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Abstract

Recently, distance measurements by pulsed ESR (electron spin resonance) have been obtained using pulsed DEER (double electron—
electron resonance) and DQC (double quantum coherence) in SDSL (site directed spin labeling) proteins. These methods can observe
long range dipole interactions (15-80 A). We applied these methods to human ubiquitin proteins. The distance between the 20th and
the 35th cysteine was estimated in doubly spin labeled human ubiquitin. Pulsed DEER requires two microwave sources. However, a
phase cycle is not usually required in this method. On the other hand, DQC-ESR at X-band (~9 GHz) can acquire a large echo signal
by using pulses of short duration and high power, but this method has an ESEEM (electron spin echo envelope modulation) problem.
We used a commercial pulsed ESR spectrometer and compared these two methods.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Structural analysis of proteins is mainly performed using
X-rays or NMR (nuclear magnetic resonance). For X-ray
measurements, crystallization of the protein is required
and the change in the structure on crystallization is often
discussed. Recently, the appearance of high-field NMR
has led to an increase in structural analysis by NMR. How-
ever, with NMR, measurement of high molecular weight
proteins is difficult and a large amount of sample is
required. Furthermore, only short distance (less than
0.5 nm) information can be obtained by the detection of
residual dipole interactions from NOE (nuclear Overhauser
effect) based experiments [1]. On the other hand, for
CW-ESR (continuous wave electron spin resonance) mea-
surements in combination with SDSL (site directed spin
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labeling), distance determination between spin label
reagents and molecular motion have been studied [2-4].
SDSL is based on the combination of nitroxide radicals
at natural or mutagenically introduced cysteine residues.
By measuring these ESR signals, the dipole interaction
between spin labeled reagents is determined. ESR is hun-
dreds of times more sensitive than NMR, and ESR requires
a much smaller sample concentration (less than 1 mM/1)
than NMR. In the CW method, distances are determined
by observing changes in the line widths due to dipole inter-
actions. By this method, it is possible to determine distanc-
es of up to about 2 nm [5,6].

In recent years, various methods using pulsed ESR have
been developed for the structural analysis of proteins, and
they have been applied to the photosynthesis system [7—
10]. By using pulsed ESR, we can determine long range dis-
tances (1.5-8.0 nm) [11,12] and can also estimate distance
distributions [13-15]. Recently, by combining pulsed ESR
and SDSL, structural analysis of various proteins has been
performed [16].
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Most applications of pulsed ESR use DEER [17-24] (or
PELDOR (pulsed electron electron double resonance)) or
DQC-ESR [25]. The DEER measurements require a sec-
ond microwave source to excite another spin species. The
spatial distributions and inter-pair interactions of radicals
have been studied by Milov et al., using frozen glassy solu-
tions of stabilized radicals and biradicals of the nitroxyl
type [5]. The observed signal and the effect of modulation
due to dipole interactions are small because the second
microwave pulse should excite a part of the spectrum
[13]. The advantages of the DEER method are that there
are only small ESEEM effects and that phase cycle is not
required. In addition, it is possible to measure species with
different resonance frequencies, such as the distance
between a metal complex and a nitroxide radical or that
between metals [9,19,26]. In contrast, the DQC-ESR
method detects a double quantum coherence generated
by spin-spin interactions. The advantage of this method
is that it can excite almost all spins in strong microwave
pulses, and, as a result, it has a high sensitivity. However,
a 64-step phase operation is necessary to eliminate the
unwanted echo and to observe the state of double quantum
coherence selectively [16]. Moreover, at X-band measure-
ments, the effect of ESEEM with a peripheral nucleus
(hydrogen nucleus) is overlapped on the spectrum. Howev-
er, if the pulse that excites the spectrum can sufficiently
excite the whole spectrum, it is a very effective method.

In this paper, the distance between spin labels in human
ubiquitin was determined by using DEER and DQC-ESR
with a commercial X-band pulsed ESR spectrometer, and
we compared these two methods.

2. Materials and methods
2.1. Sample preparation

For the SDSL sample, mutant human ubiquitin (76 aa)
in which Ser20 and Gly35 were mutated to cysteine (S20C,
G35C) was used. The plasmid (mutant gene was connected
with pET24a vectors) was transferred into Escherichia coli
cells BL21 (DE3), and was grown at 37 °C in LB medium.
It was then induced with 1 mM isopropyl-B,p-thiogalacto-
pyranoside (IPTG), and incubated for 3 h. Cells were son-
icated and centrifuged, then incubated for 5 min at 85 °C,
and centrifuged again. They were then purified by passing
through a cation exchange column and a desalting column
(Sephadex G-25). This ubiquitin was buffered with 100 mM
K-PO,4 (pH 7.0), a tenfold molar mass of MTSL (1-oxy-
2,2,5,5-tetramethylpyrroline-3-yl)methyl methanethiosulfo-
nate was added and the mixture was incubated for 3-4 h at
room temperature. Unreacted spin-label regents were
removed by a desalting column (Sephadex G-25). Human
ubiquitin at a concentration of about 340 pM was buffered
with 20 mM K-PO,, 5mM KCIl and 1 mM EDTA at a pH
of 6.8. Thirty weight % glucose was added as a cryoprotec-
tant. About 100 pl of the sample was then loaded into a
5 mm diameter quartz ESR sample tube.

2.2. Experimental

Pulsed ESR measurements were performed on an
ELEXSYS E580 X-band FT/CW spectrometer (Bruker
BioSpin) equipped with a dielectric resonator (ER4118X-
MD5-W1) and a helium gas flow system (CF935, Oxford
Instruments). All measurements were performed at 80 K
and m.w. pulses 16 ns in duration were used for the 90°
pulses for DEER and pulses 8 ns in duration were used
for the 90° pulses for the DQC-ESR experiment. All
measurements were acquired with the same number of
accumulations, 2560 (about 15 min accumulation time,
i.e. shots per loop: 40, repetition time: 1 ms, number of
scans: 64, data points: about 300. For DQC-ESR experi-
ments, the number of scans is one but it was executed as
a 64 phase cycle.). For variable-time DEER measurements,
reference and recoupled data, the number of accumulations
was 1280. All spectra were taken in single point mode.
Obtained spectra were analyzed by using the DEERTrafo
program [27].

2.3. Pulse sequence

2.3.1. DEER pulse sequences

Two types of DEER measurements were used, one was a
constant-time version [26] and the other was a variable-
time version [28]. Four pulse sequences were used for these
DEER experiments. Fig. 1 shows the pulse sequences of
DEER. The second microwave frequency (wg) was sup-
plied by a second microwave source. The pump pulse was
set to the maximum of the nitroxide ESR spectrum
(wg =9.58 GHz). The observer pulse was set to 60 MHz
higher (wa = 9.64 GHz) which corresponds to about a
20 Gauss field separation. In this condition, we can detect
strong effect in a small echo. All pump pulses were 32 ns
in duration. The variable-time experiments could obtain a
large signal in a short ¢ because the observed signal inten-
sity is dominated by the spin—spin relaxation time (75).
The effect of the dipole interaction was obtained by divid-
ing the recoupled trace by the reference trace, so that the
SNR (signal to noise ratio) became worse where the signal
was small (large 7).

2.3.2. DQC-ESR pulse sequences

Two types of DQC-ESR measurements were used, a
constant-time version [16] and a variable-time version
[29]. Six pulse sequences were used for the DQC-ESR
experiments. Fig. 2 shows the pulse sequences of DQC-
ESR. 64 step phase cycles were used to eliminate unwanted
signals and to observe the state of double quantum coher-
ence selectivity. In the constant-time version, the interval
time f,+ 1t is constant. After a time interval
2*(t,+t,+1), the change in the echo intensity was
observed. This time interval decreases the signal intensity
by the spin—spin relaxation time (75). In the variable-time
version, f, is constant and only ¢, is changed, so that the
signal reduction due to the spin-spin relaxation time is
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Fig. 1. Pulse sequences for constant-time DEER (A) and variable-time DEER (B). In constant-time DEER, the time ¢ between the second and third pulses
of the sequence was increased. In variable-time DEER, the reference spectrum is acquired with an increasing time ¢ but a fixed pump pulse. A recoupled
trace is acquired with time ¢ where 1, is increased but the delay 1, is kept constant.
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Fig. 2. Pulse sequences for constant-time DQC-ESR (A) and variable-time DQC-ESR (B). In constant-time DQC-ESR, the time 7, was increased and 7,
was decreased. The ¢, + ¢, was kept constant and the observed echo position was the same. In the variable-time DQC-ESR, the time #, was increased but 7,

was kept constant. The position of the observed echo changes by z,.

reduced at the early measurement time. However, it is nec-
essary to consider the influence of the observed dipole
interaction on the relaxation time because the position of
the detection signal is changing by #,.

3. Results and discussion
3.1. DEER experiments

The structure of the human ubiquitin and the positions
of the MTSL reagent labels at S20C and G35C are shown

in Fig. 3. Fig. 4 shows the constant-time (A) and the vari-
able-time (B) DEER spectra as a function of the dipolar

evolution time ¢. Due to intermolecular interactions, the
observed spectra contain an exponential decay component
[6,26,30]. In the constant-time experiment, SNR is the same
in all regions of the spectrum. In the variable-time experi-
ment, the SNR of the time position close to ¢t =0 is better
than that at a long ¢ position because the observed echo
intensity decreases with ¢. In our measurements, the proton
ESEEM effect was not observed. These characteristics are
especially advantageous for short distance determinations.
The SNRs of constant- and variable-time versions were 130
and 176, respectively. A Fourier transformed spectrum of
the DEER spectrum after subtraction of the exponential
decay is shown in Fig. 5. A peak due to the intramolecular
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Fig. 3. Structure of human ubiquitin. The spin-labeled mutated sites
studied in this work are shown.
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Fig. 4. Constant-time (A) and variable-time (B) DEER spectra. Exper-

imental settings: 7, =200 ns, 1, =2200ns for constant-time DEER,
71 =200 ns, 75,0 = 300 ns for variable-time DEER.
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Fig. 5. Fourier transformed spectra of constant-time DEER (solid line)
and variable-time DEER (dotted line) after exponential background
subtraction.

distribution was observed at 1.1 MHz. There were no other
peaks such as from proton ESEEM (~14 MHz). Fig. 6
shows the distances and distance distributions obtained
from the constant-time (solid line) and variable-time (dot-
ted line) DEER data after subtraction of the exponential
decay using the DEERTrafo program [27]. In both sets
of DEER data, the distance and distance distribution were
estimated to be r=355 nm and Ar=0.25 nm,
respectively.

3.2. DQC-ESR experiments

Fig. 7 shows the constant-time (A) and variable-time (B)
DQC-ESR spectra as a function of the dipolar evolution
time; ¢z = t, — t, for the constant-time version and ¢, for
the variable-time version. In the constant-time version,
the obtained spectrum was expanded by a factor of two
in the time scale, because that spectrum was obtained as

Intensity (A.U.)

Distance (nm)

Fig. 6. Distances and distance distributions obtained using constant-time
(solid line) and variable-time (dotted line) DEER after exponential
background subtraction.
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Fig. 7. Constant-time (A) and variable-time (B) DQC-ESR spectra.
Experimental settings: #,+ ¢, =2200ns, 7, =72ns for constant-time
DQC-ESR, t; =72 ns, t, =200 ns for variable-time DQC-ESR.
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a function of 7: = t,—t,. The ¢, was increased and 1, was
decreased simultaneously (Af, = —At,) so that the dipolar
interaction was observed as a function of 2Af,. In both
spectra, large modulation due to proton ESEEM was
observed. In the variable-time experiment, the effect of
the dipolar interaction decreases when the pulse interval
t, becomes long, because of the effect of the spin—spin
relaxation time. Despite the effect of the intermolecular
interaction being observed by DEER and the constant-time
DQC-ESR experiments, the exponential decay due to this
intermolecular effect was hardly observed in the DQC-
ESR variable-time experiments. This phenomenon was also
reported by Bonora et. al. [29]. A Fourier transformed
spectrum of the DQC-ESR spectrum after subtraction of
the exponential decay is shown in Fig. 8. A peak due to
the intramolecular interaction was observed at 1.1 MHz.
In the variable-time version, a peak due to proton ESEEM
was observed around 14 MHz. The peak was also observed
around 28 MHz. This frequency is double the proton
ESEEM frequency and also comes from a proton [30]. In
the constant-time version, the peaks were observed around
7 and 14 MHz, these values are half those of the frequen-
cies of the variable-time version. In the constant-time ver-
sion, the obtained spectrum was expanded by a factor of
two in the time scale, so that in the frequency scale, the pro-
ton ESEEM peaks were observed at half the frequencies.
The frequencies of 7, 14, and 28 MHz correspond to 1.9,
1.5 and 1.2 nm, respectively. So if the distance between
the spin-labels is in this range, these frequencies will disturb
the distance result. Fig. 9 shows the distance and distance
distribution obtained from the constant-time (solid line)
and the variable-time (dotted line) DQC-ESR data after
subtraction of the exponential decay. In both sets of
DQC-ESR data, the distance and distance distribution
were estimated to be r=3.58nm and Ar=0.35 nm,
respectively. In the DQC-ESR data, another distance com-
ponent was observed at about 1.47 nm. This distance cor-
responds to the modulation frequency of the proton
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Fig. 8. Fourier transformed spectra of constant-time DQC-ESR (solid

line) and variable-time DQC-ESR (dotted line) after exponential back-
ground subtraction.
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Fig. 9. Distances and distance distributions obtained using constant-time
(solid line) and variable-time (dotted line) DQC-ESR after exponential
background subtraction.

ESEEM. In X-band, it is difficult to determine a short dis-
tance (less than 2 nm) by DQC-ESR. Using high-field ESR,
such as Q-band pulse ESR, the proton ESEEM frequency
shifts to a higher frequency [26] (about 56 MHz corre-
sponds to 1.0 nm at Q-band) and this ESEEM effect can
be eliminated. In X-band, a method to suppress proton
ESEEM peaks has been developed [29], but it decreases
the SNR.

3.3. Comparison of DEER and DQC-ESR methods

The distances estimated by the DEER and DQC-ESR
methods were r=3.55nm and r=3.58 nm, respectively.
According to the 1.8 A resolution X-ray structural analysis,
the distance between the a-carbons for these two labeling
sites was estimated to be 2.18 nm [31]. This value differs
from our work by about 1.4 nm. In this work, we used
MTSL for the spin label reagents. If there is no structural
disturbance around the spin label sites the distance between
the a-carbons and nitroxide is about ~0.7 nm. In our mea-
surements, the distance distributions were estimated to be
about 0.3 nm. Considering the protein structure and size
(~8.6 kDa), it is thought that the motion of the protein is
small. This means that the observed distribution would
come from the motion of the spin label reagent, which
means that the labeled sites (a-carbon) are located on outer
surface of the protein. If these labeled sites were located to
oppositely, the observed distance would lengthen by about
1.4 nm. Taking into account the X-ray structural analysis,
this is reasonable because Ser20 and Gly35 are located on
the outside of the protein.

Fig. 10 shows the distances and distance distributions
observed by constant-time DEER (A) and constant-time
DQC-ESR (C). A small difference in the distances and dis-
tance distributions was observed between the methods. The
DEER seems to show that about 25% of the proteins are in
a conformation that places the labels within about 3.0 nm
of each other and the other 75% are in a conformation with
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Fig. 10. Distances and distance distributions obtained using constant-time
DEER [solid line, (A and B)] and constant-time DQC-ESR [dotted line,
(C)] after exponential background subtraction. (A) The pump pulse was
set to the maximum of the nitroxide ESR spectrum (wg = 9.58 GHz) and
the observer pulse was set to 60 MHz higher (wa =9.64 GHz). (B) The
observer pulse was set to the maximum of the nitroxide ESR spectrum
(wg =9.64 GHz) and the pump pulse was set to 60 MHz higher
(wa =9.70 GHz).

about 3.55 nm between labels. On the other hand, the
DQC-ESR shows longer distance configuration about
3.58 nm. In the DQC-ESR experiments, we used an 8 ns
duration for a 90° pulse, corresponding to the 125 MHz
(~45 Gauss) excited region. The spectrum of the observed
nitroxide radical was about 200 MHz (~70 Gauss). For the
DQC-ESR measurements, it is desirable that all spectral
regions are excited by the m.w. pulse, but this was restrict-
ed by the output power of the m.w. TWT amplifier. On the
other hand, for DEER measurements, it is necessary to
adjust the m.w. frequency and pulse width to avoid over-
lapping of this range of excitation. Overlapping of the exci-
tation region induces the proton ESEEM effect in DEER
spectra. In DEER experiments, the difference in frequency
was set to 60 MHz from the peak intensity and an observer
pulse (wa =9.64 GHz) 16 ns in duration for a 90° pulse
and pump pulses (wp = 9.58 GHz) 32 ns in duration were
used (Fig. 10(A)). The observed nitroxide radical shows
an anisotropic spectrum and it is necessary to consider an
anisotropic effect because only a part of the spectrum is
excited in DEER measurements, while the whole spectrum
is excited in DQC-ESR. To confirm this orientation selec-
tion in DEER experiments, we changed the observer and
pump pulses position. The observer pulse was set to the
maximum of the nitroxide ESR spectrum (wg = 9.64 GHz)
and the pump pulse was set to 60 MHz higher
(wa =9.70 GHz). In this condition, we can detect small
effect in a large echo. The observed modulation depth
was almost same as above experiments (data not shown).
However a small difference in the distances and distance
distributions was observed (Fig. 10(B)). The short distance
configuration about 3.0 nm was decreased and the confor-
mation about 3.55 nm shifted toward longer distance. On
the other hand, the DQC-ESR method is practically free

from orientation selection. This result indicates that the
difference in the distance and distribution comes from the
orientation selection of the nitroxide radical. It is thought
that the DQC-ESR method shows the more accurate dis-
tance between the spin labels.

In a comparison between DEER and DQC-ESR meth-
ods, DEER methods are advantageous for determining
short distances because they have no ESEEM effect. Fur-
thermore, by using variable-time DEER, the SNR at a
short ¢ was improved. At X-band, the DQC-ESR methods
are disadvantageous for short distance determinations
because of the ESEEM effect. However, for longer distance
determinations, variable-time DQC-ESR is especially
advantageous. In the variable-time DQC-ESR, the proton
ESEEM effect becomes weak at long 7, values and the
effects of intermolecular interactions are suppressed. This
suppression of intermolecular interactions is very advanta-
geous in long distance determinations because this intermo-
lecular interaction has a greater influence in long distance
determinations, though further discussion on this phenom-
ena is required.

4. Conclusion

In this work, we measured human ubiquitin protein by
DEER and DQC-ESR at X-band using a commercial
FT-ESR spectrometer. The distance between the 20th
and 35th cysteines was estimated as 3.55nm by DEER
and 3.58 nm by DQC-ESR. DEER is advantageous for
determining short distances. Variable-time DEER can
achieve a better SNR than the constant-time version [28].
The experimental setup of DEER methods is easy because
DEER methods do not need a phase cycle. DQC-ESR can
achieve a strong signal intensity but has an ESEEM effect
[16,29]. It needs a complex phase cycle [16] and precise
pulse angles. In short distance measurements (<2 nm), we
must carefully distinguish this ESEEM effect. However,
with variable-time DQC-ESR, the intermolecular interac-
tion effect was reduced [29] and the intramolecular interac-
tion is emphasized. This is especially advantageous for long
distance determinations.

This experiment on distance determination with spin
labels shows that the utility of ESR methods can be
increased by the selection of proper methods.
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