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Abstract

We show the use of the observer blind spots effect for the elimination of electron spin-echo envelope modulation (ESEEM) peaks

in double quantum coherence (DQC) electron spin resonance (ESR). The suppression of ESEEM facilitates the routine and unam-

biguous extraction of distances from DQC-ESR spectra. This is also the first demonstration of this challenging methodology on

commercial instrumentation.
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1. Introduction

Over the last decade Fourier transform (FT) electron

spin resonance (ESR) has emerged as an attractive new

tool for the measurement of weak magnetic dipolar
interactions (100kHz–15MHz) between two paramag-

netic centers on a macromolecule [1–11]. This has

opened up a method for the measurement of interspin

separations in the 15–80Å range, even in amorphous

materials. When combined with site-directed spin-label-

ing [12–15] these FT-ESR experiments provide an excit-

ing methodology for the establishment of global folding

patterns and conformational dynamics in proteins [16–
18] and nucleic acids [19,20] in order to elucidate struc-

ture–function relationships.

Most applications have utilized the methods of

double quantum coherence (DQC) [17], double elec-

tron–electron resonance (DEER) [16,18,21–25], and the

associated pulsed electron double resonance (PELDOR)
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[2,19,20,26–28]. The spectroscopic effects of weak spin–

spin interactions are amplified in these experiments by

the use of two different strategies. In DQC FTESR,

spin–spin interactions generate a double quantum

coherence. The rate of formation of this DQ coherence
directly reports on the strength of the dipolar interac-

tion, providing sensitivity to distances. The DEER/PEL-

DOR class of experiments relies on the selective

inversion of the local dipolar field due to the coupled-

spin partner. The primary echo is then modulated by

the dipolar frequency providing sensitivity to distances.

Both the DQC and the DEER/PELDOR experiments

yield characteristic lineshapes and splittings which may
be analyzed for distances and distance distributions.

The two philosophies place different technical

requirements on the spectrometer. For effective excita-

tion of the double quantum coherence, high power

pulses of a short duration (p of 68ns) are optimally re-

quired. Such pulses have traditionally been feasible only

in homebuilt apparatus and, as such, DQC FTESR has

not been demonstrated on commercial instrumentation.
With sufficient pulse-power and for concentrated sam-

ples (e.g. c-irradiated fused silica), the intensity of the
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DQC-filtered echo can be as large as 50% of the primary

two-pulse echo [29, p. 417].

DEER and PELDOR rely on selective excitation of

the ESR spectrum and therefore place lower require-

ments on pulse lengths and powers (p of �24–40ns).

However, DEER/PELDOR experiments typically re-
quire a second microwave source, although a method

that uses a single microwave frequency and simulta-

neous longitudinal radio frequency excitation has re-

cently been developed [30]. The use of irradiation at

two different frequencies minimizes interference from

electron spin-echo envelope modulation (ESEEM) due

to the electron–nuclear dipolar (END) interaction. In

addition, DEER/PELDOR have been generalized to
the case of paramagnetic metal centers [21], which has

facilitated the determination of structural constraints

in metallo-proteins [24,31].

There is no natural way of removing ESEEM in DQC

FTESR. In the commonly used nitroxide, the dominant

contribution to ESEEM is from END interaction be-

tween the electron spins and matrix protons in an aque-

ous solution. This yields peaks at �14.7MHz at a
spectrometer resonance frequency of 9.6GHz (X-band).

The 14.7MHz contribution interferes with the DQC

peak from electron spin–spin dipolar interaction when

the interspin distance is in the range of 15Å. One elegant

approach around this problem is to perform DQC

FTESR at a higher resonance frequency (i.e., �17GHz)

using novel, custom-built instrumentation [32]. In this

case, the ESEEM peak is shifted to about �26MHz,
which is well outside the range of the dipolar frequencies

of interest. Alternatively, ESEEM frequencies may also

be cancelled by an appropriate choice of pulse separa-

tions and summing of signals collected using different

pulse separations [6,17].

In this work, we show that DQC FTESR signals may

be routinely obtained using commercial spectrometers.

A method based on observer blind spots [33,34] to re-
duce ESEEM effects in DQC FTESR is presented.
2. Materials and methods

2.1. Samples

A peptide CPPPPPPC (P, proline; C, cysteine) was
synthesized at the peptide facility of the University of

Pittsburgh. The peptide was spin-labeled on the cyste-

ines with the methanethiosulfonate (MTSSL) spin-label

using established procedure [35]. A 0.27mM solution of

the peptide was prepared in 40% glycerol, 30% 2,2,2-tri-

fluoroethanol, and 30% water, buffered to pH 7 using

N-ethylmorpholine. The second biradical, 2,6-bis-[5-(1-

N-oxylo-2,2,6,6-tetramethyl-1,3,3,6-tetrahydropyridin-4-yl)-
thiophen-2-ylmethylene]-cyclohexanone, labeled R1,

was a gift from Prof. Anatoly E. Myshkin and its molec-
ular weight has been confirmed by mass spectroscopy. A

2.5mM solution of R1 in toluene was used for the DQC-

ESR experiments. Each sample (�8ll) was placed in a

1.5mm pyrex tube and flash-frozen in liquid nitrogen

immediately before insertion into the cavity. All of the

experiments were recorded at T = 80K.

2.2. FT-ESR spectroscopy

The ESR experiments were performed on a Bruker

EleXsys E580 X-band CW/FT ESR spectrometer operat-

ing at resonance frequency of �9.6GHz. A Bruker

ER4118X-MS3 split ring resonator with a resonator

Q 6 100 and an ASE TWTA with an output power of
1kW provided p/2 and p pulses as short as 6 and 12ns,

respectively. The pulse lengths were determined using

an echo nutation experiment. These pulse lengths com-

bined with the resonator bandwidth at 80K provided a

spectral coverage of �80MHz. This attenuated coverage

reduces the efficiency of creation of DQ coherence, but

we show that the experiment is nevertheless feasible.

A six-pulse sequence shown in Fig. 1 was used for the
DQC experiments. A basic phase cycle of 64 steps aug-

mented with CYCLOPS for a total of 256 steps [29, pp.

454–455] was used to eliminate all unwanted signals.

The volume of the sample that is detected by the split

ring resonator is �7ll and, in such a small volume, we

expect that B1 is nearly uniform. The phase cycle selec-

tively isolates the DQC signal, removing any effects due

to pulse imperfections.
In our implementation of DQC–ESR, a constant time

version is not used. Our version introduces homoge-

neous relaxation (characterized by Tm) and can lead to

a loss of resolution for very large distances or for Tm

limited samples. This was not an issue for the samples

used in this work.

The time-domain signal was digitized using the Bru-

ker SpecJect transient signal averager starting at 16ns
before the top of the echo. A total of 256 points with

a resolution of 4ns were collected to obtain the echo sig-

nal as well as a sufficient amount of baseline (cf. Fig.

1B). The data were collected for several values of tp to

yield a two-dimensional data set. For the peptide sam-

ple, a total of 256 steps were collected in tp with a

step-size of 16ns. For the R1 sample, a total of 128 steps

were collected in tp with a step-size of 6ns. Both exper-
iments had an initial delay in tp (i.e., dead-time) of 16ns

and the t1 delay was fixed at 16ns. The DQC signal was

summed for four values of the period, t2, of 84, 100, 116,

and 132ns. The 16ns step-size in t2 corresponds to 1/

4mH, where mH is the proton nuclear Larmor frequency.

This was done in an attempt to average the proton

ESEEM [6,17].

For the peptide sample, the number of averages was
300 and a repetition rate of 1.4kHz was used. For the

R1 biradical, the number of averages was 500 and the



Fig. 1. (A) Pulse sequence for DQC FTESR. In the experiment, tp (the orthogonal dimension) was stepped out by 6ns for biradical R1 and by 16ns

for the peptide biradical. The echo signal was digitized starting 16ns before the top of the echo, with a resolution of 4ns in the direct dimension, s, to
yield a two-dimensional data set. (B) The 2D time domain data obtained from the peptide sample is shown (for clarity parts of the baseline have been

eliminated). We define s = 0 to lie at the top of the echo. (C) A slice of the DQ signal for s = 2ns is shown.
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repetition rate was 2kHz. With these experimental con-

ditions the total acquisition time is typically 16h (4h for

each t2 step). It should be noted that, with the step sizes

and repetition rates used and for �300 averages, the

experimental time for one value of t2 should be �1h.

The acquisition time is currently limited only by slow
data transfer rates of the instrumental hardware.

2.3. Data analysis

Weuse the direct dimension to denote the dimension of

data collection (i.e., s in Fig. 1) and the orthogonal dimen-

sion to denote the dimension in which tpwas incremented

(see Fig. 1). The experimental two-dimensional time do-
main data set consists of the echo shape (along s) versus
tp. Each slice along tp was phased and the real-part re-

tained.An exponential functionwas subtracted to remove

contributions due to relaxation (see below) and any pos-

sible decay due to intermolecular electron–electron inter-

actions [36–38]. An exponential window along tp with

texp = 1ls was applied on the peptide spectrum. The time

domain signal was 1D Fourier Transformed along tp to
yield the DQC spectrum along the mp axis.

The method of data collection and analysis employed

in this work yields, in essence, a series of single-point

detections, i.e., a 1D spectrum for each s value of the echo.
For a given 1D spectrum, this method results in a loss of

sensitivity in comparison to integrating the full echo.

However, the signal to noise ratio of the digitized DQC

signal can be recouped by summing together every 1D
slice extracted from the two-dimensional plot, if required.
a;b H
3. Results and discussion

The time-domain DQC signal along tp is a combina-

tion of three different effects: modulation due to the elec-
tron–electron intramolecular dipolar interaction,

modulation due to ESEEM [39] from matrix protons,

and a homogeneous decay of the echo signal character-

ized by the phase memory time, Tm, and by intermolec-

ular electron–electron interactions. The contributions to

the decay are usually subtracted out digitally (see Sec-
tion 2) [17,22].

A DQC FTESR spectrum of the poly-proline biradi-

cal is shown in Fig. 2. The orthogonal axis displays the

DQC spectrum for several slices along the direct dimen-

sion. Peaks due to electron–electron dipolar interaction

occur at ±2.9MHz, which corresponds to an average

distance of 26.5 Å. This is consistent with the minimized

energy configuration calculation using the MMFF94
force field under Molecular Operating Environment

(MOE), which yielded a distance between the nitroxide

moieties of 28 ± 2Å [40].

Electron–nuclear dipolar interaction between un-

paired electron and matrix protons [41] leads to ESEEM

peaks at ±14.7MHz along mp. These are displayed more

clearly in Fig. 2B, which shows the DQC spectrum cor-

responding s = 2ns slice (i.e., close to the maximum of
the echo). A signal to noise ratio of 21 was obtained

for this slice [42]. The ESEEM peaks can potentially

interfere with the interpretation of DQC spectra for

short distances.

However, ESEEM modulation may be suppressed at

certain values of s, due to the observer blind spots effect

[33,34]. These values of s, denoted by sa,b, are given by

[33,34]:

sa;b ¼ ð2nþ 1Þp=xb;a; ð1Þ

where, n is an integer and xa,b, the ESEEM frequencies,

are:

x ¼ ½ð�A=2� x Þ2 þ ðB=2Þ2�1=2: ð2Þ



Fig. 2. (A) A contour plot of the 2D DQC spectra of CPPPPPPC peptide (shown in the inset). The mp dimension reports on the dipolar interaction.

The orthogonal dimension, labeled s, refers to several slices along the echo (cf. Fig. 1). The DQC spectra for slices at s = 2 and at s = 34ns are shown

in (B) and (C), respectively. The ESEEM peaks at ±14.7MHz are suppressed for the s = 34ns slice.
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In Eq. (2), xH is the proton resonance frequency and

A, and B are related to the Azz, Azx, and Azy components
of the electron–proton hyperfine tensor. In particular,

A = Azz and B ¼ ðA2
zx þ A2

zyÞ
1=2

[33]. Eq. (1) is rigorously

valid only for ideal non-selective pulses. However, it still

provides a useful approximation provided that the

lengths of the pulses, tpulse, are much shorter than the

nuclear modulation period, (i.e., for tpulse � (2p/
xH) � 68ns) [34].

For these samples, the electron spin is weakly coupled
to the protons and, hence, xa,b � xH. With xH = 9.24 ·
107 (rads�1), observer blind spots can be expected for

s = 34ns (n = 0), s = 102ns (n = 1), etc. Fig. 2C, shows

the DQC spectrum corresponding to the slice at
Fig. 3. DQC FTESR spectra of biradical R1 (shown in inset) for (A) s = 2

suppressed for the case of s = 34ns.
s = 34ns. The ESEEM peaks are clearly suppressed,

although the signal-to-noise ratio is reduced to about
8. This observer blind spots effect can only be exploited

by transiently digitizing the echo.

In Fig. 3, DQC FTESR spectra of the organic birad-

ical, R1, are shown for s = 2ns and for s = 34ns. Peaks

due to electron–electron dipolar interaction occur at

±4.8–6.2MHz, which corresponds to an average dis-

tance of �21Å [43]. The average intramolecular distance

is consistent with the inter-nitroxide proximity of
20 ± 1Å [40], obtained in energy minimized structural

calculations using an Unrestricted Hartree–Fock ap-

proach in the CACHE software. Peaks arising from

ESEEM with matrix protons occur at ±15.0MHz, and
ns and (B) for s = 34ns. The ESEEM peaks at ±15.0MHz are largely
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are clearly evident in the slice near the echo maximum

(i.e., for s = 2ns, cf. Fig. 3A). These ESEEM peaks are

substantially suppressed at the observer blind spot

(i.e., for s = 34ns, cf. Fig. 3B).
4. Conclusions

We show that DQC spectra can be routinely obtained

with a commercial FT-ESR spectrometer. Additionally,

we demonstrate that the concept of observer blind spots

readily provides DQC spectra that are free of complica-
tions from ESEEM peaks.
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