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1. Introduction
Due to the recent advances in spin labeling and the increasingly common use of pulsed
dipolar spectroscopy (PDS) [1,2], measuring distances between strategic points in
biomacromolecules has become routine [1–31]. Mainstream PDS is based on the
measurement of the static dipolar interaction between paramagnetic centers, typically spin
labels, by either double electron-electron resonance (DEER) or double quantum coherence
(DQC) techniques [32,33]. Occasionally, a variety of other electron paramagnetic resonance
(EPR) techniques, such as two-pulse electron spin echo (ESE), relaxation-induced dipolar
modulation enhancement (RIDME), and “2+1”[34–38] have also been employed. A
complete description of PDS, including its practical application and limitations, can be
found in the recent literature [2,3,10,18,38]. Nitroxide radical based labels (LNO) that have
been attached to the biomacromolecule of interest either by site-directed spin labeling (in the
case of proteins) or by chemical modifications (in the case of DNA and RNA) serve as
conventional spin labels [22,30,31,40–42].

Since PDS as a technique for distance mapping in biomacromolecules and is now well
established [3,11,20,43–45], the current direction in its development has become centered on
increasing the range of measurable distances, while simultaneously decreasing the amount
of required sample and making the acquisition itself more robust. Until recently, the
maximum distances (dmax) accessible by PDS were around 50–60 Å [3,23–25]. In most
experiments, the minimum concentration of spin labeled molecules was ~0.1–0.2 mM,
corresponding to a LNO concentration of ~0.2–0.4 mM, and the acquisition time required to
obtain quality time domain patterns (TDP) with reasonable signal to noise (S/N) ratios was
as long as 10–20 hours. Increasing the maximum measurable distance, (which has already
been realized) [3,11,18], requires a simultaneous increase of the measurement time intervals
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and a decrease in the concentration of labeled molecules. Although the second requirement
is relaxed when the distances between labels are relatively constrained, for less rigid cases, a
decrease in concentration is necessary to unambiguously disentangle intra- and interpair
TDPs. Even a modest increase in distance, necessitating a decrease in concentration, results
in significant signal amplitude loss. Because the acquisition time cannot be unlimited, the
problem of signal loss must be addressed in some other way in order to measure larger
distances. Recently explored methods to accomplish this objective have been based on the
use of more sophisticated pulse sequences [4], complete protein deuteration [25], and on
performing measurements in Q and W microwave (mw) bands [46,47] instead of the more
commonly used X or Ku bands. Of these, the most significant progress has resulted from the
construction of a new W-band instrument with a non-resonant cavity that allows oversized
samples [48]. As a result, the absolute and concentration sensitivities become independent of
each other, in contrast to the measurements with standard instrumentation. This instrument
has allowed to decrease the concentration of LNO to as low as 1 μM, while preserving a high
absolute sensitivity due to the higher operational frequency, superior pulse parameters, and
an oversized sample. At the average concentration of 1 μM, the contribution of the interpair
dipolar interactions becomes practically negligible, and the maximum potentially
measurable distances increase from ~60 Å to ~100 Å. Therefore, there is little doubt that
with the new pulsed techniques and instrumentation described above, dmax for the standard
nitroxide spin labels can be extended to ~100 Å.

In pursuit of the same goal of increasing dmax, we have been developing a different approach
based on new Gd(III)-based spin tags (LGd) [49] that have magnetic resonance properties
quite different from those of LNO. Although the details of these differences will be discussed
later, it is important to note now that the PDS measurements using LGd must be performed
in the high magnetic field/high frequency mw bands, e.g., in the Ka/W mw bands (mw
frequency (νmw) ~ 30 GHz–90 GHz) in order to avoid complications caused by crystal field
interactions (cfi) [50–53]. Previously, we already established that LGd can be used to
measure shorter intrapair distances as compared to LNO [49], and the utility of LGd for the
intermediate distance range (30–40 Å) was recently demonstrated in the first DEER
measurements of Gd-labeled proteins [54].

The techniques for attaching Gd(III) tags to biomacromolecules, while not yet routine, are
gradually becoming more so. The covalent attachment of Gd(III)-dipicolinic acid chelates to
the cysteinyl sulfurs of two proteins (p75ICD and τC14) has been reported [54], and a
number of new methods have been published for labeling biomacromolecules with
lanthanide tags for both in- and ex-vivo fluorescence imaging and paramagnetic NMR
spectroscopy [55–65]. Here we report the first synthesis of LGd-DNA conjugates, which are
similar to LNO-DNA, a biomacromolecular model previously developed for the specific
purpose of probing intrapair distances [30–31]. Specifically, we have synthesized the LGd-
DNA conjugates having 14 base pairs, which should result in a distance in the range of 50–
70 Å between the labels. Finally, the results of PDS (DEER) measurements will be
presented within the context of the general application of using Gd(III) as a long distance
marker in biomolecules.

2. Experimental
2.1. Gd(III) complexes and oligonucleotide conjugates

Two different complexes, Gd538 and Gd595 (Figure 1), were chosen as potential Gd(III)
tags for further routine investigations of oligonucleotide conjugates. The Gd595 and Gd538
tags were synthesized following reported and modified procedures. While Gd538 has a
slightly shorter distance from the Gd(III) ion to the DNA 5′ attachment point (see Fig. S1 of
Supporting Information, SI) than Gd595, the latter has substantially weaker cfi, which
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should make it better suited for PDS measurements. Gd(III) labeled oligonucleotides dT(5′-
Gd)-CTA CTG CTT TAG A 3′ and 3′-A-GAT GAC GAA ATC-dT (5′-Gd) were prepared
using the conventional phosphoamidite method. Detailed synthetic procedures and annealing
conditions are described in the SI. For the DEER measurements, samples of single-stranded
and annealed double-stranded Gd(III)-oligonucleotides were prepared in a d2-water/d8-
glycerol solution (1:1/v:v) at various concentrations of Gd(III) (from 40 to 160 μM). The
water-glycerol solution also contained 50 mM NaCl and 10 mM Tris (pH 7.4). Rapid
freezing of the samples in liquid nitrogen resulted in the formation of transparent glasses,
ensuring a random distribution of biomacromolecules in the samples. The total sample
volume was ~20 μL. The minimal amount of DNA required for a sample preparation was
about 1 nmol.

2.2 Pulsed EPR Measurements
Ka-band (νmw ≈ 30 GHz) measurements were performed using a previously described
home-built broadband pulsed EPR spectrometer [66]. A zero dead-time four-pulse DEER
sequence was used in all DEER measurements [67]. The time separation between the second
and third pulses was set at ~7 μs. Currently, this is the maximum possible time separation
due to the limited traveling wave tube (TWT) amplifier gate duration [68]. Splitting the
TWT gates to achieve greater separations between the mw pulses resulted in slight phase
distortions of the ESE signal as a function of the pumping pulse position. These distortions
corrupt the dipolar oscillations, and we have refrained from such a manner of measurements
in this work. We have to note that this phase problem is specific for our TWT amplifier,
which is based on a continuous wave TWT [66,68]. In the majority of Ka-band experiments,
the effective durations of both the pumping and observation pulses were ~15 ns. Typical
frequency separations (Δν) between the observation (νo) and pumping (νp) frequencies were
in the range of 120–150 MHz, at least double the total characteristic spectral width of the
pulses. The measurement temperature was ~10 K. At this temperature, the relative
population of the 1/2 and −1/2 states is close to the high-temperature limit. The dwell time
in all DEER experiments was set to 50 ns, and the repetition frequency, νrep, was 2 kHz,
since at higher νrep the signal saturated. A reasonable quality time domain pattern (S/N ≈ 10
for DEER effect) was accumulated during a period of one to four hours with Gd595-DNA.
For Gd538-DNA the accumulation time was substantially longer (up to 16 hours).

3. Results and Analysis
3.1 Echo Detected EPR and Primary ESE Measurements

The echo detected EPR spectra of the Gd595- and Gd538-DNA duplexes shown in Fig. 2 a,b
are similar to those recorded for nonconjugated Gd595 and Gd538 in our previous work
[49]. The appearance of the spectra is similar for all known Gd(III) ions. Specifically, they
consist of a central narrow line due to the −1/2 ↔ 1/2 transition that is superimposed on a
broad background due to all other transitions. A comprehensive description the Gd(III) EPR
spectra would require numerous independent parameters [52,69,70]. However, for the
purpose of distance determination, which is the goal of this work, a detailed analysis of the
spectra is unnecessary. Therefore, only one parameter, D, of the cfi was used. Using
standard procedures [52], D can be evaluated as ~200 G and ~400 G for Gd595-DNA and
Gd538-DNA, respectively. The former is near the minimum value of the cfi observed for
Gd(III) complexes [52]. As is well known, differences in D reflect a change in the Gd(III)
complex symmetry, which may, in particular, be caused by differing numbers of water
molecules coordinated to the Gd(III). The ratio of D to the external magnetic field, Bo, is
rather small (≤0.035) for each compound. This allows the formalism developed for S = 1/2
to be used to describe the DEER effects in the case of Gd(III) [49,50,53].
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Due to the phase relaxation, the amplitude of the refocused primary echo signal that is used
to observe the DEER effect in four-pulse DEER experiments is dependent on the time
intervals between the pulses. To evaluate the magnitude of the ESE signal loss as a function
of the pulse separation, τ, for our samples, the primary ESE kinetics were investigated. As
an example, Fig. 3 depicts the primary ESE kinetics of Gd595-DNA, for which the decay is
exponential, exp(−2τ/T2), with the phase relaxation time T2 ≈ 11 μs. As is evident from Fig.
3, the signal amplitude at τ = 7 μs is about 3.6 times smaller than the initial signal amplitude,
Vo. For LNO biomacromolecules, the decay is usually non-exponential [71]. In such
situations, when discussing the relative sensitivity of DEER experiments with LNO and LGd,
the relaxation-induced signal loss for both types of labels should be compared directly.

3.2 DEER Measurements
3.2.1 Choice of time interval for data collections, concentration of DNA
duplexes, and pulse parameters—The minimal time interval for collecting the time
domain patterns and the distance to be measured by PDS are related [3,11], To obtain
reliable information about the distance between spin labels, the time domain pattern must be
recorded for at least a half-period of the dipolar modulation, t1/2, [72], as defined by Eq. 1:

(1)

where the distance, r, is in Å. The maximum distance between Gd(III) ions in the DNA
duplexes, as estimated from molecular dynamics (MD) simulations (vide infra), does not
exceed ~75 Å. Therefore, the minimal time interval for data collection must be at least 4,500
ns. V(t) is a product of the partial kinetics, Vir(t) and Via(t), due to inter- and intrapair dipolar
interactions, respectively [72]. While Via(t) contains the desired information about the
intrapair distance, Vir(t) represents an unwanted contribution. For data acquisition performed
in a limited time interval, the extraction of Via(t) from the collected time domain pattern V(t)
is only reliable if the intrapair decay is comparable with or exceeds the interpair decay.
Therefore, the label concentration, [Lx], should not exceed the value given by Eq. 2:

(2)

where t1/2 is defined by Eq.1. Following this reasoning, the concentration of the DNA
duplexes in our experiments should not exceed ~0.1 mM.

The choice of pulse durations (tp) and carrier frequencies of the pumping (νp) and
observation (νo) pulses is more complicated. Shorter pulses do not necessarily result in a
better S/N ratio for the DEER effect. The maximum absolute DEER effect, η = λVo, is a
product of the probability of flipping the spins by the pumping pulse, λ, and the initial (i.e.,
unaffected by the phase relaxation) amplitude of ESE signal generated by observation
pulses, Vo. Although λ increases as shorter pulses are used, the adjustment of the resonator
Q-value to accommodate these pulses and the necessary increase of Δν = |νo − νp| result in
the loss of Vo (Δν must be large enough, Δν ≥ 2/tp, to avoid interference between the spectra
of the observation and pumping pulses). Because of these conflicting factors and other
technical issues that are beyond the scope of this paper, the optimal tp and Δν in this work
were found to be 15–20 ns and 100–120 MHz, respectively.

3.2.2 DEER Results for the Gd(III)-DNA Duplexes; Qualitative and Quantitave
Interpretations and Simulations—DEER measurements were primarily performed for
Gd595-DNA. The broader spectrum of Gd538-DNA (Fig. 2) makes it less suitable for
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DEER measurements. The DEER kinetics of the Gd595-DNA duplex and of single strands
are presented in Figs. 4a,b. In Fig. 4a, the lnV(t) for the single-stranded Gd595-DNA
depends linearly on time (trace 3), while for the duplex (traces 1 and 2) it shows about one
period of a fast-damping oscillation superimposed on a monotonous decay. The qualitative
difference between these time domain patterns is due to the dipolar interaction between the
Gd(III) ions within the tagged DNA duplex.

To determine the distance or the distribution of distances between the Gd(III) ions within a
single duplex, V(t)ia must be extracted from the total kinetics, V(t) = Vir(t)×Via(t). At the first
glance, this problem appears trivial. For example, in 3D space, lnVir(t) is a linear function of
t, and its slope linearly depends on the average concentration (as opposed to local
concentration) of the paramagnetic species, C, as given by Eq. 3 [72–74]:

(3)

where t is in ns and C in mM [72–74]. In contrast, Via(t) does not depend on C, and its
asymptote, , is independent of the details of the distance distribution [44]:

(4)

Therefore, lnVir(t) can be evaluated from lnV(t) at t long enough for Via(t) to reach its
asymptotic value. The obtained lnVir(t) is then linearly extrapolated to t = 0, translated
vertically to satisfy the condition Vir(0) = lnV(0) (to account for the fact that , see
Eq. (4)), and subtracted from the total kinetics. In another approach, Vir(t) can be calculated
using Eq. (3) from the known C and the estimated value of λ. In practice, however, even a
small inaccuracy in the evaluation of Vir(t) could result in a substantial distortion of Via(t)
and, subsequently, in an amplified distortion of the distance distribution function [11].

A more accurate way to separate the two TDPs is to apply the fundamental property of V(t)
that Via(t) does not depend on the concentration, while the slope of lnVir(t) is proportional to
the concentration. The results obtained using such an approach are presented in Figs. 4a,b.
Fig. 4b shows that Via(t) obtained from samples of different concentrations are indeed
identical to each other. The unambiguous separation of Via(t) from Vir(t) was only possible
because the contribution of the interpair dipolar interaction was relatively small (due to the
very low concentration of Gd(III)), consistent with the discussion presented in section 3.2.1.
Furthermore, if a space dimensionality for a dipolar interaction is unknown, the processing
of a set of V(t) traces collected at various concentrations would be the best way of isolating
Via(t) [75].

Similar experiments and processing were also performed for Gd538-DNA. The most
important result of the processing, the Via(t) kinetics, is presented in Fig. 4b, trace 3. As
evident from Fig. 4b, the Via(t) traces for Gd538-DNA and Gd595-DNA show shallow,
poorly defined dipolar modulations. The normalized kinetics for each duplex level off
toward the end of the time interval of the measurements, indicating that the time interval
was sufficiently large to reach an asymptote. The shallow modulations indicate that the
distances between labels are widely distributed. Nevertheless, the characteristic distance
between labels can be evaluated using Eq. 1 and the position of the first minimum of the
normalized kinetics. This evaluation shows that the Gd(III)-Gd(III) distance for Gd595-
DNA is about 60–63 Å. For Gd538-DNA this distance is slightly smaller.
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To obtain a detailed information on the distribution function, a more rigorous approach is
required. One method is to solve the problem directly, by comparing the experimental Via(t)
with those calculated for various probe functions P(r) using Eq. (5) [72]:

(5)

where x ≡ cosϑ, ϑ is the angle between the radius-vector connecting the spin-labels and the
external magnetic field and value of α depends on choice of units for time and distance.

An alternative method is to solve the inverse problem, i.e. find P(r) by applying a truncated
singular value decomposition (SVD) or a regularization procedure to Eq.5 [76,77]. The free
software packages from ETH [78] and ACERT [79] permit both direct and inverse solutions
of Eq. 5. As an example, the possible P(r) found using the DeerAnalysys program from
ETH [78] is presented in Fig. 5a, and the Via(t) calculated with this P(r) is presented in Fig.
5b along with the experimental Via(t). The P(r) shown in Fig. 5b is the output of the “two-
Gaussian fit option”, and is the sum of two Gaussians that are centered at 73 Å and 57 Å,
with a weight ratio of 0.34:0.66. Other parameters of P(r) are: x̄= 58.3 Å and

, where x̄ and  are the first and second moments, and σ is a
characteristic relative width of the distribution. In addition, we have employed other options
(Approximate Pake Transform, Tikhonov regularization) for TDP processing, which are also
available in the DeerAnalysis program. As anticipated, the resulting P(r) have different
appearances, but the first and second moments remain essentially identical, x̄ ≈ 59 Å and σ ≈
0.2. Therefore, in agreement with our simple evaluation, the average distance between
Gd(III) ions in the double-stranded Gd595-DNA is close to 59 Å, and the average deviation
from this value is about ±12 Å.

For the double-stranded Gd538-DNA, the intrapair TDP (Fig. 6) is similar in shape to that of
Gd595-DNA, although the magnitude of asymptotic decay is substantially smaller. This
occurs due to the lesser spin flip probability caused by a much broader EPR spectrum. The
distance distribution between Gd(III) ions in Gd538-DNA is also found to be similar to that
of Gd595-DNA, and is presented in Fig. 6. However, the most probable distance for the
Gd538-DNA is slightly shorter than for the Gd595-DNA, which may reflect the slightly
shorter Gd(III) tag linker.

To evaluate, how realistic the P(r) derived from the TDP processing are, we performed MD
calculations of Gd(III)-Gd(III) distance distribution functions in a two-stage manner, similar
to the one described in ref [30]. First, MD calculations were used to estimate the distance
distributions between the DNA 5′ attachment points. Second, additional distance
distributions from allowed rotations around the single bonds of the Gd(III) labels were taken
into account (vide infra). The starting coordinates for the unmodified DNA oligomer were
created using the NAB molecular manipulation language, which is included as a part of the
AmberTools package [80], and the coordinates for each of the Gd(III) tags were prepared
manually and optimized using the MarvinSketch molecular modeling software [81]. Water
molecules that are coordinated to Gd(III) were not included in the label models since their
presence would neither alter the overall structure of the label nor affect the resultant Gd(III)-
Gd(III) distances of the completed models. The Gd(III)-DNA models themselves were
prepared by attaching the Gd(III) tags to the DNA 5′ ends, as presented in Fig. 7 and Fig.
S1. These manipulations were carried out by shifting and combining the individual Gd(III)
tags and DNA coordinates relative to each other, where the 5′-DNA carbon to Gd(III) linker
distance was defined to be ~1.5 Å. The MD simulation for the DNA model was performed
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using the OpenMM package [82], using the Amber96 force field and the included implicit
water solvent model. The temperature in simulations was defined as 295.15 K, and the
simulation time was set to 20 ns, with a time step of 2 ps. For each of the simulated
configurations, the 5′C-5′C distance of the DNA duplex was measured. The number of
occurrences having a given distance, P(r0), over the total simulation time is presented in Fig.
8. From the set of configurations generated in this stage, we selected structures with various
distances between the tag attachment points, then included the tags and allowed independent
rotations around three single bonds, shown by the arrows in Fig. S1. The rotations for each
individual configuration yield a partial distribution function P(r|ro), which is the probability
of occurrence of a Gd(III)-Gd(III) distance r, when the distance between the 5′C-5′C points
of DNA is ro. The total distribution function between metal ions, P(r), is:

(6)

where P(ro) is shown in Fig. 8. The distributions P(r) calculated for Gd595-DNA and
Gd538-DNA are shown in Figs. 5 and 6, respectively. The distribution functions obtained
from simulations and from processing intrapair kinetics are in close agreement, supporting
our claim that distances up to at least ~60 Å can be readily detected.

In principle, the experimental data, processing, and simulations presented above are already
adequate to support our claim that LGd can compete with LNO in long distance
measurements. However, to be more certain about the dmax increase using LGd, it is
necessary to discuss the quantitative aspects of the obtained results.

3.3. Spin flip probability, asymptotic DEER effect, and related issues
The spin flip probability, λ, is a quantitative parameter in DEER experiments that only
depends on the shape of EPR spectra and the mw pulse strengths and durations. It can be
evaluated based on these parameters, yielding the calculated value of λ, λc [73].
Independently, it can be determined experimentally from the ESE signal decay caused by
the interpair dipolar interactions (λ ≡ λd,Eq. 3) and from the intrapair kinetics asymptote, 
(λ ≡ λp, Eq. 4). It is important to note that λc and λd are usually in good agreement if the
resonator has enough bandwidth to not distort the pulses [11,73]. On the other hand, the
analysis of numerous published DEER data for nucleic acids labeled by LNO shows that in
many cases λp < λc ≈ λd. Usually, the ratio λp/λc is between 1 and 0.5, although even smaller
ratios have been reported [83].

Curiously, this issue has never been explicitly discussed in the context of DEER
measurements of labeled nucleic acids. The deviation of λp/λc from unity indicates that
either the chosen time base was too short for the measurements or that the complementary
DNA strands were not completely coupled. Our examination of the published data suggests
that the latter explanation is most probably the case.

In the case of Gd(III) (S = 7/2), the total spin flip probability is a sum of the partial spin flip
probabilities for transitions between various electronic spin states [53]. In principle, λc for
Gd(III) can be calculated using the simulated shapes of the EPR subspectra. Our experience
shows, however, that such a procedure is quite involved, and that it is easier to find λ ≡ λd
from the experimental interpair TDP. As discussed above, λd ≈ λc, and therefore λd will be
used below in place of λc. Based on the data presented in Fig. 4a, and assuming that the
concentration of Gd(III) is equal to that of DNA single strands (as determined by UV-
absorption, see SI), λd for Gd595-DNA was estimated to be 0.075–0.08. At the same time,
the asymptotic value, λp, is about 0.042, as follows from the TDP presented in Fig. 4b. Thus,
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the resulting ratio λp/λd = 0.5–0.6 is similar to that usually observed for nitroxide-labeled
DNA conjugates [83]. The most likely reason for the deviation of λp/λd from unity is the
incomplete coupling of single strands.

In our particular case, since DNA strands are modified with Gd(III) complexes on its 5′ end,
two bulky Gd(III) complexes may change the annealing dynamics and implement steric
effect on the annealing process. Although a complete coupling could possibly be achieved
by some variation in the buffer, salt content, water/glycerol ratio, the annealing protocol, and
additional purification, attaining this goal was not our intention in this work. The purpose of
this discussion is, rather, to emphasize that the intrapair DEER effect in our measurements is
reduced by about 40%–50%. This will be taken into account later, in the evaluation of dmax.

3.4 Evaluation of dmax between Gd(III) Labels by DEER Measurements
We have demonstrated above that LGd allow the distances of at least up to 60 Å to be
measured, and that a reasonable S/N (~10) for the intrapair DEER effect can be reached in a
few hours of signal accumulation, while keeping the average concentration low enough to
unambiguously eliminate the contribution of interpair interactions. Based on the present
results, we can now judiciously evaluate, whether dmax can be further expanded by minor
instrumental modifications. The simplest modification would be to replace the volume
resonators used in this work by dielectric resonators, similar to those used in commercial
instrumentation [84]. In dielectric resonators, the bandwidth can be readily increased by a
factor of three – four, allowing shorter pulses. This should result in an increase of the
absolute DEER effect by about an order of magnitude, as explained in the following section.
The anticipated increase of the total DEER effect (~20×) that would result from the
implementation of a dielectric resonator (~10× increase) and from the possible improvement
in the pairing of the DNA strands (~2× increase) should allow an increase in dmax by a
factor of ~1.4, to ~85–100 Å. This estimate takes into account the loss of the ESE signal due
to the increase of the time base and the proportional decrease of the sample concentration,
and assumes the acquisition time to remain constant. Another possible option would be to
perform measurements at higher-frequency mw bands (V,W). In spite of obvious benefits of
having a decreased width of the subspectrum of −1/2 ↔ 1/2 transition, however, the use of
higher frequency bands results in adverse effects such as population polarization (although
this might potentially be dealt with, if the recently proposed fast field sweep technique [85]
is applied). If the linewidth of the −1/2 ↔ 1/2 transition is already small in the Ka band (as
in the case of Gd595-DNA), the possible advantages of using higher frequency bands
become difficult to estimate a priori.

3.5. Tentative comparison of dmax within LNO and LGd-Labeled Biomacromolecules
So far in our discussion we have consciously avoided making any direct comparisons
between using LNO and LGd for measuring distances. Such comparisons are complex and
require a more detailed investigation. However, some arguments can be presented that
reveal the potential advantages of LGd over LNO for long distance measurements under the
optimal available conditions for each type of tag. The first relevant parameter that can be
compared is the maximal absolute DEER effect, η = λVo. In this case, it is assumed that the
experiments for each type of label are performed at Ka-band using the existing spectrometer
[66], and the resonators used in these measurements are specifically optimized for each label
type. In the four pulse DEER experiment, the initial amplitude of the echo signal, Vo, is
determined by [86]:

(7)
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and the spin flip probability is

(8)

In these expressions g(Δω) is the shape of the normalized EPR spectrum, and

where ω1k and tpk are the amplitude and duration of the kth pulse, respectively. The
experimental conditions (i.e., the pulse durations and their positioning in the EPR spectra)
should be selected in such a way as to maximize η. However, while maximizing η, the
following conditions should be satisfied: (i) the carrier frequencies of the pumping and
observation pulses must be sufficiently far apart, so that there is no interference between
them, and (ii) the resonator bandwidth must be appropriate for the chosen pulse durations.
One possible pulse arrangement to optimize η for LNO is shown in Fig. 9. Here, all of the
pulses have equal durations of 16 ns. Although the instrument can produce shorter pulses
even with a volume resonator [66], the LNO EPR spectrum is not broad enough to
accommodate them. The difference between the carrier frequencies of the pumping and
observation pulses is set to about 85 MHz, hence the spectral overlap of the pulses is
negligible. This setup results in λ ≈ 0.4 and Vo ≈ 0.15 (these parameters can be readily
obtained by integrating the spectral profiles presented in Fig. 9), giving ηNO ≈ 0.06 (more
accurately, 0.062).

The calculations of Vo and λ for LGd are more complicated than for LNO. In a standard
experiment, the Gd(III) spectrum is usually recorded after optimizing B1 at the position of
the maximum echo amplitude, which essentially corresponds to the −1/2 ↔ 1/2 transition.
The subspectra of all other transitions are therefore collected under non-optimal conditions,
resulting in a loss of the signal amplitude. To account for this loss in calculations of λ and
Vo, we introduced empirical corrections explained below. First, the narrow subspectrum of
the −1/2 ↔ 1/2 transition, g(Δω)1/2, was separated from the broad subspectrum of all other
transitions, g(Δω)o (Fig. 10 insert). The values of Vo and λ for this g(Δω)1/2,  and λ(1/2),
respectively, were calculated using Eqs. 7 and 8. The values of Vo and λ calculated for
g(Δω)o,  and λ(o), respectively, were corrected using the correction factor determined
from comparison of calculated λ(o) with the experimental ones. The latter values were
evaluated from the kinetics of interpair dipolar interactions. The correction factor was found
to be about 1.2–1.3. Strictly speaking, the correction factor should depend on the position in
the spectrum, since the composition of the spectrum varies with the magnetic field.
Experimentally, however, we plan to set the frequency separation between the pumping and
observation pulses within the range of 200–400 MHz, where the variation in the
composition of g(Δω)o can be neglected.

The broad Gd(III) spectrum allows to apply substantially shorter pulses than those which
can be used in the case of LNO. As a consequence, the full instrument potential can be used.
Due to the higher transition probabilities, the π-pulse generated by our instrument could be
as short as 3 ns if a dielectric resonator were implemented. Fig. 10 illustrates the pumping
and observation profiles and pulse positioning if a classic DEER scheme were used, i.e.
when the pumping pulse is applied in resonance with the sharp central transition, while the
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observation frequency is set in resonance with the broad parts of the spectrum. The durations
of the pumping and observation pulses were chosen to be 10 ns and 3 ns, respectively. The
frequency separation between these pulses was set to ~225 MHz in order to prevent their
interference. The values of λ and Vo for this pulse arrangement are ~0.16 and ~0.08,
respectively, resulting in η ≈ 1.3 × 10−2. Therefore, ηGd is about five times smaller than
ηNO. To accommodate the shorter pulses, the resonator bandwidth must be increased to at
least 450 MHz (vs. 130 MHz for LNO) and the necessary Q-value adjustment would result in
additional signal loss by a factor of 1.87, which is a square root of the bandwidth ratio. With
this potential loss, the calculated ratio (ηGd/ηN0) is about 1/9.

So far the use of Gd(III) tags does not offer any advantages as compared with LNO. Three
more parameters affect the signal amplitude, however, and must be considered. Two of these
are the measurement temperature (T) and the repetition frequency, νrep, which affect Vo
according to . At cryogenic temperatures, the spin lattice relaxation time of
LNO, T1, is rather long and νrep should be adjusted appropriately to avoid the signal
saturation. In the experiments reported to date, the measurement temperatures have been
varied from 35 K to 77 K (the commonly used temperature is 50 K), and νrep was varied
from 60 Hz to 1 kHz. The choice of the optimal νrep depends on T1 and the organization of
the pulse sequence itself (e.g. the reprogramming time, the number of acquisitions per scan,
etc.). A reasonable νrep should be equal or less than 1/(3T1). For LNO, at the commonly used
measurement temperature of 50 K, T1 ≈ 1 × 10−3 s [11] and νrep should be about 300 Hz.
The data acquisition parameters close to these were recently reported [23–25]. For Gd(III)
ions, the spin lattice interaction is substantially more efficient, and measurements can be
performed at 10 K with νrep ~ 2 KHz. The relative signal gain (compared to the optimal one
for LNO) due to the higher νrep and lower temperature is . This gain already
overcompensates by the factor of 1.4 for the loss in η (1:9).

The phase relaxation is the third parameter affecting the signal amplitude. The loss of ESE
signal due to the phase relaxation strongly depends on the nature of the biomacromolecule
and the solvent [70]. To our knowledge, the phase relaxation for LNO-DNA dissolved in a
d2-water/d8-glycerol solution has not yet been measured. Thus, the most appropriate set of
data to use is that for LNO attached to the sites W16C and W95C of human carbonic
anhydrase II [71]. These labels are exposed to the solvent and have the least efficient phase
relaxation compared to other less exposed sites. As mentioned, the phase relaxation kinetics
of LNO is not exponential, and therefore the signal loss must be directly evaluated for the
given pulse separation.

For the sake of comparing signal loss in long-distance measurements, a pulse separation of
10 μs was chosen. At this pulse separation, the LNO signal loss exceeds that of LGd by the
factors of 1.3 and 6 for W95C and W16C, respectively. All of these combined factors show
that Gd(III) tags should have a S/N of between 2 and 8 times greater than that of LNO tags.
An additional factor of two gain may be obtained if a 5-pulse sequence consisting of the
three-pulse observation sequence in resonance with the intense central transition plus two
pumping pulses placed symmetrically around the central transition were implemented for the
measurements, as presented in Fig. 11. Therefore, tapping into the potential benefits offered
by Gd(III) tags over LNO tags, the existing instrumentation is expected to give a total 4- to
16-fold improvement in sensitivity and, accordingly, may decrease the measurement time by
an order of magnitude for the same S/N ratio.

4. Conclusion
This work describes the first synthesis of Gd(III) chelates conjugated to oligonucleotides
and the utility of using Gd(III) tags to perform long-range distance measurements with
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DEER. Furthermore, this work has established that such measurements can be routinely
carried out for distances of at least 60 Å. It was also estimated that by means of minor
instrumental modifications this limit could be increased to 85 Å, and possibly to about 100
Å. As a result, reliable measurements of conformations of oligonucleotides having up 30 bp
could be performed, and structural variations could be tracked in proteins weighing up to
300 kD. It is also evident, where the use of Gd(III) tags would be most beneficial compared
with the widely used nitroxide labels. The Gd(III) tags have a long tether of about 12–15 Å
(about twice that of LNO), which has numerous degrees of freedom and can result in rather
broad and smooth measured distance distributions. Thus, we can currently foresee that the
use of Gd(III)-based labels will be most beneficial in the detection of distance variations in
large biomacromolecules, with the emphasis on large scale changes in shape or distance.
Tracking the folding/unfolding and domain interactions of proteins and the conformational
changes in DNA are examples of such applications.
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Figure 1.
Structures of the Gd(III) complexes used in this work.
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Figure 2.
(a) Traces 1 and 2, primary ESE field sweep spectra of Gd538-DNA and Gd595-DNA,
respectively. (b) central part of the spectra presented in (a). Experimental conditions: mw
frequency, 29.628 GHz; mw pulse durations, 20ns; initial time interval between the mw
pulses, 200 ns; temperature, 10 K.
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Figure 3.
Primary ESE kinetics, V(2τ), of Gd595-DNA duplex presented in semi-logarithm
coordinates. Experimental conditions: mw frequency, 29.628 GHz; magnetic field, 1068 mT
(corresponds to the maximum of the EPR spectrum); mw pulse durations, 20 ns; initial
interval between the pulses, τ0=200 ns; temperature, 10 K; concentration of the DNA
duplex, 20 μM. Observed ESEEM is due to the interaction of Gd(III) with 2H nuclei of the
deuterated solvent. The arrow indicates the time interval, at which the echo signal decreases
e times.
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Figure 4.
(a) Traces 1 and 2, DEER kinetics (in semi-logarithmic coordinates) collected for 20 μM
and 40 μM solutions of the double-stranded Gd595-DNA (corresponds to 40 μM and 80 μM
of single stranded Gd595-DNA). Trace 3, DEER kinetics of 40 μM solution of the single-
stranded Gd595-DNA. Trace 1′, linear approximation of the difference between traces 2 and
1. Trace 2′ is obtained by multiplying trace 1‘ by the ratio of concentrations of samples 1
and 2.
(b) Traces 1 and 2, intrapair TDPs, ln(Via(t)), for the double-stranded Gd595-DNA obtained
by subtraction of traces 1′ and 2′ from traces 1 and 2 of Fig 4a, respectively. Trace 3 is the
intrapair kinetics for the Gd538-DNA duplex. Experimental conditions: observation pulses,
20 ns; pumping π-pulse, 15 ns; temperature, 10 K; pumping mw frequency, 29.98 GHz;
observation mw frequency, 29.86 GHz; the pumping pulse is in resonance with the
maximum of the EPR spectrum.
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Figure 5.
(a) Trace 1, distance distribution function P(r) obtained from Via(t) of the double-stranded
Gd595-DNA (average of kinetics 1 and 2 presented in Fig. 4b) using “the two-Gaussian fit
option” of DeerAnalysys software package [78]. P(r) is the sum of two Gaussians, with (xo,
δ) = (57.3 Å, 6 Å) and (73 Å, 50 Å), where xo and δ are the center and width of the
Gaussians [78]. The ratio of weights (area integrals) for these Gaussians is 0.64:0.36. Trace
2, distance distribution function obtained by MD simulations. For this function x̄ = 57.6 Å

and .
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(b) Experimental (solid) and calculated (dashed) intrapair kinetics for the double-stranded
Gd595-DNA. The calculated kinetics corresponds to the distribution function shown by
trace 1 in Fig. 5a.
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Figure 6.
Experimental (solid) and calculated (dashed) Via(t) for the double-stranded Gd538-DNA.
The calculated kinetics is based on the distribution function shown in the Insert by dashed
line.
Insert: dashed line, distance distribution function, P(r), obtained from TDP using “1-
Gaussian fit option” of DeerAnalysys software package. The Gaussian fit parameters are (xo,
δ) = (54.3 Å, 7.5 Å). Solid line, P(r) obtained by MD simulations.
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Figure 7.
Example of structure of double-stranded Gd595-DNA.
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Figure 8.
Distance distribution between the tag attachment points of a double-stranded DNA obtained
by MD simulations.
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Figure 9.
One of the possible pulse setups to maximize the DEER effect for LNO in Ka-band. Trace 1,
Ka-band ESE-detected field sweep spectrum; trace 2, excitation profile of the observation
three-pulse sequence (π/2, π, π); trace 3, excitation profile of the pumping π-pulse. All
pulses have durations of 16 ns.
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Figure 10.
One of the possible pulse setups for optimized DEER for LGd in Ka-band. Trace 1, part of
ESE-detected field sweep spectrum of Gd595-DNA; trace 2, excitation profile of the
observation three-pulse sequence (π/2, π, π); trace 3, excitation profile of the pumping π-
pulse. The pumping pulse duration is 10 ns. All of the observation pulses are 3 ns long.
Insert: Solid trace, sub-spectrum of the −1/2 ↔ 1/2 transition, g(Δω)1/2; dashed trace, sub-
spectrum of all other transitions, g(Δω)O.
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Figure 11.
Possible modification of the DEER setup for LGd to improve the absolute DEER effect.
Observation pulses (excitation profile 2) are applied in resonance with the maximum of the
EPR spectrum, while the spectra of the two pumping pulses (excitation profiles 3 and 3′) are
set symmetrically (about ±280MHz) with respect to observation pulse. Trace 1, same as in
Fig. 10. Pumping π-pulses, 3 ns; observation pulses (π/2, π, π), 10ns.
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