 0.01 2.36 1.71 0.39 1.66 0.34 6.7

4K(3,12) MTS 2.22 0.29 N/A N/A 1.95 0.02 2.25 1.79 0.40 1.65 0.33 6.9
SAT 1.78 0.62 2.07 0.00 2.23 1.77 0.40 1.68 0.34 8.3

4K(3,18) MTS 2.64 0.55 1.73 1.28 2.02 0.02 2.65 1.81 0.40 1.66 0.33 8.0
SAT N/A N/A — — — 1.94 0.43 1.70 0.34 11

�r is the mean distance, rÆræ is the standard deviation in the distance result, ±Er for the second moment analysis represents the error produced by the
polynomial baseline correction applied to the experimental data, rfit is the standard deviation between the best fit artificially broadened uncoupled
spectrum (from the 4K(3) peptide) and the experimental doubly-labelled peptide spectrum, rMEM is the maximum entropy method regularisation
parameter, N/A indicates that the second moment result was negative for the peptide.
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respect to 4K(3) or 7K(3,32) and all three peptides have
extremely large statistical errors. The second moment analy-
sis may give artificially short distances if the majority of the
high end of the distance-distribution cannot be resolved in
the EPR spectrum (no distance results above 1.78 nm are
returned by this method). Such an error cannot be recognised
without comparison to results obtained using a different data
analysis procedure, due to the fact that this method does not
reveal a distance-distribution. The biased distance results
may be the reason why only the distance for 4K(3,7) corre-
sponds well with the actual value from the a-helix model,
as it is the only peptide which is predicted, from the MM2 cal-
culations, not to have a significant distance population
above 1.5 nm.

3.3. DipCon

By following the same distance trend as the modelled
structures (for peptides modelled as having inter-spin dis-
tances less than 1.9 nm) the DipCon results in Table 2
and Fig. 5B indicate that the frozen peptides do form a-
helices. Additionally there is good overlap between the
model and the results for the standard deviation on the dis-
tance results (Table 2). The distributions are very narrow
for 4K(3,12), 4K(3,13) and 4K(3,18)-MTS and no distance
can be found from the 4K(3,18)-SAT data. Such anoma-
lous results indicate a failure of the convolution method
for elucidating distances for these peptides and hence these
results should be discounted.

Deviations from the expected distances were seen for
4K(3,7)-SAT, where the DipCon result was larger than
expected from the model, and 4K(3,11)-MTS, where the
DipCon distance was shorter. In the case of 4K(3,11)-
MTS the spectrum is broader for the MTS label than the
SAT version (not shown) and hence the deviation of the
result from the model appears to be a genuine effect. Except
for the 4K(3,14) results the DipCon distances indicate that
the MTS-labelled peptides have a shorter inter-spin dis-
tance than the SAT-labelled versions although no conclu-
sions as to why can be drawn using the available data.
The fitting was poor for 4K(3,7) (particularly the SAT-
labelled peptide) although the actual distances and stan-
dard deviation results are in line with those predicted by
the model. The poor fitting is likely to be due to significant
exchange coupling which causes spectral narrowing. In
fact, for couplings that are of the same order of magnitude
as the width of the nitroxide spectrum (about 180 MHz),
the assumption of a uniform coupling pattern for all spin
pairs in the sample is no longer fulfilled. This is because
the coupling pattern then depends on the ratio between
the combined dipolar and exchange coupling to the differ-
ence of the resonance frequencies of the two spins in the
absence of the coupling. The slight distance increase
between spin labels (in the order of 0.1 nm) due to an extra
turn of the a-helix for 4K(4,11) compared to 4K(3,7)
appears to be sufficient to allow for good fits to be obtained
and hence the distance results are more reliable.

3.4. DipBF: Convolution matrix

The MEM regularisation values, rMEM, used for the
MEM were 3 · 10�5 and 1 · 10�4 for the first and second



Fig. 5. Graphs showing the results given in Table 2 for the MTS (black) and SAT (red)-labelled peptides. The mean distance results and either the
standard deviation in the spread or (in the second moment analysis case) the associated error are plotted against the mean results (the standard deviation
has been omitted for clarity but these may be found in Table 2) from the a-helical model calculations: (A) second moment analysis; (B) convolution of
dipolar coupling patterns with the uncoupled spectrum (computer program name: DipCon); (C) convolution matrix method (computer program name:
DipBF); (D) Fourier deconvolution (computer program name: DipBF). The results are marked by the positions of the labelled cysteine residues.

J.E. Banham et al. / Journal of Magnetic Resonance 191 (2008) 202–218 211
step respectively (i.e. solving Eqs. (7) and (8)). Assuming
that the a-helix is the dominant conformation, the two-step
convolution method provides reasonable results up to
approximately 1.7 nm (Fig. 5). For peptides with a pre-
dicted mean distance between spin labels greater than this
value a non-zero baseline is given in the distribution profile
(not shown) at the maximum cut-off point of 4 nm. Hence,
unlike the DipCon method which indicates a failure by
producing very narrow distributions, the DipBF: Convolu-
tion Matrix method in this situation produces a non-zero
baseline at long distances. 4K(3,11), 4K(3,13) and
4K(3,14) failed less severely than 4K(3,12) and 4K(3,18)
indicating that the distance and standard deviation results
for these peptides are more accurate and that the Convolu-
tion Matrix method completely fails only for actual inter-
spin distances greater than 2.0 nm.

The distribution profiles for the 4K(3,7) and 4K(4,11)-
MTS peptides are bimodal in nature. This may be a true
result but it could be a side-effect of the maximum entropy
technique because the distributions are constrained to
begin at 0.51 nm. If the bimodality is indeed due to this
constraint then these three peptides probably have an
inter-spin distance population at shorter distances than
those which can be accounted for by DipBF. However,
tests with simulated data indicate that the mean and stan-
dard deviation are still well reproduced for this situation.

3.5. DipBF: Fourier deconvolution

The data reported in Table 2 and shown in Fig. 5D are
based on direct Fourier deconvolution rather than Gauss-
ian fits of the deconvolved data. For short distances the
only effect of using the direct method is to lose the more
physically realistic smoothness of the distance profiles. This
is because the Pake patterns are fitted to the dipolar broad-
ening function and the sinc waveform artefacts arising
from Fourier transformation of the boxcar filter function.
The simulations discussed in Section 2 above indicate that
distances longer than approximately 1.3 nm are more accu-
rately reproduced with this direct method. Assuming that
the principle conformation of the 4K peptides is a-helical,
distances up to approximately 1.6 nm (4K(3, 7), 4K(4,11)
and 4K(3,11)) can be measured with accurate standard
deviations using the Fourier deconvolution method. Above



Fig. 6. Modulation depth values from the background corrected MTS-
labelled peptide DEER signals.
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the 1.6 nm threshold, little trend can be seen in the mean
distance results except that 4K(3,18) appears to have the
largest inter-spin separation.

Table 2 gives the sigma value, rMEM, for MEM regular-
isation. Whereas for the two-step convolution matrix
method the two regularisation parameters did not need to
be changed across the peptide series, for Fourier deconvo-
lution the regularisation parameter appears to be indicative
of the accuracy of the result. Comparing rMEM values to
the peptide model results shows that a value below
3 · 10�4 corresponds to accurate mean and standard devi-
ation results, while values above 5 · 10�4 imply that the
analysis has failed and that the dipolar coupling is too
weak to be resolved by analysis of the CW EPR spectrum.
As for the two-step convolution matrix method, failed
cases also resulted in a non-zero distance baseline in the
distance-distribution at longer distances although this
was less pronounced.

The Fourier deconvolution method can offer more
insight into the apparent multimodal distributions at short
distances given by both DipBF methods by comparing the
dipolar broadening patterns from the experimental cases
with those from models. There are three possibilities for
the multimodal distributions obtained for 4K(3,7) and
4K(4,11):

(a) The presence of a singly-spin-labelled peptide impu-
rity which gives an underlying signal in Fourier
space and thus obscures the broadening function.
This would cause a splitting of the distribution pro-
file and an increase in the mean distance measure-
ments, however, this is unlikely based on the
purity assessment of the mass-spectrometry and
HPLC results.

(b) Limitations of the regularisation method. Split distri-
butions were seen to be a particular problem for
inter-spin distances with significant population below
0.51 nm.

(c) True bimodal distribution due to either the peptide or
spin label conformation.

Each of these situations was modelled and the broaden-
ing functions in real and Fourier space compared to those
from the 4K peptides. Only case (c) fitted the criteria shown
experimentally, by having a two-tier broadening function
in both real and Fourier space. The conclusion was drawn
that 4K(3,7) and 4K(4,11) have two distinct sets of dis-
tances in their frozen state which are not populated equally
for SAT and MTS. There was no evidence from the CW
EPR data to suggest that the other spin-labelled peptides
have bimodal distributions. The MM2 models did show
that for rigid a-helices some spin-labelled peptides did give
a bimodal inter-spin distance-distribution. For example
4K(4,11) had a bimodal distribution due to interference
from the long side chains of the lysine residues at positions
5 and 10 restricting the trajectory of the spin labels
attached to cysteines 4 and 11.
3.6. DEER

Using the DEER signal from the singly-labelled peptide,
the actual form of the background function was found to
be homogeneous (exp[ � ktD/3]) with a fractal dimension
D of 3.77 and 3.78 for MTS and SAT peptides, respec-
tively. The appearance of a fractal dimension larger than
three is not well understood. It corresponds to an under-
representation of short distances compared to a homoge-
neous distribution in three dimensions (D = 3) and it
would be expected for objects which repel each other.
However, as the background function for the singly-
labelled peptide is reproducible, this value could be incor-
porated into DeerAnalysis 2006 for the deconvolution of
Vintra from Vinter (where V are the signal intensities due
to long range, intra-molecular, and short range, inter-
molecular, dipolar couplings, respectively) to give just the
DEER time-domain signal due to directly dipolar coupled
spins [12].

Fig. 6 shows the modulation depths for the signals from
the MTS-labelled peptide. It illustrates that as the expected
distance between the spin labels increases (see Table 3) the
modulation depth increases for the 4K peptides. 4K(3,18)
has a very similar modulation depth to 4K(3,32)-MTS
because both exhibit distances which can be measured well
by the DEER experiment.

The distances and their distributions were found from
the time traces using the L-curve method of Tikhonov reg-
ularisation with determination of the optimum regularisa-
tion parameter from the L-curve in DeerAnalysis 2006.
The results are given in Table 3 and Fig. 7 for the idealised
kernel function and the kernel function with excitation
bandwidth correction. The distances found for the 7K pep-
tide are shorter than modelled and exhibit a broader distri-
bution. This most probably indicates that the peptide does
not adopt a perfectly rigid a-helical conformation, but has
some backbone flexibility. For the closely spaced residues
in the 4K peptides the influence of this flexibility on the dis-
tance-distribution is presumably within experimental error.



Table 3
The average distance and the standard deviation for the peptides given by Tikhonov regularisation using DeerAnalysis2006, compared to the a-helical
model results

Peptide a-helical model Idealised Tikhonov reg. Excitation bandwidth corrected Tikhonov reg.

�r=nm rÆræ/nm �r=nm rÆræ/nm �r=nm rÆræ/nm

4K(3,7) MTS 1.07 0.31 1.94 0.37 1.60 0.40
SAT 1.93 0.35 1.83 0.24

4K(4,11) MTS 1.20 0.40 1.79 0.20 1.65 0.15
SAT 1.87 0.31 1.51 0.35

4K(3,11) MTS 1.70 0.43 1.88 0.30 1.58 0.36
SAT 2.02 0.26 1.88 0.32

4K(3,14) MTS 1.89 0.48 2.21 0.39 2.10 0.41
SAT 2.15 0.34 2.01 0.39

4K(3,13) MTS 2.03 0.53 2.02 0.30 1.92 0.28
SAT 2.14 0.33 2.00 0.38

4K(3,12) MTS 2.22 0.29 2.10 0.26 2.03 0.24
SAT 2.23 0.29 2.15 0.31

4K(3,18) MTS 2.64 0.55 2.42 0.44 2.32 0.49
SAT 2.63 0.47 2.58 0.49

7K(3,32) MTS 4.61 0.46 4.17 0.60 4.16 0.61
SAT 4.39 0.64 4.31 0.82

Idealised Tikhonov and excitation bandwidth corrected Tikhonov refer to the kernel function used in the calculation, see text for further details.
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However, we cannot safely exclude that the broadening of
the distribution is caused by insufficient background
correction.

The correction to the kernel consistently leads to a
shorter average distance result for the 4K peptides, but
not by a constant amount across the series. The corrected
distances and standard deviations are roughly in line with
those expected from the MM2 simulation of a 4K a-helix
for all but the shortest distances (i.e. the 4K(3,7) and
4K(4,11) peptides).

Correction of the kernel function also reduces the dis-
tance for the 7K(3,32)-SAT data. Additionally, unlike for
the other corrected data, the standard deviation also
changes significantly upon the kernel change. However,
inspection of the distance profiles (not shown) reveals that
the effect is entirely due to a small artefact at short dis-
tances (1 nm) which increases upon excitation bandwidth
correction. The artefact is likely to be caused by random
noise in the experimental spectrum; suppressing the arte-
fact does not appreciably affect the simulated time-domain
data and there is no reason to expect a true distance result
in this region. The case of 7K(3,32) highlights two impor-
tant points; firstly, that taking the average distance and
standard deviation over the whole distance range (1–
8 nm) may lead to contributions from artefacts which have
no physical relevance, and secondly that using the excita-
tion bandwidth correction may lead to a higher weighting
of artefacts if these appear at short distances. For systems
with significant contributions only at distances above 2 nm,
which do not explicitly require consideration of the excita-
tion bandwidth limitations, it is appropriate to refrain from
such correction. This has the added benefit of considerably
increasing the speed of computation.
The shortest distances, as expected for 4K(3,7) and
4K(4,11), do not seem to be recovered by the DEER exper-
iment, even when the limited excitation bandwidth is taken
into account. The molecular dynamics and the CW work
imply that the DEER results are incorrect for these sam-
ples, and the probable source of the error is revealed by
the numerical density operator computations which indi-
cate that at distances below 1.3 nm, the zero time position
becomes dependent upon the magnitude of xdd and the
oscillation frequency no longer follows the standard the-
ory. It is also likely that the exchange interaction is becom-
ing comparable to the dipolar coupling (intermediate
coupling regime) and this will increase the modulation fre-
quency and therefore give a spuriously long distance [10].
The excitation bandwidth correction was found to be most
useful for the peptides with an expected (modelled) average
inter-nitroxide distance of about 1.7 nm and for larger dis-
tances where there is significant (within the standard devi-
ation) distance population below approximately 2 nm.

3.7. Comparing the CW and DEER results

Table 2 and Fig. 5 compare the distance results for the
4K peptides given by convolution with a single Gaussian,
the two-step convolution matrix method and Fourier
deconvolution. The table shows that the three methods
all give very similar trends and results, particularly for
the shorter distances in 4K(3,7) and 4K(4,11). There is
some discrepancy for 4K(3,7)-SAT between the Gaussian
convolution method and the methods using the dipolar
coupling broadening function. This is presumably due to
the Gaussian distribution approximation being insufficient
for 4K(3,7)-SAT. The analysis methods consistently fail



Fig. 7. Average distance and its standard deviation between nitroxide
labels of the peptides as measured by DEER (using the L-curve Tikhonov
Regularisation analysis method) compared to the results from MM2
calculations for rigid a-helices. The idealised results use the standard
dipolar time domain kernel whereas corrected data take account of the
limited excitation bandwidth of the pulse sequence: (A) MTS-labelled
peptides; (B) SAT-labelled peptides. The model distance refers to the
average distance between spin labels found from molecular dynamics
simulations. The results are marked by the positions of the labelled
cysteine residues.

ig. 8. Average distance and standard deviation results from Gaussian
onvolution (DipCon; no results are shown if the standard deviation was
ery small, see text for details) and excitation bandwidth corrected DEER:

) MTS label; (B) SAT label. The model distance refers to the average
istance between spin labels found from molecular dynamics simulations.
he results are marked by the positions of the labelled cysteine residues.
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for the longer distances; for the peptides this corresponds
to 4K(3,12), 4K(3,13) and 4K(3,18). The techniques dis-
play different characteristics for these long distances: the
second moment method gives large statistical errors
(greater than 1 nm) or negative results (marked as N/A
in Table 2), the Gaussian convolution method gives a very
narrow, unfeasible distribution for the longer distances
(and does not produce a result at all for 4K(3,18)-SAT)
whereas the Convolution Matrix and Fourier Deconvolu-
tion methods have a non-zero baseline in the distance-dis-
tribution plots even at 4 nm. From the a-helix model the
expected inter-nitroxide distances for these three peptides
are above 2 nm. This would not be the case if the peptides
were to have significant 310-helical content or if they were
random coil (for example, in the case of a 310-helix the
4K(3,12) peptide would have a mean inter-spin separation
of 1.9 nm from MM2 calculations). The CW results there-
fore imply that the 4K peptides are predominantly a-heli-
cal, in agreement with the CD and NMR results.

The Gaussian convolution method results are compared
to the DEER results in Fig. 8. The figure does not show the
cases where the CW analysis did not lead to a realistic dis-
tribution of distances (namely 4K(3,12), 4K(3,13) and
4K(3,18)). However, it shows all the DEER results from
the 4K peptides since there is not a simple diagnostic test
to disprove their validity except to compare to expected
(modelled) values and those given by CW EPR studies.
The average distances found from DEER and CW mea-
surements most closely matched for 4K(3,11), although
there is also good agreement for 4K(3,14) and 4K(4,11)-
SAT. The figure shows that the upper cut-off for reliable
CW measurements and the lower cut-off for reliable DEER
measurements for broadly-distributed distances between
nitroxide spin labels are coincident at approximately
1.6 nm. This suggests that the techniques should be used
in combination when distances between 1.2 and 2.0 nm
are expected and accurate values are required. The widths
of the distributions do not match so well, even for
F
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4K(3,11), probably caused by an insufficient and dissimilar
distance range for the CW and DEER analyses (lower limit
of 0.5 and 1 nm, respectively). The DEER results for the
4K peptides (apart from the 4K(3,7) and 4K(4,11)) fit
the a-helix model for the peptide well (Fig. 8). 4K(3,12)
appears to have a narrow distribution compared to the
other peptides, this was predicted by the MM2 simulations
for an a-helix structure, compared to a 310-helix, because of
the spin labels being at opposite sides of the peptide rod
and thus the extremes of the normal distribution are disfa-
voured (the spin label cannot lie along the peptide back-
bone due to steric hindrance). There are some
discrepancies between the DEER results and the perfect
a-helical model, for example 4K(3,18)-MTS: they may be
due to some backbone flexibility, kinks in the conforma-
tion of the peptide, fraying at the ends (particularly in
the case of 4K(3,18) which has spin labels close to both
the N- and C-termini), the way the spin labels orientate
themselves, or insufficient computer modelling.

4. Conclusions

In this work a family of peptides were synthesised and
spin-labelled in order to investigate and compare distance
measurements using EPR. In particular, an upper distance
limit for CW measurements of protonated spin labels and a
lower bound for DEER measurements were found. A vari-
ety of methods such as CD, NMR and computer modelling
(MM2 and CHARMM calculations) were used to analyse
the conformation of the peptides, with and without nitrox-
ide spin labels. Each of these methods produced results that
were fully compatible only with the conclusion that the 4K
peptides are a-helical in a solution of water/TFE but that
the conformation is not rigid. The 7K peptide also seemed
to be a-helical but, in contrast to the 4K peptides, the
DEER results gave a significantly shorter mean distance
and broader distribution than expected for a completely
rigid helix.

The DEER results presented provided impetus to
improve DEER methodology for measurements close to
the lower boundary of applicability of this technique. The
limit was found by density operator computations to
depend on the lengths of both the pump and observer
pulses as well as their separation and the effect was calcu-
lated using the density operator formalism. For the broad
distribution of distances often encountered with spin labels,
the lower cut-off has been found to be around 1.6 nm, even
if the effect of excitation bandwidth limitations on the sig-
nal is accounted for. Significantly, even shorter distances
were experimentally found to give DEER modulations
with spurious frequencies that were lower than expected
and thus correspond to longer distances than were proba-
bly present in the distributions. Double-quantum coher-
ence (DQC) EPR spectroscopy may be useful for these
shorter distances, see Ref. [37] for a detailed review of
the topic. The excitation bandwidth correction often makes
only a minor difference to the mean distance result from the
analysis of the DEER spectrum but should be applied to
data where the inter-spin population is expected to be sig-
nificant at distances less than 2.0 nm. The excitation band-
width correction has also been applied for the analysis of
the DEER spectra given by spin labels attached to gold
particles and has been incorporated into DeerAnalysis
2006 [12].

The peptides with saturated (SAT) and unsaturated
(MTS) methanethiosulfonate spin labels did not give iden-
tical EPR results although all results implied an a-helical
peptide [33]. Notably, the CW and DEER measurements
led to the consistent conclusion that 4K(3,11)-MTS has a
shorter inter-spin distance than 4K(3,11)-SAT and typi-
cally the SAT inter-spin distances appeared somewhat
shorter than for the MTS-labelled peptides, particularly
when the DipCon method of analysis was applied to the
CW EPR data.

The CW and pulse EPR results obtained with this family
of doubly-labelled peptides show conclusively that, with
current technology, accurate inter-nitroxide distances in
the range of 1.2–2.0 nm can be obtained in the presence
of a conformational distribution of the spin labels only if
CW and DEER methods are combined. Using a doubly-
spin-labelled set of peptides based on a repeating sequence
of (AAAK)nA, we showed that the upper distance for elu-
cidating accurate distances from CW data is in the region
of 1.5–1.7 nm which is significantly shorter than previously
found by Rabenstein and Shin using end-capped versions
of the peptides and their method of Fourier deconvolution.
The cut-off seemed to depend on the method of analysis
used. Methods for finding the distribution of distances
from CW data were comprehensively reviewed and further
developed. It was shown that a combination of a variety of
data analysis methods may give a more complete picture of
a system but that contributions due to electron exchange
and the general problem of resolution for an inhomoge-
neously-broadened line can still lead to large inaccuracies
in the distance-distribution profile obtained. However,
despite major overlap in the wide distribution profiles of
the peptides the mean distances could be discerned through
the combined use of CW and DEER techniques and thus
the peptides could be distinguished.

5. Experimental

5.1. Peptide synthesis and spin labelling

The solid phase peptide synthesis (SPPS) was carried out
using Fmoc protection of the N-terminus of the amino
acids and orthogonal protecting groups for the side chains
of the lysines and cysteines (t-boc and trt, respectively). The
protected amino acids were purchased from Fluka. The
resin, Fmoc-L-ala-PEG-PS, which had the first amino acid
attached to the polyethylene glycol polystyrene support,
was purchased from Applied Biosystems and the activators
were from Novabiochem. A combination of HBTU and
HOBt were used as the coupling reagents for lysine and
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cysteine. To increase the yield of final peptide, each alanine
residue was coupled twice. The first reaction used HBTU
and HOBt and the second used PyBOP and HOBt. After
the final deprotection the resin was washed with DCM
and Methanol and left to dry under vacuum for 24 h. A
mixture of 92% TFE (Sigma), 3% Phenol (Fluka), 3%
EDT (Fluka) and 2% TES (Aldrich) was added to the dried
resin in a separating column. The resin and cleavage mix-
ture were left mixing for five hours before the solution
was collected. The resin was washed with TFA (Applied
Biosystems) and the run-off was added to the cleavage solu-
tion. Nitrogen was used to reduce the volume to less than
1 ml by blowing over the solution in a fume-hood. Diethyl
ether was added and a precipitate was formed. The suspen-
sion was centrifuged and the solution removed. Two fur-
ther aliquots of di-ethyl ether were added to the
precipitate and centrifuged. The white solid was dried with
a stream of nitrogen. The dry solid (the crude peptide) was
dissolved in a mixture of water and TFE and lyophilised.
This crude peptide was stored in the freezer. The peptides
were purified using reverse phase high performance liquid
chromatography, HPLC (Varian) employing a Phenome-
nex C18 semi-prep column. After lyophilisation the pep-
tides were analysed by mass spectrometry which
confirmed the pure product.

The nitroxide spin label (Toronto Research Chemicals)
was dissolved in ethanol into a saturated solution. A five
times molar excess of the label was added to the peptide
in water. The label was found to react efficiently at room
temperature in half an hour. The excess spin label, singly-
labelled species and sulfinic acid were then separated from
the doubly-labelled peptide using HPLC. The collected
peptide fractions were lyophilised and then analysed using
mass spectrometry. The results showed that there was no
singly-labelled peptide impurity present in the double-cys-
teine peptides and also that the amount of unlabelled pep-
tide was very small, if present at all. Multiple ionisations
were common but the masses agreed well with the pre-
dicted values of 1940, 3392 and 2157 AMU for MTS-
labelled 4K(3), 7K(3,32) and the 4K double cysteine pep-
tides, respectively. The results for SAT-labelled peptides
were correspondingly 2 or 4 AMU larger for singly- and
doubly-labelled peptides.

5.2. Circular dichroism

Far-uv CD measurements were performed at room tem-
perature and 4 �C with a Jasco J720 spectropolarimeter.
The peptides were measured with and without spin labels
and in varying amounts of trifluoroethanol from 0 to
50% by volume. The ellipticity was monitored for signs
of helical structural motifs characterised by negative bands
at 222 nm and 208 nm. The CD spectra showed an isodich-
roic point at 202 nm and maximum helical structure was
given with 40% TFE which led to the conclusion that heli-
ces were formed but that they were in equilibrium with the
random coil [38,39]. The ratio of the bands at 222 nm and
208 nm was close to unity which is indicative of an a-helix
[40]. The effect of lowering the temperature was to increase
the CD bands indicative of helix formation.

5.3. Nuclear magnetic resonance

NMR experiments were carried out on a Varian Unity
INOVA 600 spectrometer operating at a 1H frequency of
599.8 MHz. The probe was a 5 mm 1H{13C, 15N} triple res-
onance type with a z-axis pulsed field gradient coil (with a
gradient strength of up to 60 G cm�1). Chemical shift val-
ues for the amino acids in the peptides were assigned using
a combination of total correlation spectroscopy (TOCSY,
80 ms mixing time employing an MLEV17c isotropic mix-
ing sequence) and nuclear Overhauser spectroscopy
(NOESY, 150 ms mixing period). All experiments were
run at 4 �C in water/deuterated TFE (50/50 v/v) at a pep-
tide concentration of approximately 5 mM. The peptides
were not nitroxide spin-labelled. The chemical shifts were
interpreted using the method of Wishart and co-workers
and were indicative of helical secondary structure motifs,
particularly away from the termini [41]. The NOEs were
classified as weak, medium or strong and these were used
as constraints in CHARMM calculations which gave pep-
tide structures based on a-helices [42,43].

5.4. CW EPR

Measurements were taken at 50 K with a Bruker E680
spectrometer operating at X-band and Oxford Instruments
variable temperature unit. Peptide solutions were 0.1 mM
and in 1:1 water and TFE. Hundred averages were taken
with 8 lW power, 0.2 mT peak-to-peak modulation ampli-
tude, 30 mT scan width and 2048 data points.

5.5. DEER experiments

The X-band spectrometer was a Bruker E580 with a var-
iable temperature unit. The measurements were done with
a Bruker 3 mm split ring EPR resonator, ER 4118X_MS3.
The second microwave frequency was provided by a YIG
oscillator (Magnetech Avantek AV78012). The peptide
concentration was 0.1 mM in equivolume water/TFE.
The pulse sequence is shown in Fig. 1. The experiment
was run at 50 K. 4K(3, 18) and 7K(3,32) were measured
with a s2 of 3 ls, the 4K(3,7) sequence had a s2 of 1 ls,
all other peptides were measured with a s2 of 2 ls. Prior
to data analysis the time domain signal was phase cor-
rected, this accounts for small phase errors made when set-
ting up the DEER experiment as well as Bloch–Siegert
shifts, as reported in Ref. [44].

5.6. Calculations

MM2 calculations were carried out using Chem3D Pro
Version 10 [35]. The peptide backbones were made inflexi-
ble and only the nitroxide spin labels, cysteine side chains
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and any close lysine side chains were able to move in the
vacuum (other parameters included a 2 fs step interval,
10 fs frame interval, between 10,000 and 20,000 iterations,
a heating/cooling rate of 1 kcal/atom/ps and a target tem-
perature of 300 K). DeerAnalysis 2006 and all CW EPR
analysis programs were written using Matlab 7.0.
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