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Abstract

The effects of orientational selectivity on the 4-pulse electron electron double resonance (PELDOR) ESR spectra of coupled
Cu(II)-Cu(1II) spins are presented. The data were collected at four magnetic fields on a poly-proline peptide containing two Cu(II) cen-
ters. The Cu(II)-PELDOR spectra of this peptide do not change appreciably with magnetic field at X-band. The data were analyzed by
adapting the theory of Maryasov, Tsvetkov, and Raap [A.G. Maryasov, Y.D. Tsvetkov, J. Raap, Weakly coupled radical pairs in sol-
ids:ELDOR in ESE structure studies, Appl. Magn. Reson. 14 (1998) 101-113]. Simulations indicate that orientational effects are impor-
tant for Cu(I1)-PELDOR. Based on simulations, the field-independence of the PELDOR data for this peptide is likely due to two effects.
First, for this peptide, the Cu(II) g-tensor(s) are in a very specific orientation with respect to the interspin vector. Second, the flexibility of
the peptide washes out the orientation effects. These effects reduce the suitability of the poly-proline based peptide as a good model sys-
tem to experimentally probe orientational effects in such experiments. An average Cu(II)-Cu(II) distance of 2.1-2.2 nm was determined,

which is consistent with earlier double quantum coherence ESR results.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The sensitivity of pulsed electron spin resonance (ESR)
to magnetic dipolar interactions has recently provided a
powerful methodology to measure the distance (~18-
70 A) between two spin labels [1-7], in order to establish
global folding patterns in proteins [8—14] and nucleic acids
[15-18]. Thus far, the ESR method has largely been
restricted to the use of nitroxide as the spin labels. The
internal orientation of the nitroxide spin labels typically
have only a small effect on the spectral line shape in the
pulsed electron electron double resonance (PELDOR) at
X-band [2], although they have been observed in some
cases [19]. These orientation effects become significant at
higher frequencies [20,21], and can be used to infer the rel-
ative orientation of the spin labels.
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Recently, the ESR distance mapping methodology has
been extended to the case of paramagnetic metal centers
in metalloproteins [22-24], oligomers [25], and peptides
[26]. For paramagnetic metals, the large g and hyperfine
anisotropies can complicate the analysis of the experimen-
tal spectra. There is limited information about the effect of
the internal orientation on the Cu(II)-Cu(II) distance mea-
surements using PELDOR. Previous papers on Cu(Il)-
Cu(Il) distance measurements using pulsed ESR only
focused on the g, range of the Cu(II)-ESR spectrum
[22,23,26].

In this paper, we address the effects of orientational
selectivity in the 4-pulse PELDOR spectra of Cu(II) spins.
Experimental data were obtained using a model peptide
that contains Cu(Il) binding sites [26]. The effects of inter-
nal orientation on the Cu(II)-Cu(II) distance are analyzed
by using the theory of Maryasov et al. [27]. By fitting the
experimental data to the theory, the Cu(II)-Cu(II) distance
is determined. The results indicate that, for this peptide, the
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PELDOR line shape does not depend on the magnetic field
at X-band. However, in general, the effects of the orienta-
tional selectivity must be considered so that accurate dis-
tance constraints are measured.

2. Results and discussion

A poly-proline peptide, shown in Fig. la, with a
sequence of PHGGGP;HGGGW with two Cu(II) binding
PHGGGW sequence was used for the experiments [28].
Fig. 1b shows the field-swept echo-detected ESR signal
from the poly-proline peptide, obtained using a n/2-t—n
sequence [29]. The line shape is characteristic of an axially
symmetric g-tensor (electron spin-1/2) with hyperfine split-
ting from the nuclei of spin-3/2. These splittings are evident
for the larger 4, component and are shown by arrows in
Fig. 1b. Each “resonance-field” in the spectrum consists
of contribution from an orientation (or from a set of orien-
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Fig. 1. (a) The modeled structure of the Cu(II) binding peptide is shown
[26]. The dipolar vector forms an angle of close to 90° with respect to the
Cu(Il) binding ligand plane (shown by rectangles). (b) Field-swept
electron spin echo detected Cu(II)-ESR spectrum of the peptide at 20 K
with a simulated spectrum shown as the dashed line. The principal axis
system (PAS) with respect to the magnetic field and interspin vector is
shown in the inset. Each spectral position corresponds to an orientation, f§
(or a set of orientations), of the PAS with respect to the magnetic field.
The data are consistent with Cu(Il) binding to the PHGGGW sequence
[32]. Arrows show the larger hyperfine splitting.

tations) of the magnetic field with respect to the principal
axis system (PAS) of the g-tensor for each Cu(Il) center
(cf. inset to Fig. 1b for definition of angles). To first order,
and given that the electron electron dipolar (EED) interac-
tion is weak, the resonance field, B, for an orientation f;
(i=1,2, cf. Fig. 1b) is given by [30]

hVo
g ﬁ,ﬂe
where m; is the nuclear spin quantum number, v is the

spectrometer frequency, f. is Bohr magnetron for elec-
trons, and g;, and Ay, are defined as
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where g, g1, 4, and A4, are the parallel and perpendicular
components of the g- and hyperfine tensors, respectively. A
spectrum simulated using Eqgs. (1) and (2) and with g, g4,
Aj,and 4, of 2.230, 2.068, 165.0, and 2.0 G, respectively, is
shown in Fig. 1b.

The value of the hyperfine splitting is characteristic of
Cu(II) coordinated to three nitrogen atoms and one oxygen
atom [28,31]. This was confirmed by electron spin echo
envelope modulation (ESEEM) experiments [26] which
contain peaks due to electron nuclear dipolar (END) inter-
actions with the remote '*N nuclear spin of the imidazole
and with the '"*N nuclear spin of the non-coordinated gly-
cine residue [32].

Fig. 2 shows the time domain PELDOR signal for the
poly-proline peptide at four different magnetic fields. In
this two frequency experiment [1,3], the detection fre-
quency was 9.556 GHz and the pump frequency was
9.656 GHz. The separation between the detection pulse
and the pump pulse was extended to 100 MHz, in order
to reduce the ESEEM effect [2]. In the experiments, the
modulation depth depended on the magnetic field and ran-
ged from 0.6% to 1%. The modulation depth calculated
from theory is 1-2.5% [1]. The intramolecular dipolar mod-
ulation between the two Cu(1l) spins is evident in the range
of ~200 ns. The decay of the time domain trace is due to
the intermolecular dipolar interaction between the Cu(Il)
electron spins. The total time domain signal can be
expressed as [33,34]

V(t) = V(t)interV(t)imra (3)

The intramolecular time domain signal at each magnetic
field was obtained after a baseline correction and the resul-
tant intramolecular time traces are shown in Fig. 3a. The
Fourier transform of the intramolecular time domain
traces is shown in Fig. 3b at the four different magnetic
fields. The PELDOR signal monitors the modulation due
to the EED interaction which occurs at a frequency of [35]

total



Z. Yang et al. | Journal of Magnetic Resonance 188 (2007) 337-343 339

FS-ESE

2400 Gauss 3600

3315G

| 3255 G

3225 G

3195 G

0 1270(ns)

Fig. 2. Time domain data of the Cu(II)-PELDOR spectra. The magnetic
fields used are shown by arrows on the FS-ESE spectrum, shown in the
inset. The fast modulation in the time domain is from proton-ESEEM.
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where o is the permeability of free space, g, are the g-fac-
tors for the electrons, r,, is the Cu(II)-Cu(II) distance, and
0 is the angle between the interelectron vector and the static
magnetic field (cf. Fig. 1b, inset).

In general, the large anisotropy in the g-tensor can pres-
ent an interesting opportunity for the case of Cu(II)-ESR.
The experiment was obtained with detection pulses of 24 ns
(/2 pulse) and 48 ns (r pulse) and a pump pulse of 48 ns (xt
pulse). At a given magnetic field, the pulses “reorient” spin
packets that are within a narrow bandwidth of about
41 MHz, compared to the full spectral bandwidth of
~2 GHz. Therefore, at a given magnetic field, only a sub-
set of orientations of PAS (given by angles J;, ), and,
therefore, 0 angles, are excited by the selective microwave
pulses. From Fig. 1b inset, it follows that

i=12 (5)

As shown in Fig. 1b inset, for the ith Cu(II) spin, f3; is the
angle between the g and the external magnetic field, Bo. 0
is the angle between the interspin vector and the external
magnetic field, Bo. The projection of the interspin vector
on the g; and g, plane forms an angle of fo; with respect
to the g, axis. The angle between the interspin vector and
its projection on the g, and g, plane is defined by 9;.
From Egs. (1)—(5), it follows that the PELDOR fre-
quency should vary with magnetic field in a fashion that

cos ; = cos d; cos(B; — By;),

depends on the angles J; and fy;. However, the PELDOR
data on the poly-proline peptide do not vary with magnetic
fields (cf. Fig. 2). The peak frequency is ~3.9 MHz.

In order to quantitatively analyze this effect, we use the
theory of Maryasov, Tsvetkov, and Raap [27]. The PEL-
DOR signal, M(T), is given by [27]

WT) = /0l &(cos0)(1 —cos{ [wp(1 —3cos*0) +J]T})dcosO
(6)

where the function &(cos ) contains information about the
orientation of the spins and was called the geometrical
factor. The geometrical factor is given by [27]

¢(cos b)) = % Z <k)3cak§b sin @y, (1 — cos ¢y, ) (1 — cos ¢3,)
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where

qu = qu/qu (7)
and

By = ([(0g — wq)/y2]2 + B%q)i (8)

in which w, and w, are the frequencies of the detection
pulse and the pump pulse, respectively. By, is the amplitude
of oscillating magnetic field at frequency w,, where ¢ = a, b;
w,, is the resonance frequency; Eq. (8) includes the effect of
inhomogeneous broadening of the ESR lines [3]; y is the
gyromagnetic ratio for the electron; ¢y,, ¢,,, and ¢s, are
the rotation angles of the ith pulse. These rotation angles
are expressed as [27]

¢iq = VBrylpi 9)

If all orientations are excited, as is substantially the case
for nitroxides [27], the orientation factor is practically uni-
form for all values of cos(0) and a characteristic Pake pat-
tern results [36]. In the Pake pattern, the frequency
corresponding to 0 =90° dominates (cf. Eq. (4)), due to
the greater probability of the presence of molecules with
0 =90° in the powder sample.

The presence of finite pulse-lengths, and large g- and
hyperfine anisotropies, as in Cu(Il) can lead to large orienta-
tion effects. Fig. 4a and b shows the simulated geometrical
factor, &(cos ) and PELDOR spectrum, based on Egs. (6)
and (7), respectively. In these simulations, a single Cu(II)-
Cu(II) distance is selected as 2.2 nm. The orientations of
the principal axis systems for the two Cu(Il) centers were
set at fo; = P = 0°, 61 = 9, = 0°. J, was chosen as 0° since
in this case the orientational selectivity of the PELDOR spec-
trum is the maximum. Only f,; values of 0° are shown in
Fig. 4. Similar results were obtained with other f,; values.
At the magnetic field of 2900 G, the simulated DEER spec-
trum consists of single peak at 4.1 MHz. Non-selective exci-
tation would have yielded a Pake pattern with a dominant
0 =90° peak of 4.8 MHz (from Eq. (4) with 8 =90° and
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Fig. 3. (a) The time domain signal of the Cu(II)>PELDOR after baseline correction. The position of magnetic fields need is shown on the field swept
Cu(II)-ESE spectrum in the inset. The period of the dipolar modulation of the time domain is similar at each magnetic field. (b) The Fourier
transformation of the baseline corrected time domain signal. At each magnetic field, the dominant frequency peak appears at ~3.9 MHz. The 14.8 MHz

peak is from proton-ESEEM.

r = 2.2 nm). The results can be rationalized from the geomet-
rical factor, &(cosf). At this magnetic field and with
Po1 = Por = 01 = 9>, = 0.0°, the geometrical factor peaks at
0 ~ 38° (cf. Fig. 4a and b), which from Eq. (4) leads to a fre-
quency ~4.1 MHz in the DEER spectrum.

Fig. 4c and d illustrates the orientational selectivity
imparted by the choice of magnetic fields. At a magnetic
field of 3000 G, the geometrical function is bimodal with
peaks at 6 ~ 30° and at 6 ~ 53° which leads to frequencies
of 6.1, 0.4 MHz in Eq. (4). The simulated DEER spectrum
based on Eq. (7) yields peaks at 6.1 and 0.4 MHz. At
3100 G magnetic field, orientations with 6 ~ 10°, 51°, and
68° are predominantly excited, which corresponds to fre-
quencies of 9.3, 0.9, and 2.8 MHz. From the simulated Pake
pattern, the same frequency peaks were obtained. Finally,
at 3200 G orientation with 6 centered at 50°, 73°, and 80°
are excited. The distribution between 73° and 80° generates
a broad peak around 4.8 MHz while a peak at 0.9 MHz

results from excitation of 6 ~ 50°. Therefore, theoretically,
when J ~ 0°, there is strong orientational selectivity on the
Cu(I)-PELDOR spectra, at X-band. Different DEER
spectra are anticipated at different magnetic field.

The magnetic field dependence of PELDOR frequency
persists even in the presence of a distribution in distances.
Fig. 5 shows simulated PELDOR spectra, based on Eq. (6)
for different values of the magnetic field in the presence of a
distribution of distances. A Gaussian distribution function
with a mean distance of 2.2 nm and a standard deviation of
0.3nm was used. The orientations were held at
ﬁOl = ﬁoz = 1350, 51 = 52 =(0°. The PELDOR spectrum
changes with magnetic field and the prominent frequency
changes from 1.4 to 4.1 MHz. However, this effect will be
subtle in the presence of noise.

The results indicate that the presence of substantial g
and hyperfine anisotropies leads to the excitation of only
certain orientation at a given magnetic field when ¢, ~ 0°.
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Fig. 4. (a) The geometrical factor calculated using Eq. (6) for fio; = fo =
0°,0; =0, =0° r=2.2nm, and By = 2900 G is shown. The plot indicates
that at this magnetic field and for these parameters, only 0 ~ 38°
orientations are excited by the selective pulse. (b) The simulated PELDOR
spectrum consequently yields a frequency of 4.1 MHz (solid line). Non-
selective excitation would yield a Pake pattern with a dominant peak at
4.8 MHz (dashed line). (c) The simulated geometrical factor with the same
parameters but at three different magnetic fields is shown. These results
indicate that the 0 angles are different at different magnetic field.
Therefore, the resultant PELDOR spectrum varies with magnetic field.
(d) The simulated PELDOR spectra based on Eq. (7) at three magnetic
fields are shown. Such orientational effects are reduced when d; ~ 90° and
0y ~ 90°.
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Fig. 5. The magnetic field dependence of PELDOR frequency persists
even in the presence of a distribution in distances. (a) Simulated time
domain signal and (b) the spectra at 2980, 3000, 3020, and 3040 G, with
PBotr = Por = 135°, §; = d, = 0°. The interspin distance is held at 2.2 nm and
a standard Gaussian distance distribution is used as 0.3 nm. The frequency
shifts from 1.4 to 4.1 MHz. Such orientational effects are reduced when
01 ~ 90° and d, ~ 90°.

The PELDOR spectrum deviates from a simple Pake pat-
tern and should vary with different magnetic field.

However, the orientational selectivity is washed out
when J; approaches to 90°, as is evident from Eq. (5).
Under this condition, only the orientation with 6 ~ 90°
are excited, and these features dominate the PELDOR
spectrum (simulation data not shown).

The field-independence of experimental data (shown in
Figs. 2 and 3) is possibly due to the combination of two
effects. First, the orientation effects of Cu(IlI) electron spin
are washed out by the flexibility of the peptide, which yields
a large distribution in Cu(II)-Cu(II) distances. Second, for
this poly-proline peptide the Cu(Il) é; and J, may be close
to 90°. The modeled structure of the Cu(II) binding peptide
is shown in Fig. 1a [26]. The dipolar vector forms an angle
of close to 90° with respect to the Cu(Il) binding ligand
plane. The angles between the Cu(II)-Cu(II) dipolar vector
and each Cu(II) binding ligand (3 N 1 O) for the first Cu(II)
are 82°, 118°, 92°, and 84°. The angles between the Cu(II)-
Cu(II) dipolar vector and each Cu(II) binding ligand (3 N 1
O) for the second Cu(Il) are 110°, 81°, 75°, and 106°.
Therefore, the dipolar vector could form an angle of close
to 90° with respect to the Cu(Il) g-tensor plane. With the
internal orientation that 6, and 6, ~ 90°, the best fits were
obtained with a Gaussian distribution of distances with an
average interspin distance of 2.1-2.2 nm and a standard
deviation of 0.3 nm. Similar results were obtained for any
Po; value. The resulted time traces and PELDOR spectra
are shown by dashed line in Fig. 3. Double quantum coher-
ence ESR results measured a distance of 2.0 nm on the
same peptide [26]. The §; values estimated from this work
are consistent with the assumption made by Huber and
coworkers in their metalloprotein [23].

Large distance measurements on spin-labeled macromol-
ecules have opened up the use of ESR to measure global fold-
ing patterns of proteins, nucleic acids, and flexibility of
polymers. Extension of this methodology to paramagnetic
metals is likely to have a similar impact on the measurement
of structure—function relationships in metalloproteins.

3. Conclusions

In this work, we present the Cu(II)-PELDOR spectra at
four magnetic fields, at X-band. We found that the Cu(II)—
PELDOR spectra do not vary with magnetic field. How-
ever, theory predicts that the Cu(II)>PELDOR spectra
should vary with magnetic field. We explained this mag-
netic field independency by the combination of two possi-
ble effects. First, the flexibility of the model peptide
washes out the orientational selectivity of the Cu(11)-PEL-
DOR spectra. Second, the Cu(Il) g-tensor in our model
peptide is in a specific orientation with respect to the inter-
spin vector (cf. Fig. la)—at these orientations the PEL-
DOR data are expected to be field independent from
theory. The combination of large flexibility and mutual ori-
entations reduces the suitability of poly-proline based sys-
tems to monitor orientational effects in these experiments.
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However, the simulations indicate that, in general, the ori-
entation effects are important for obtaining accurate
Cu(II)-Cu(II) distance using PELDOR, and field depen-
dent data should be acquired and analyzed as discussed
in this work.

Materials, experiments, and analysis procedures

A peptide with a sequence of PHGGGWP;HGGGW
was synthesized. The PHGGGW sequence is a common
copper binding motif found in the prion protein [32]. For
ESR experiments, a 3.5 mM solution of the peptide in
30% glycerol/30% 2,2,2-trifluoroethanol/40% water con-
taining 150 mM NaCl, buffered to pH 7.46 using N-ethyl-
morpholine was prepared. Two equivalents of Cu(Il)
were added to the solution from a 0.1 M standard solution
of CuSOy. About 30 ul of this solution was used for ESR
experiments. All experiments were performed at a temper-
ature of 20 K on a Bruker ElexSys E580 CW/FT ESR spec-
trometer. For the 4-pulse PELDOR experiments, a (m/
2y —tu— (M —(t1+7T)— (1) — (12— 1) — ()2 pulse
sequence was used. The detection pulse length was 24 ns
and its frequency (v{) was 9.556 GHz. The pump pulse
length was 48 ns and its frequency (v,) was 9.656 GHz.
These pulse-lengths were chosen to minimize the proton
and Nitrogen-14 ESEEM in this system [28].

The pulse separations, 7y, 75, were 200 and 1400 ns,
respectively, and the echo signal was integrated using a
video amplifier bandwidth of 20 MHz. The pump pulse
was stepped out by 10 ns for a total of 128 points in T.
In order to reduce the proton-ESEEM, the 7; separation
was also stepped out by 16 ns (which is 25% of the pro-
ton-ESEEM modulation period) for a total of four data
points [37], the final PELDOR signal was summed up from
the signal at each of the four 7, values. The 7= 0 value was
carefully calibrated using a nitroxide biradical sample.
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