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In this work, we continue to explore Gd(III) as a possible spin label for high-field Double Electron-Elec-
tron Resonance (DEER) based distance measurements in biological molecules with flexible geometry. For
this purpose, a bis-Gd(IlI) complex with a flexible “bridge” was used as a model. The distances in the
model were expected to be distributed in the range of 5-26 A, allowing us to probe the shortest limits
of accessible distances which were found to be as small as 13 A. The upper distance limit for these labels
was also evaluated and was found to be about 60 A. Various pulse duration setups can result in apparent
differences in the distribution function derived from DEER kinetics due to short distance limit variations.
The advantages, such as the ability to perform measurements at cryogenic temperatures and high repe-
tition rates simultaneously, the use of very short pumping and observation pulses without mutual inter-
ference, the lack of orientational selectivity, as well as the shortcomings, such as the limited mw
operational frequency range and intrinsically smaller amplitude of oscillation related to dipolar
interaction as compared with nitroxide spin labels are discussed. Most probably the use of nitroxide
and Gd-based labels for distance measurements will be complementary depending on the particulars
of the problem and the availability of instrumentation.
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1. Introduction

In the last decade, pulsed dipolar (ESR) spectroscopy (PDS) [1]
has become a widespread technique for mapping distances in vari-
ety of biomolecules such as enzymes, DNA and RNA. A few recent
excellent reviews [2-5] and articles [6-8] provide clear descrip-
tions of the achievements and possibilities on one hand while
pointing to some yet existent problems on the other. We recapitu-
late them briefly below.

PDS is based on the measurement of the dipolar interaction be-
tween paramagnetic centers, mostly spin labels, mainly by Double
Electron-Electron Resonance (DEER) or Double Quantum Coher-
ency (DQC) techniques. The spin labels, with few exceptions, are
nitroxide radicals attached to the molecule of interest either by site
directed spin labeling [9-11] in the case of proteins or by chemical
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modifications in the case of nucleic acids [12]. The distances acces-
sible to DEER [1-8] are typically between (15-20) A on the low side
to (50-60) A on the high side. The DQC based measurements probe
wider range of distances (from ~12 A to ~70 A). The minimal con-
centration of spin labeled molecules is typically not less than
0.1 mM [13-18], and sample volume needed is 30-80 pL although
the measurements at lower concentrations were also recently re-
ported [19-21]. The acquisition time required to obtain good qual-
ity time domain patterns at low concentrations is reported up to
10-20 h [13-23]. The most challenging systems are those with
flexible structures where the separation between the spin labels
is distributed over a wide range of distances. In these cases, the
time domain traces do not show the dipolar related oscillations
and therefore the determination of distances and their distribution
becoming complicated. Furthermore, in a system with a broad and
unknown distance distribution, it is difficult a priori to optimize
acquisition parameters (time interval and dwell time). In order to
obtain reliable information on distance distributions, therefore,
the signal to noise ratio (S/N) has to be substantially higher than
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that for a single fixed distance, thus requiring an increase in acqui-
sition time and/or concentration. These issues were discussed and
analyzed while solving similar problems [24,25].

The limit on the short distance end (15-20) A in DEER is deter-
mined primarily by the allowed minimal pulse durations. In turn,
the latter depends on instrument parameters such as available
mw power and resonator design as well as the intrinsic properties
of spin label such as the width of the EPR spectrum. In properly ap-
plied DEER, the excitation profiles of the pumping and observing
pulses have to be well separated to avoid complications that are
due to pulse interferences [2-7,26,27]. The characteristic width
of the EPR spectrum of nitroxide radicals at the most commonly
used spectrometer microwave (mw) frequencies (from S- to
Ka-band, 2-32 GHz) does not exceed 160 MHz. Accordingly, the
applied pulses have to be longer than ~15ns (assuming that
instrument is up to the task) to avoid spectral overlap. This limits
the shortest distance that can be probed by ~15 A [7]. The long dis-
tance limit, [2-5], is dictated by sensitivity arguments and is deter-
mined by the combination of such factors as the need for a long
time interval, reasonable duration of the acquisition time and
respectively, low concentration of labeled molecules. All these
arguments are generally valid for DQC based techniques as well,
except some particularities [2,5].

To expand the distance range accessible by DEER, clearly the
pulse durations should decrease and sensitivity should increase.
The obvious solution is to perform DEER measurements in the
W-band frequency range or higher (=95 GHz) where the width
of the nitroxide EPR spectrum increases significantly [16] and thus
provides enough room to accommodate pulses as short as <10 ns.
The only reason that such a simple idea has not been implemented
yet is that at present, the mw power amplifiers of W-band
spectrometers used for PDS are not powerful enough to generate
a n-pulse shorter than ~20 ns [28].! On the other hand, the concen-
tration sensitivity of nitroxide spin labels does not improve beyond
the Ka-band either (see Supplementary material), and the long
distance limit for distance measurements in the W-band remains
unchanged. (Nonetheless, the small amount of sample required, 1-
2 uL, compared to ~100-50 pL remains attractive.) The options to
increase the distance range using nitroxide labels, therefore, seems
to be limited. This, despite the widespread employment of nitroxide
spin labels and the impressive developments in their use for distance
measurements, provides incentives to search for another family of
spin labels which may suffer less from the above mentioned restric-
tions. One alternative of new spin labels are the Gd-based spin labels
suggested earlier [30]. From the start it was clear that Gd(III) is
essentially a “high field” item, however, for the same input mw
power for a matched resonator the higher transition probability of
the —1/2 < 1/2 transition as compared to a S=1/2 system allows
for a decrease in pulse duration (~2.5:1) (see Supplementary mate-
rial). Consequently, even with the existing mediocre power available
at W-band [28], the m-pulse duration for this transition can be re-
duced to ~8 ns in standard cavities, while in the Ka-band a m-pulse
of ~5 ns can be readily achieved. The potential to quantify shorter
distances is therefore evident. Because the Gd(III) spectrum usually
spreads over 6000 MHz [31], it provides more than sufficient room

! After this manuscript was submitted for publication, St. Andrews’ group
published a paper on the construction of a W-band instrument having extraordinary
parameters [29], usable for DEER measurements. This instrument has a 1kW
amplifier and a non-resonant cavity. A ©t pulse duration of 10 ns was achieved, while
the bandwidth of the instrument was 1 GHz. The use of a non-resonant cavity allowed
an increase in sample size and corresponding decrease in concentration of nitroxide
labels down to 1 pM. The statements below about limits of distance and concentra-
tion of nitroxide labels, therefore, are valid only for (and related only to) measure-
ments which employ standard instrumentation. Note that as much as the DEER of
nitroxides benefits from this new unique instrument, the DEER of Gd-based labels
would benefit to an even greater extent.

to setup a 400 MHz separation between the carrier frequencies of
pumping and observation pulses thus accommodating pulses as
short as 5 ns without interference. The short distance limit in DEER
using Gd(III) labels, therefore, can potentially be reduced from ~15 A
to ~8 A once the resonator bandwidth is adjusted. The long distance
limit (as compared to nitroxides) may also increase. Indeed, unlike
nitroxides, the full width of EPR spectrum of Gd(III) remains un-
changed with increase of operational frequency, while the width of
the sub-spectrum of the —1/2 < 1/2 transition becomes even more
narrow. The concentration sensitivity for Gd(Ill) is therefore ex-
pected to increase (see Supplementary material) from, e.g., the Ka-
to W-band, resulting accordingly in an increase in the long distance
limit. The next intrinsic feature of Gd(IIl) is the relatively fast spin
lattice relaxation at cryogenic temperatures. This allows the mea-
surements at high pulse repetition rates (up to 100 kHz when the
mw amplifier allows) and low temperature (~10-15 K). For the lat-
ter, such a combination of low temperature and high repetition rate
is problematic because of their long spin lattice relaxation time at
low temperatures [2-5]. The Gd-based labels, therefore, may offer
substantial advantages that warrant their development. As for
attaching them to biological molecules, a number of new methods
have been developed for bio macromolecular ligation/labeling with
fluorescent lanthanide tags in vivo or ex vivo [32-36]. In addition,
tags bearing lanthanides have been developed for paramagnetic
NMR spectroscopy [37]. This can be adapted for attaching Gd(III)
spin labels. Among these methods, “click” chemistry stands out as
being fast, facile, and orthogonal to other reactive functionalities
[38-41]. As was demonstrated in literature, “click” chemistry has
been successfully applied for the synthesis of a variety of n-mers
of Gd(III)-based complexes with flexible "bridges” in which singular
Gd(III) complexes are assembled on a benzyl core [41]. While our
first demonstration of a distance determinations between two
GA(IIT) ions using DEER was done on a rigid molecule [30], in this
work we focus on a bis-Gd(III) complex (referred as C2-Gd595) with
a flexible "bridge” in which two singular Gd(Ill) complexes are
assembled on a benzyl core, as it is shown in Fig. 1. This assembly
can serve as a primitive model for flexible proteins having Gd(III)
as the spin label, and for which the distance is expected to be distrib-
uted in the range of (5-10) A-(25-28) A.

Here we present DEER measurements that were carried out in
the Ka- and W-bands. The short distance limit is explored under
the currently available mw power and resonator designs. We show
that under the condition of a small crystal field interaction (cfi) as
compared to the Zeeman interaction, the DEER results can be ana-
lyzed essentially in the same way as for a virtual S=1/2 system.
We also discuss some specifics related to asymptotic DEER decay
and to the role of the pseudo-secular term of the dipolar interac-
tion. Finally, we will discuss possible applications of Gd(III)-based
labels in biological structural investigations.

2. Experimental
2.1. Sample preparation

The synthesis of mono- and bis-Gd(III) (Fig. 1) is described in
Supplementary material. Solutions of 0.5 and 0.1 mM in water—
glycerol (1:1, v:v) of Gd595 and C2-Gd595 were prepared for the
Ka- and W-band measurements, respectively. The total volumes
of sample in these bands are ~30 pL and ~2 pL.

2.2. DEER measurements

The Ka-band (~30 GHz) and W-band (95 GHz) measurements
were performed using the in-house built spectrometers de-
scribed earlier [28,42]. The resonator bandwidth in the Ka-band
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Fig. 1. A schematic presentation of the st

measurements was increased slightly modifying the existing res-
onator, placing Teflon inserts in the original ~37 GHz cylindrical
cavity (TEg17). Due to this modification, the resonance frequency
decreased to ~30 GHz and the bandwidth of the loaded and crit-
ically coupled resonator became ~200 MHz. The modified cavity
was adequate to accommodate m-pulses of 10 ns and longer. An
example nutation pattern that demonstrates resonator perfor-
mance is shown in Fig. 2.

A “zero” dead-time, four-pulse DEER sequence [43] was used in
all DEER measurements. Typical frequency separations, Av, be-
tween observation, v,, and pumping, v,, frequencies were ~170-
200 MHz in the Ka-band, as illustrated in Fig. 3, and ~75 MHz in
the W-band measurements. In the majority of Ka-band experi-
ments, the duration of the pumping n-pulse was varied from
12 ns to 40 ns, while that of the observation pulses was kept con-
stant and equal to 30 ns for n-pulses. In the W-band measure-
ments, the observation 7m-pulse duration was 40ns and the =«
pumping pulse was 25 ns. The measurement temperature was

pumping

Echo amplitude

.,

5 10 15 20 25
Pumping pulse duration/ns

30

Fig. 2. Test of the Ka-band resonator performance by means of the nutation
experiment. The pulse sequence is shown in the insert. The sample used in this
experiment was 0.25 mM C2-Gd595 in water-glycerol (1:1, v:v) solution. Exper-
imental conditions: By = 1.0806 T (maximum of —1/2 « 1/2 transition); operational
frequency: 29.964 GHz; temperature: 15 K; durations of second- and third-pulses:
20 ns; separation between first- and second-pulses: 500 ns. The absence of a
pumping pulse during the initial 7 ns is due to an insufficient switching speed of the
TTL driver. The effective duration of the m-pulse is given by the position of the first
minimum and is approximately equal to 9 ns.
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Fig. 3. ESE detected Ka-band spectra of C2-Gd595 collected at pumping
(vp =29.964 GHz) and observation (v, = 29.764 GHz) frequencies (dashed and solid
lines, respectively) shown at two different scales. The relative field shift of these
spectra which is clearly seen from the extended upper panel is ~70 G. This is in
agreement with the 200 MHz difference between v, and v,. The observation
position in spectrum when the pumping frequency is at the maximum for the —1/2
« 1/2 transition is shown by a dashed arrow in the upper panel. To evaluate
background time domain patterns (vidae infra), the experiments were performed at
fields shifted from the maximum by +70 G. One such field position is shown in the
top panel by a solid arrow. All other conditions are pulse durations: 20 ns; pulse
separation: 200 ns; temperature: 15 K; Gd(III) concentration: ~0.5 mM.

~15 K in the Ka-band and ~25 K in the W-band. At these temper-
atures, the relative population of central transitions was close to
the high-temperature limit.
3. Theoretical background

3.1. The spin Hamiltonian and the EPR spectrum

The spin Hamiltonian for a Gd(III)-Gd(IIl) dimer can be written
in the form

2
H:Zgi/)’Bo~Si+Hp5+Hdd

i=1

(1)
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where Hgs is the fine structure Hamiltonian, which, to good accu-
racy, can be characterized by two cfi parameters, D and E,

Hes :D<S§C 7%5(s+1)> VE(S} - 3) 2)

The Hyq in Eq. (1) is the part of the Hamiltonian responsible for
dipolar interactions between the Gd(III) ions. In Egs. (1) and (2), g;
are the electronic g-factors, 8 is the Bohr magneton and B is the
external magnetic field. The index “c” is related to the crystal field.
The cfi parameters of the higher order terms, S", n > 2, in Hgs are
small [44] and can be safely neglected.

For D < gBy, a condition which is satisfied for all known Gd(III)
complexes at Ka-band frequencies and higher [31], the EPR spec-
trum of a single Gd(III) consists of an intense central peak corre-
sponding to the —1/2 < 1/2 transition and a broad background
due to all other transitions [31] (Fig. 3). The —1/2 < 1/2 transition
is subjected to broadening due to Hgs only in the second order of
perturbation theory. For axial symmetry, E =0, the width of the
central peak, 4, is [45,46]:

DZ
26Bo

The characteristic width for each sub-spectra related to transi-
tions ms < mg+ 1 is

~ (10—13)—— 3)

AB, = Tﬂ D(2ms + 1) (4)

The width varies from 9D/gp (£7/2 < + 5/2 transitions) to 3D/gf
(£3/2 < £ 1/2) transition. The total spectrum, therefore, spreads
over + 6D/gp and is the sum of the sub-spectra of various transi-
tions. In Gd(III) complexes, the cfi tensor can be approximated by
the sum of the 7-9 tensors of the individual ligands [31]. The
resulting spectrum of all transitions, except the narrow —1/2
« 1/2 transition, in glassy frozen solutions is, therefore, featureless
and smooth and lacks orientation selectivity [47].

3.2. Effect of the cfi and the high spin on the dipolar interaction
detected by DEER

For commonly used spin labels, S = 1/2, in which the magnitude
of the components of the dipolar interaction tensor, |Ay|, is sub-
stantially smaller than the difference of resonance frequencies
[wo1 — wo2| of the interacting spins, both spins are quantized
along the external magnetic field, Bo. For this case, Hyy in Eq. (1)
can be represented in a simple truncated form where only the sec-
ular part of the dipolar Hamiltonian remains:

Haa = hAzz5215z. (5)
where
Ay = Ao(1 —3¢0s29);  wag = Ao gagéfﬁﬁ“ﬂ p-3 (6)

and ¢ is the angle between radius vector r connecting the two spins
and the external magnetic field.

In contrast to S = 1/2 systems, for a substantial cfi the quantiza-
tion axis of high spin systems may deviate from Z||B,. The effect of
this for D/gBfBy < 1 has been accounted for by the introduction of
effective projection operators using perturbation theory in the con-
text of ENDOR and ESEEM [47,48]. It was shown that the correc-
tions to the effective projection operator (Sz;) are proportional to
(D/gPBo)* and are, therefore, negligible for Gd(Ill) in the Ka- and
W-bands [30,47]. The corrections to (Sx;} and (Sy;) are more signif-
icant because they are proportional to (D/gfBy), therefore, to eval-
uate the corrections to the dipolar interaction, the Sx; and Sy;
components should be reintroduced into the Hamiltonian of the

dipolar interaction. Second order perturbation theory shows, how-
ever, that the shift of the respective energy levels due to terms
involving (Sy,y) does not result in a correction of wgq [30,47]. The
exact solutions show that for systems used in our experiments
(D/gPBp = 0.02 in Ka-band) this correction, although not exactly
zero, can be safely neglected. As calculations have shown, the cor-
rection depends on the angle between the principal axes of the cfi
tensor and the external magnetic field. On average, it amounts to
only 1-2% of the nominal value of wgq. Since all currently known
Gd(III) complexes have D/gB < 400 G [31], the apparent DEER mod-
ulation frequency can deviate from wgyy by not more than 3-5% if
the measurements performed in the Ka-band or higher. A detailed
derivation of wgyqy for a high spin system using perturbation theory
is given in Supplementary material. While the effects of the cfi on
qq in high field experiments are negligible the role of the pseudo-
secular term in dipolar interactions becomes increasingly impor-
tant. The effects related to the pseudo-secular term are discussed
in Supplementary material.

3.3. Evaluation of the spin flip probability

The probability of flipping the spin by the pumping pulse, 4, is
an important parameter for a quantitative description of DEER
time domain patterns. In particular, the asymptotic decay of the
time domain pattern, Vi,(t), due to static dipolar interactions be-
tween spins (S = 1/2) in the pair randomly oriented in space is [49]:
V(t) =V(ty=1-1n (7)

ia ‘tﬂ@o

In turn, the A, depends only on the pumping pulse parameters
(duration, t,, and amplitude, w; = yB;), and on the spectral density
of the spins, g(Aw) (the EPR lineshape) [50]:

) w? . 5 QL
Jn = Q—tpsm 7g(Aw)d(Aw) ®)

Q= 0? + A’

and does not depend on distance or the distribution of distances
in pairs. The 2, therefore, can always be evaluated independently.
In the case of Gd(III), spin flip probability can be evaluated in the
same manner [30] while taking into account that the Gd(III) spec-
trum is composed of sub-spectra, each of which having a different
effective B;. The total flip probability can be calculated by sum-
ming the partial spin flip probabilities 2% of each sub-spectrum.
Although somewhat cumbersome, this approach can be imple-
mented since the sub-spectra can be found from simulations
[31]. For Gd(Ill), however, this complicated method may not be
necessary since the sub-spectrum of —1/2« 1/2 transitions,
812 (Am), is quite different from all the others. It is narrow, intense
and can be easily separated from broad, smooth and featureless
background (see Section 2). This allows one to deal only with
—1/2 — 1/2 transition. Evaluation of the flip probability, A", for
this transition requires only a substitution in Eq. (8) of g(Aw) by
8h12/(Aw) and taking into account the population of states, p’s:

172 /—sm
=p(1/2) +p(-1/2)

Another way to evaluate 7,/ is completely experimental and
does not need an extraction of g1/2(Aw). This method is based
on measurements and the consequent processing of time domain
patterns due to dipolar interaction of randomly distributed spins.
For pairs randomly distributed in space, the time pattern, V(t), is
the product of two patterns, V(t);, and V(t);, resulting from intra-
(ia) and inter-(ir) pair dipolar interactions:

V() = V()Y (D), ©)

gn/Z\(Aw)d(Aw) 8)

1/2)

ia
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For S=1/2 (to a good accuracy)
Vie(t) = exp{—(ACx t)} (10)

where C is the spin concentration (mM) and t is the time interval
(ps). The flip probability, 2, therefore, can be evaluated from the
experimental time domain DEER trace V(t);- as

7= —{InVi(D)}/(C 1) (1)

Likewise, /{!/? can be estimated from the experimental time do-
main DEER trace V(t),1,> stemming from the inter Gd(III) dipolar
interaction for known concentrations.

3.4. Determination of the distance distribution from time domain
patterns

There are two simple approaches that can be used in combina-
tion or separately to determine the approximate pair distribution
function, both of which are based on processing the DEER time do-
main pattern. One processes the entire time domain trace of V(t),
while the other makes use of the dependence of the asymptotic de-
cay V(t);, on pulse durations. In the following, we briefly describe
both methods as they were applied to pairs composed of S=1/2
centers.

If the pulse durations used in DEER are short (1/t, > wqq), then
W(t);q of pairs which have an intra-pair distance distribution, f{(r),
and are randomly oriented with respect to the magnetic field is:

V(t), x 1 - in<1 _ /0 " arf(n) /] B cos(Azzt)dx>
— 11~ [ eostarrar) (12)

0
where A; is defined by Eq. (6) and x=cos 9. The Kkernel
cos(A,t) = cosZ of the integral equation, Eq. (12), approaches zero
as Z — oo. The decrease of the echo amplitude, therefore, is limited
by (1 — 4,) which is called the asymptotic decay V(t), (Eq. (7)). The
simplest way to solve Eq. (12), as was already demonstrated in [51]
is to approximate cosZ by step function, T(Z),

1 Z<Z
ro={, 737 (13

positioning the step at cosZ = 1/2, where Z* = wy4t™ ~ 0.2 [51,52].
The step position defines the relationship between r* and t*:

r=6.4x ()"’ (14)

where * is in A and ¢ is in ns. After substituting cosZ with T(Z) in
Eq. (13), it can be re-written as

00 r(t)
V(t)q o 1= 2 (1 - f(r)dr> =1 fﬂvn/ f(rydr (15)
() 0

.
The distribution function, f{r), can be derived by taking the
derivative of Eq. (15) and using Eq. (14):

f(r) |r* o 7t2/3d(vé[t:)ia)

Equally, the distribution function can be derived by processing
the TDPs via direct solution of the integral equation (Eq. (12)), a
truncated SVD method [52], or by using various approaches such
as Tikhonov regularization with and without the maximum entro-
py option [53,54], approximate Pake transformation (APT) and
Gaussian fitting which are implemented in free software, such as
DeerAnalysis [55] or the software of the National Biomedical Cen-
ter for Advanced Electron Spin Resonance Technology [56].

The 4, measured experimentally may or may not, be equal to
nominal value /, The deviation of 4, from A, is an indication that

(16)

t

either the pulses chosen were too long and, as a result, the short
distance part of f{r) is missing, or the time interval that was chosen
for data collection was too short and so the long distance part of
f(r) is missing.

While the effects of the finite pulse duration are unwanted, they
can be used to evaluate the distance distribution function. One way
to perform such experiments is to keep the duration of observation
pulses constant and carry out a set of measurements as a function
of t,. As was already reported in [6,57], the ratio 4,/4, depends on
the relationship between the dipolar interaction, pulse amplitude
and duration. As a result, such experiments can yield the distance
distribution as well.

Some quantitative evaluations of the effect have been already
presented in literature [6,57]. To evaluate the effect for our partic-
ular set of experimental conditions, we carried out calculations of
V(t)iq as generated by the four-pulse DEER sequence using the den-
sity matrix formalism in which the dipolar interaction, A,, (Eq. (6))
and Aw were included in the rotational (pulse) operators during
pumping as well as during observation. The line shape, g(Aw),
for simplicity, was chosen to be rectangular. Its width was kept
substantially larger than 2A and 2/t,,. The possible interference be-
tween pumping and observation pulses was excluded explicitly.
The calculations were performed in 2D format where one time
coordinate, t/, was the coordinate of echo shape and the other, t,
was the position of pumping pulse. Each V(t, t') was the result of
averaging over Aw and cos 9. The V(t, t') was then integrated in a
“window” the width of which was chosen to be about half of the
echo width, similar to boxcar integrator setup used in the experi-
ments. Numerous calculations were performed for various pulse
durations, pulse amplitudes and magnitudes of dipolar interaction.
For each set of parameters, the calculations yield time domain pat-
terns similar to one presented in Fig. 4a. In the same figure we also
presented the time domain pattern which one would expect for
complete excitation of dipolar interaction with the given pulse
parameters. It is evident from Fig. 4a that for the particular set of
parameters used in the calculations, the loss of asymptotic decay
is ~30%, corresponding to Z,/i,~ 0.7. Notably, the oscillation
amplitude decreases more quickly than asymptotic decay. Not only
distance distributions, therefore, can decrease the amplitude of
oscillation but a finite duration of pulses can as well. Repeating
such calculations at fixed pulse parameters and various values
for dipolar interaction, Ao, allows us to obtain the dependence of
JolAn ON Ag as it is shown in Fig. 4b. As is evident from Fig. 4b, this
dependence is a sigmoid type curve, o(Ao, tp, to). The inflection
point of the curve for each Ag depends on t, and t,. In a simple sit-
uation, when the observation pulses are so short that Agt, < 1,
o(Ao, by, t,) can be presented as a function of the single parameter,
o(X=Rt,'?), as it is shown in Supplementary material.

This discussion shows that to reconstruct the detectable part of
a distribution function in a rigorous way, one needs to substitute
the analytical kernel of integral equation Eq. (12), cosZ, by a
numerical kernel, V(t, t', Ao(r)), and then proceed as usual. The vol-
ume of calculations as a result increases considerably and it re-
quires substantial efforts and time to develop an efficient
software package. Modification of widely used existing software
is not an option because it is written in MatLab, which is conve-
nient but notoriously slow. We should also take note that with
DeerAnalysis [55] to account for a finite length of pumping pulse
the modified kernel exp(—Az/Aw?)cos(Aot) was introduced into
Eq. (12). Here, the Aw is a function of some pre-determined pump-
ing pulse durations. Unfortunately, even with this option, Deer-
Analysis could not be directly used here to process TDPs for a
variety of reasons. One of them, for instance, is the lack of 2D out-
put, V(t, t'), which one needs for the correct normalization of TDPs
collected with various durations of observation pulses. Since the
development of the new software package was certainly a project
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Fig. 4. (a) (1) The time domain pattern (squares) calculated for finite pumping and
observation pulse durations in the four-pulse experiment. For the data presented,
the observation m-pulse was 5 ns, the pumping n-pulse was 10 ns and Ay = 50 MHz.
The line shape in the calculations was taken as rectangular, having a 200 MHz
width. The level of asymptotic decay, 4, = 0.31, is represented by a dashed, straight
line. (2) The time domain pattern represented by a solid line is calculated as
1 — /(1 — cos(A.t)) and corresponds to the complete excitation of the dipolar
interaction. The asymptotic decay for this case, i, =0.42 (straight solid line), was
evaluated using Eq. (8). (b) The dependences of /,/4, on the magnitude of the
dipolar interaction, Ao, for the following parameters: t,: 15 ns (7/2 pulse), t,(7):
12 ns (1), and t,:40 ns (2). The solid lines are sigmoids drawn through dots. The
arrows show the shift of Ay =A; with a t, variation at the level of 2,/%, = 0.5. An
example of the step-function used to substitute a sigmoid is represented by a
dotted line.

of its own, for this work we continue to employ an approach sim-
ilar to that used above: the calculated (A, tp, t,)s were substituted
by a step function as shown in Fig. 4b. Such a substitution cuts off
some still observable short distances in distribution function. The
short distance limit in this kind of processing, therefore, is under-
estimated. Such a shortcoming is compensated for by the conve-
nience of having direct relationship between the characteristic
distance (r') and the pulse durations (¢, t,) used in the experiment.
As our numerous calculations show, the relationship between r
and t, can be presented empirically for fixed duration observation
pulses and for rather broad t, variations as

13
Py x {a“"} (17)

b

where r{, a and b are adjustable parameters dependent on the dura-
tion of observation pulses. As the step-function approximation im-
plies that pairs having a distance less than r do not contribute to
dipolar related decay of the TDP, Eq. (13) has to be modified,
respectively:

(tp)

V(t) x1— 1y (1 - /ﬂ(tp)f(r)dr> + /oo cos(Azt)f (r)dr) (18)
0 r

The long time decay limit becoming

V() o< 1=y (l - /ﬂf(r)dr> =1-1Jy /mf(r)dr
0 r

_1_, (18)

and therefore /,//, = [° f(r)dr. This relationship directly links the
relative asymptotic decay and distribution function.

Finally, as follows from Eq. (18), the distribution function still
can be determined using Eq. (16). But the starting distance has to
be shifted respectively, in accordance with Eq. (17).

4. Results and discussion
4.1. The EPR spectra

The Ka-band echo detected EPR spectra of Gd595 and C2-Gd595
are shown in Fig. 5a. The spectra consist of a central narrow line,
81/2/(Aw), due to a —1/2 « 1/2 transition superimposed on a broad
background due to all other transitions. The cfi parameter D/gf can
be readily evaluated from the characteristic width of g, , (A®) of
Gd595 by means of Eq. (3), and was found to be about 180 G. This
value, although small, is still within the range of D values known
for various Gd complexes. The central parts of the Ka- and W-
bands spectra of Gd595 are shown in Fig. 5b. It shows that the
characteristic line width decrease from ~30 G in the Ka-band to
13 G in the W-band which is nearly inversely proportional to the
operational frequencies. This observation confirms that the line
shape of the —1/2 < 1/2 transition is primarily determined by
the cfi while all other sources of line shape broadening such as
unresolved hfi are secondary, justifying our evaluation of D.

The spectra of the bis-complex, C2-Gd595, are presented in
Figs. 5a and c along with spectra of Gd595. As is evident from
Fig. 5, the central part of the C2-Gd595 spectrum is considerably
broader than the central part of the latter. Because of the same lo-
cal structure around the Gd(IIlI) in both complexes, it is unlikely
that the increased width is associated with an increase in D, but
rather that it originates from the static dipolar interaction between
the two Gd(III) ions. Indeed, at a distance of ~20 A, a static dipolar
interaction between Gd(III) ions in states ms=1/2 and ms=7/2 is
already ~17 G and increases to ~140 G as the distance decreases
to ~10 A. The attribution of the broadening to static dipolar inter-
actions can be substantiated by comparing the Ka- and W-band
spectra of C2-Gd595 and Gd595. The broadening caused by dipolar
interactions should remain the same in the Ka- and W-band be-
cause cfi effects on the dipolar interaction are negligible.

Evidently, to compare such broadening in a rigorous way, one
needs to reconstruct dipolar-broadening related line shapes fz(V')
in these mw bands, which is a complicated problem on its own.
One can, however, use a simplified approach. It is reasonable to ex-
pect fz(V') to be smooth, without explicit singularities, due to the
interspin distance distribution in C2-Gd595 and to a variation of
the dipolar interactions from complex to complex arising from
the presence of different spin states. Any smooth broadening func-
tion, therefore, can be used as a probe function. For instance, we
were able to reproduce the C2-Gd595 spectra by convoluting the
Ka- and W-band Gd595 spectra with simple Lorenzian line shapes.
The widths of the Lorenzians used in the convolutions were very
close, ~10 G and ~9 G, respectively, as it is shown in Fig. 5a and
c. The close similarity of fg(v') for the two bands support the idea
that differences in a line shapes between mono- and bis-complexes
are mostly due to dipolar interactions. Finally, we built an fz(v') for
the —1/2 < 1/2 transition by taking into account the populations of
the spin states, the model distance distribution, which will be dis-
cussed later and random orientations of the pairs. Apparently, this
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Fig. 5. (a) Solid lines: Ka-band ESE-detected EPR spectra of C2-Gd595 (top) and Gd595 (bottom). Experimental conditions: same as in Fig. 3. The dotted line is the result of the
convolution monomer spectrum (bottom) with the Lorenzian broadening function, fz(v'), shown in the insert. (b) The central part of the ESE-detected EPR spectrum of Gd595
collected in the Ka-band (top) and W-band (bottom). For W-band measurements, pulse durations: 20 ns, frequency: 94.9 GHz, temperature: 25 K. (¢) Solid lines: W-band ESE-
detected EPR spectra of C2-Gd595 (top) and Gd595 (bottom). Experimental conditions: same as in (b). The dotted line results from the convolution of the monomer Gd595
spectrum with Lorenzian broadening function, fz(v'), shown in the insert. The f3('), calculated directly from the model distance distribution function presented in Fig. 8 is also

shown in the insert by a dotted line.

Table 1

Nominal /(¥ values calculated for Ka- and W-band using Eq. (11) as compared to
that obtained from processing V(t);.1/> (shown in parenthesis) The pumping pulse is
nominally 7-pulse.

mw-Band tp/ns 2172)

Ka 12
w 25

0.055 (0.064)
0.085 (0.10)

fa(v') can be well approximated by a Lorentzian line having a width
of ~8 G. As presented in Fig. 5c, there is good agreement with the
broadening functions used in convolutions.

4.2. Evaluation of the spin flip probability and the asymptotic DEER
effect

In Section 3, we have described how the flip probability, /2,
can be determined. The A{/? calculated for particular experimental
conditions are presented in Table 1. The main concern in these
evaluations is that in the case of C2-Gd595, the static dipolar
broadening may result in a line shape with extended tails, which
is hard to correctly discern from the background. If the tails are
missed in g, |, then the 172 calculated using Eq. (10) will be over-
evaluated. There are two ways to address this concern. First, as was
suggested in [58], g,,(A®) can be extracted with substantially
higher accuracy if the extraction is based on the intensity of proton
ENDOR lines rather than what a simple background subtraction
would allow, although this procedure is extremely time consum-
ing. Second, as was already mentioned, the A{'/? can be evaluated
independently from the analysis of the DEER inter-pair time do-
main pattern (Eq. (11)). These experiments were performed and
212 values found from the V(t);1/2 processing are presented in Ta-
ble 1 as well. (In Supplementary material we also presented the
complete set of data which shows excellent correlation between
A1/ for various pumping pulse durations evaluated using these
two methods). As it evident from Table 1, the two methods of eval-
uating 2{'/? yield similar results. The small difference of less than
20% could be caused by plethora of technical issues.

4.3. DEER measurements and their analysis

Fig. 6a presents a typical W-band DEER trace of C2-Gd595. The
trace consists of an initial steep drop which apparently lasts about
150 ns, followed by a long, substantially slower decay. In Gd595
(trace not shown), the initial steep decay is absent, which allows
us to ascribe the latter to intra-pair interaction. The separation of

V(t) into intra and inter-pair traces, V(t);; and V(t);, is shown in
Fig. 6a. The V(t),, trace shows an initial drop (~1.1-1.2%) during
first ~200 ns, and then remains constant. The value of this drop,
/0, however, is about an order of magnitude less than the nominal
asymptotic decay value, 2{!/? (see Table 1). The V(t);, trace is also
smooth and does not show any dipolar related periodic oscillations
except for the initial fast decay. The Ka-band DEER measurements
yield qualitatively similar results. In the Ka-band, however, the rel-
ative magnitude of the spectral background becomes more signif-
icant than in the W-band. Consequently, the pumping pulse,
when set to the maximum of the central transition (see Fig. 3), flips
a substantial number of pairs where both spins are in states
ms # |1/2]. To measure the contribution of the latter, additional
DEER measurements were performed in which the pumping pulse
was set outside of the central transition. Fig. 6b depicts the initial
W(t) traces for the pumping pulse applied to the maximum of the
central transition, —200 MHz away from maximum and the differ-
ence of these traces, V(t);,. The last trace is decomposed into its
V(€)1/2,ia and V(t);2r contributions as shown in Fig. 6¢c. From the
W(t)1)2, ia Presented in Fig. 6a and c one can immediately conclude
that the asymptotic decay /, in the Ka-band is about twice of that
found in the W-band (2.2% vs. 1.1%), despite the fact that A("/? in
the Ka-band is smaller. Nonetheless, even the 2.2% observed for
shortest pumping pulse is only ~40% of the estimated 2{"/? (see Ta-
ble 1), while ratio 1,/A{"/? for the W-band is somewhere between
0.14 and 0.11. A closer look at the W-band TDP (see Fig. 7b) shows
that although the time domain patterns in the W- and Ka-bands
have similar behavior, the asymptotic decay in the W-band is
reached around 250 ns as compared to 180 ns in the Ka-band
and the initial decay in the W-band time domain pattern is more
gradual. The additional measurements performed in Ka-band (see
Fig. 7) with longer pumping pulse show a decrease in 4, and
20/481/? as well, while asymptotic value are still reached at around
180 ns as far as noise allows to judge.

To summarize, three main observed features of the DEER traces
for C2-Gd595 in both bands are: the lack of detectable dipolar re-
lated oscillations, the magnitudes of the A,’s, that are small as com-
pared to 2{'/? and the completion of the decay at a time interval of
no longer than ~250 ns. We also note a minor feature: some slight
difference in the shapes of the TDPs collected in the Ka- and W-
bands. While all three main features are quite understandable,
the difference is yet to be explained although some plausible
hypotheses will be offered later. Here, we continue a discussion
of the main features. The lack of a distinctive oscillation pattern
can definitely be caused by the broad Gd(IIl)~ to Gd(III) distance
distribution which completely smears the periodic oscillation
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Fig. 6. (a) (1) W-band DEER time domain pattern of C2-Gd595 (0.1 mM) and it
separation into V(t);- (2) and V(t)iq (3). The observed asymptotic decay is denoted as
/0. Experimental conditions: v,: 94.9 GHz and v, = v, + 78 MHz; t,:25 ns; t,:40 ns for
the m-pulse; temperature: 25K; repetition rate: 10kHz; total accumulation
time:1 h 25 min. Pumping frequency corresponds to the maximum for the —1/
2 < 1/2 transition at a magnetic field of 3.4038 T. (b)DEER traces of C2-Gd595
(0.5 mM) collected in the Ka-band for different field positions of the pumping pulse.
(1) Pumping pulse applied to the maximum for the —1/2 < 1/2 transition, shown in
Fig. 3. (2) Pumping pulse applied at —70G from the maximum -1/2 < 1/2
transition, marked by a solid arrow in Fig. 3. (3) Difference between curves (1) and
(2). Pulse durations: t,=12ns, t,=30ns for m-pulse, v,=29.964GHz,
Vo = 29.764 GHz. Repetition rate = 1 kHz, total accumulation time =2 h, tempera-
ture = 15 K. (c) Separation of the DEER trace the of —1/2 <> 1/2 transition (curve 1)
into V(t)ir1/2 (2) and W(t)ig1/2 (3) in the same manner as in (a).

[52]. The second feature has been already discussed in Section 3
and it is due to the presence of short distances in the pair distance
distribution for which wgqgt, = 1. The loss in the asymptotic decay
is an indication of the fact that a substantial proportion of the pairs
(~60% even for the shortest pulses used) are situated at distances
beyond detection. In the “step-function” approximation (see Sec-
tion 3), these distances are below ~13 A. The third feature, the
completion of decay at times of no longer than 250 ns, is an indica-
tion that long distances in the pair distance distribution are limited
and that this apparent distance border is about 23-25 A. This crude
evaluation, therefore, shows that under the best currently available
experimental settings, only about 40% are observable and they are
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Fig. 7. (a) Examples of V(t)y 2, collected in the Ka-band for different pumping pulse
durations; t,=16ns, trace 1, and t,=32ns, trace 2. All other experimental
conditions are the same as in Fig. 6b. (b) 1 - dashed line: extended view of TDP
collected in W-band and presented in Fig. 6a, curve 3; 2 - solid line: V(t)y2,q
collected in the Ka-band at the same pulse setting, as was used in W-band. The scale
for this TDP is increased by a factor of 2. All other experimental for collecting these
data are the same as in Fig. 6b.

situated at distances somewhere between 13 A and 25 A. Gener-
ally, at this point this evaluation is satisfactory to describe distribu-
tion function. It is possible to use a more complicated approach as
described in Section 3 based on processing the V(t),'s using Eq.
(16) to obtain the distance distribution. This processing requires
the differentiation of a DEER pattern which is highly susceptible
to the presence of noise. The derivatives, therefore, were taken
from spline fitted to time domain patterns. As we processed two
different TDPs, collected in the Ka- and W-bands, two distribution
functions were obtained. These distribution functions normalized
to the number of observed pairs are shown in Fig. 8a. The distribu-
tion function f{r) obtained from processing Ka-band TDP represents
about 40% of the configurations. It is close to rectangular, showing
distances between 13 A and 26 A. The first moment of this function
is about 19 A. The distribution function f(r) obtained from process-
ing the W-band TDP represents, at most, 14% of the configurations.
It spans between 19 A and 35 A and partially overlaps with f(r) of
the Ka-band. As our analysis shows at least 93-95% of all configu-
rations are situated at distances of less than 26 A. The difference
between the W- and Ka-band distribution functions in an integral
sense is only ~5%, due to the part which apparently spans from
26 A to 35 A. Such a difference is insignificant and may be an arti-
fact related to the peculiarities of processing [52].

Still, the W-band is expected to be more engaged in DEER mea-
surements in distances below 20 A when hardware adjustment
will allow operation with short pulses. If the difference observed
in shapes of TDP in W- and Ka-band is due to physical phenome-
non it is therefore sensible to consider some apparent explanations
to avoid complications in future. So far, a reason which could be
provided for the observed phenomenon may be spectral diffusion
caused by spin diffusion. Spectral diffusion causes random flips
of pumped spins, which may lead to the distortion of the shape
of TPD and decrease of the asymptotic decay value. For spectral dif-
fusion to be efficient, at least two conditions must be satisfied. The
flip-flop process should be more or less resonant and respective
channel in spin-lattice interaction should exist to funnel excess
energy. The former occurs when the pseudo-secular term in the
dipolar interaction (see Supplementary material) is comparable
to the inhomogeneous line width. Since at the W-band the intrinsic
line width becomes more narrow, the spin diffusion and the
accompanied spectral diffusion are expected to be substantially
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Fig. 8. (a) Solid lines, 1 and 1’: the parts of the distance distribution functions
between the two Gd(IIl) ions in C2-Gd595, derived by processing intra-pair TDPs
presented in Fig. 6a and c, curves 3. The TDPs were processed in accordance with Eq.
(16). The functions are normalized to 0.4 and 0.11. First moment of these functions
are 19.2 A and 25 A, respectively. Dashed lines: The distribution functions (2 and 2’)
obtained by processing the above mentioned TDPs by DeerAnalysis, Gaussian fit
option. The functions are normalized accordingly. First moments of these functions
were found 21 A and 26.5 A, respectively. The distribution functions derived by
means of two other options, approximate Pake pattern and Tikhonov regularization
and simulated TDP are presented in Supplementary material. (b) (bars) The
histogram of the distance distribution between Gd(III) ions in C2-Gd595. The details
of the distribution modeling are presented in the text. Dashed lines are distribution
functions shown in solid lines in (a).

more efficient than that at Ka-band. A deeper understanding of the
issue will require a separate investigation using extensive experi-
ments with models of different distances between Gd(III), at differ-
ent temperatures, etc. If this hypothesis happens to be valid,
additional deliberation regarding the choice of mw band for opti-
mal measurements will be required. The choice should be based
on the balance between population of 1/2, —1/2 states vs. efficiency
of spin lattice relaxation, and line width of central transition vs.
dipolar interaction.

At this point it is perhaps sensible to compare information on
distance distribution obtained from processing TDP and from inde-
pendent source such as molecular geometry simulations. A preli-
minary examination of the molecule’ geometry shows that
distances between two Gd(IIl) in C2-Gd595 can be anywhere be-
tween 10 A and 30 A. This is certainly in a range of distances cov-
ered by the distribution functions found from TDP processing. To
obtain more detailed information, we sought to generate distribu-
tion functions using standard package for molecular dynamics sim-
ulations such as Amber-9. It however turned out to be too
complicated and did not yield reliable results. We realized it lacks
necessary input parameters for Gd(III) and determination of these

parameters is rather complicated. Therefore, we compromise and
develop the model for distance distribution simulations in which
the flexible bridge composition was approximated as being seg-
ments with fixed lengths and angles within the segments. The
dihedral angles between two segments were then assigned some
arbitrary values. This describes a situation where the rotations
around certain bonds in the molecule are free as opposed to the
stretching and bending of bonds that are “frozen”. The geometry
of the inorganic fragment without the Gd(IIl) crowns has been
optimized at a B3LYP level of theory with a 6-31g* basis set using
Gaussian 98. The bond lengths and angles were taken from this
optimized geometry and the Gd(III)-O distances of the crown were
added later. The histogram of the distance distribution, presented
in Fig. 8b, shows that the Gd(III)-Gd(III) distances are in the range
of 5-26 A with an expected maximum around 18-24 A. The dis-
tances below 5 A have low probability and are a consequence of
neglecting the size of the atoms. For the sake of comparison, this
function presented together with those found from processing of
experimental TDPs. As it is evident from Fig. 8 all the functions
are situated in the same range of distances.

We already discussed above that if the standard software pack-
ages [55,56] applied "as is” for processing of our data, it will result
in incorrect output information. They however certainly can be
used for illustrative purposes. To demonstrate this we processed
our data by means of DeerAnalysis [55]. The software has three dif-
ferent options to derive f{(r). The results of processing using all
three options are presented in Fig. 8a and in Supplementary mate-
rial. While comparing these results with distribution functions de-
rived above, one should keep in mind that: (i) the normalization of
the distribution function has to be performed independently; (ii)
the distribution function can only be related to observed part of
molecule configurations; (iii) the cut off distance in DeerAnalysis
is internal parameter of the program and cannot be changed with-
out proper code modification. Since the shape of TDP which does
not have discernable oscillations is determined mainly by first
and second moments of distribution function, the shapes of distri-
bution functions obtained by different way of processing are ex-
pected to be different but with close values of first moments.
Indeed, the first moments of f(r) obtained using three options
(Gauss fitting, APT and Tikhonov regularization) were 21 A,
19.4 A and 19.1 A, respectively and all close to first moment of
fir), 19.2 A, determined by step-function approximation.

Finally, as mentioned earlier, additional information about dis-
tance distribution function can be obtained from the dependence
of the asymptotic decay on the pumping pulse duration. The exam-
ples of V(t)iq12 collected at various durations of pumping pulses
are presented in Fig. 7. The dependence of 2,/./? on t, as derived
from these kinetics is presented in Fig. 9. This approach to evaluat-
ing the distribution function is more experimentally demanding
because it requires numerous measurements of time domain
patterns at various pulse durations followed by their respective
processing. Nonetheless, because it provides independent cross-
sections of the distribution function, it is worthwhile to perform
this kind of measurements on a one-time basis. In the step-func-
tion approximation, 2,//{""? represents the probability of finding
C2-Gd595 complexes for which the Gd-Gd distance exceeds a gi-
venr,ie., ®(r') = [ f(r)dr, (see Eq. (18)). The 1,/2{"/? ratio is pre-
sented in Fig. 9 along with ®(r') which is evaluated from the
integration of f{r) found as described above by means of processing
W(t))ia1/2 (Fig. 8). As is evident from Fig. 9 the ®(r’) value found by
either method are in satisfactory agreement.

As a final reminder, we would like to reiterate that the ultimate
goal of this work was to show the general features of Gd-based
labels linked by flexible linker rather than the particular details of
the shape of the distance distribution. Accordingly, the data analysis
was deliberately limited to application of a simple, straightforward,
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Fig. 9. The part of distribution function, %,/4\/?, observable for various pulse

settings. Squares are datapoints found from Ka-band measurements, performed at
mostly used experimental conditions (as in Figs. 6b and 8a) The pumping pulse
durations, t, for these datapoints are presented on the top axes while the respective
distances, r’, on the bottom axes. The relationship between t, and r* for these
particular pulse settings are r’ = 13 x {t,/12}"? (' in A, t, in ns). The circle is a data
point obtained from W-band measurements. The diamond (shown by arrow) is the
datapoint obtained from the Ka-band measurements for the same pulse settings
which were used in W-band. The dotted line was obtained from the integration of
f(r), shown in Fig. 8a, curve 1. For comparison datapoints obtained in W-band and in
Ka-band one has to take into account absolute accuracy which includes, in addition
to common experimental errors, absolute uncertainty in determination A{"/?.

step-function approximation. More sophisticated approximations
[53,54] can be implemented as well after development of respective
software. This step could be necessary if Gd-based labels will found
widespread applications comparable to that of nitroxide based
labels.

Sofar, all our experiments and discussions gyrated around the
problem of short distances measurements. Preliminary evaluation
of the long distance limit in DEER measurements for Gd-based la-
bels is equally desirable since it allows to set broader perspective
on their applications. Since we did not have at hand the molecule
with large separation between Gd(III)s we used for our evaluations
the same molecule C2-Gd595. For this experiment the solution
concentration was 0.1 mM and the TDP collected with pulse sepa-
ration of ~4 ps is presented in Fig. 10. The dwell time was 20 ns
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Fig. 10. The TDP collected in the Ka-band. The separation between second- and
third-pulses, 4ps. Pulse durations: t,=12ns, t,=30ns for m-pulses,
vp =29.964 GHz, v, = 29.764 GHz; repetition rate, 3 kHz; dwell time, 20 ns; tem-
perature, 10 K; concentration, 0.1 mM of C2-Gd595; the duration of experiment, 1 h
10 min.

which was more than adequate to measure long period oscillations
but it was too coarse to correctly reproduce the initial decay which
amplitude was as a result slightly distorted. Note, that even with-
out distortion the initial decay is only about 40% of expected
asymptotic decay as was discussed above. Nevertheless, even in
such a worst case scenario the intra-pair decay was about same
magnitude that decay due to inter-pair dipolar interaction as re-
quired for unambiguous background adjustment. To estimate long
distance limit we assume, as usual, that pulse separation should
accommodate one period of dipolar related oscillations. Simple cal-
culations then show that distance of ~60 A is readily accessible.
The duration of experiment was 1 h 10 min and the resulting S/N
was about 4:1. Usually, 10:1 S/N is considered a good starting point
for data processing. Such S/N can be reached in about 8 h. Even in
Ka-band, therefore, present experimental setup performance for
Gd-based labels is comparable to that for standard nitroxide labels.
The W-band performance with respect to distance below 20 A
should be better after some instrumental improvements.

5. Conclusion and outlook

In this work, we began to explore the possible advantages of
Gd(III) as a spin label for DEER distance measurements in biological
molecules with the emphasis on a flexible geometry. The cfi
parameter D/gp for all known Gd(III) ions does not exceed ~200-
400 G. For measurements performed in Ka-band and higher, this
allows us to treat, in most cases, this label as an effective S=1/2
system, i.e., the DEER data can be analyzed using the usual expres-
sions for the DEER traces employed for S=1/2. The difference,
however, between the Gd(IIl) DEER and a proper S=1/2 system
is in magnitude of the nominal asymptotic decay which for the
central transition cannot exceed one quarter as compared to unity
for proper S=1/2 systems. This occurs as a result of the distribu-
tion of populations over a multiplicity of spin states and other par-
ticulars of the experiment. While this feature can be regarded as a
major shortcoming that lowers the sensitivity of the measure-
ments, it is a drawback for which is compensated by a significant
improvement in signal intensity, a more efficient use of mw power
permitting the application of shorter mw pulses, and a faster accu-
mulation rate at a lower temperature.

Although all of the possible advantages of Gd-based spin labels
stated in Section 1 were not completely realized in this work, the
path to achieve them is certainly paved. We have shown that com-
pared to nitroxide spin labels, an improvement in terms of the
short distance limit may be obtained. This is afforded by the possi-
bility of generating shorter (7)-pulses using same power amplifier
and using a large frequency separation between the pump and ob-
serve pulses. In terms of long distance limits, we have shown that
the Ka-band DEER traces can be easily measured with a time inter-
val of ~4 ps while a S/N =4 is achieved within ~70 min at a con-
centration as low as 0.1 mM. The obvious and straightforward
hardware modification should allow to perform measurements at
lower concentration and larger pulse separations. Another factor
that is relevant to the sensitivity issue is the value of D. A larger
D will broaden the central transition, reducing the signal intensity
and flip probability. The symmetry of the Gd(III) chelator when
designing Gd(III) tags for biomolecule labeling has to therefore
be considered.

We also acknowledge that despite all of the realized and poten-
tial advantages, Gd(Ill) ions are certainly not universal labels.
Firstly, there are indications that Gd(Ill)-based labels are more
prone to lose their observable dipolar oscillations vs. nitroxides,
even in a rigid structure. Their use, by this reason, may be primarily
beneficial for distance measurements in flexible biological objects
in which distances between labels are distributed in wide limits.
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In such objects, the oscillations are already non-existent and the
advantages of Gd(Ill)-based labels are apparent. Secondly, the
Gd(IlI)-based labels can only be used efficiently within a limited
range of microwave frequencies, roughly between the Ka- and
W-bands. At operational frequencies below the Ka-band, sensitiv-
ity is lost due to broadening of the central transition, a more com-
plex description of dipolar interactions is required and the
extraction of the correct distances becomes complicated. At fre-
quencies higher than 95 GHz and at cryogenic temperatures which
are prerequisite to working with Gd-based labels the population of
the |1/2| states becomes substantially lower, leading to a severe
loss of pumping efficiency. Higher temperatures cannot, however,
be used due to GA(IIl) relaxation and possible development of
spectral diffusion. As a result of these Gd(III) spin label limitations
and the limitations imposed on nitroxide labels described in
Section 1, the use of both of these types of labels can be comple-
mentary in the determination of distance measurements of rigid
and flexible biological molecules.

Finally, this work emphasizes that while working with systems
having a broad distance distribution (either nitroxide labels or
Gd(III)), the setup of pulse durations have to be adequate to mea-
sure the distances of interest. Use of too long pulses for TDP acqui-
sitions coupled with the lack of monitoring of asymptotic decay,
followed by improper application of standard software for TDP
processing may result in apparently different distribution functions
for different pulse settings.
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