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Distance measurements by electron paramagnetic resonance techniques between labels attached to bio-
macromolecules provide structural information on systems that cannot be crystallized or are too large to
be characterized by NMR methods. However, existing techniques are limited in their distance range and
sensitivity. It is anticipated by theoretical considerations that these limits could be extended by measur-
ing the enhancement of longitudinal relaxation of a nitroxide label due to a lanthanide complex label at

f-:([?]/z words: cryogenic temperatures. The relaxivity of the dysprosium complex with the macrocyclic ligand DOTA can
. be determined without direct measurements of longitudinal relaxation rates of the lanthanide and with-
Inversion recovery . . . .
Spin labeling out recourse to model compounds with well defined distance by analyzing the dependence of relaxation
Distance measurement enhancement on either temperature or concentration in homogeneous glassy frozen solutions. Relaxivi-
Relaxation ties determined by the two calibration techniques are in satisfying agreement with each other. Error

sources for both techniques are examined. A distance of about 2.7 nm is measured in a model compound
of the type nitroxide-spacer-lanthanide complex and is found in good agreement with the distance in a
modeled structure. Theoretical considerations suggest that an increase of the upper distance limit
requires measurements at lower fields and temperatures.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Recently, the measurement of distances between nitroxide spin
labels by pulsed electron paramagnetic resonance (EPR) techniques
[1-5] has found widespread application in studies of structure and
dynamics of biomacromolecules and biomacromolecular com-
plexes [6-10]. With commercial hardware and without isotope
labeling such methods can routinely access the distance range be-
tween 1.8 and 5 nm, which fits well to the size of the target struc-
tures. Double-quantum techniques combined with dedicated
hardware [4] may allow for an extension to somewhat shorter dis-
tances while deuterium exchange of the matrix allows for an
extension to longer distances [11-13], in favorable cases up to
8 nm [14]. Good-quality measurements can be performed on sam-
ples with spin label concentrations down to about 50 pM. This is
sufficient for site-directed spin labeling (SDSL) [15,16] studies of
proteins that can be overexpressed, but may be insufficient for
some other interesting applications. An extension of the distance
range, in particular towards longer distances, would also be
advantageous.

The limit of existing techniques towards short distances is set
by the excitation bandwidth of the pulses [17,19] while the limit
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towards long distances and sensitivity are governed by the fact
that the resolution of the measurement is related to T, of the nitr-
oxide spin label [7]. To optimize resolution constant-time pulse se-
quences are applied with lengths that significantly exceed T5. In
this situation only a small fraction of the original echo signal is de-
tected. Furthermore, measurements of long distances require low
concentrations, as otherwise separation of the wanted intramolec-
ular contribution from the unwanted intermolecular contribution
fails [7]. After more than a decade of intense method development
all these limits are well explored and the techniques well opti-
mized. Only gradual improvements can be expected in the future.

These considerations suggest to complement existing ap-
proaches by measurements based on a different physical principle.
Measurements based on relaxation enhancement of a slowly relax-
ing electron spin by a fast relaxing electron spin [18] do not require
that the excitation bandwidth of microwave pulses is comparable
to the dipole-dipole coupling between the two spins and do not
rely on a long T, of the slowly relaxing spin. The signal loss of con-
stant-time techniques is avoided so that these techniques are
potentially more sensitive. Metal complex sites, which can serve
as fast relaxing spins, can be engineered by SDSL techniques
[20,21]. Relaxation-based measurements may thus be well suited
for extending the class of accessible target structures.

In fact, measurement of the distance between a slowly and a fast
relaxing spin probe in biological objects was suggested already in
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the 1970s [22-24], well before the advent of SDSL techniques, mul-
tifrequency EPR and fast computers for data analysis. In another
series of pioneering papers distances of slowly relaxing paramag-
netic centers in a protein from the protein surface were estimated
by using homogeneously distributed fast relaxing species [25-27].
The technique was further developed in the 1980s and 1990s
[28-32] is continuously applied in studies of metalloproteins at
low temperatures [33] and has recently been demonstrated to be
feasible at physiological temperatures [34]. In this paper, we ex-
plore the potential of similar approaches with current state-of-
the-art spectrometers, cryogenics, and computation power for data
analysis. We focus on lanthanide complexes as fast relaxing species.
Such labels can also be applied in NMR [35] and fluorescence reso-
nance energy transfer (FRET) [36] measurements and can thus act
as multiply addressable nanostructure probes that allow for corre-
lation of spatial information on different length scales.

The paper is structured as follows. In Section 3 we provide a
short overview of theoretical approaches to relaxation enhance-
ment by a fast relaxing spin that were developed in the contexts
of EPR and solid-state NMR experiments. We explain our computa-
tional approach for determining a mean relaxivity of a lanthanide
complex from measurements of the temperature or concentration
dependence of relaxation enhancement in homogeneous frozen
solution. In Section 4 we present data on the temperature depen-
dence of the relaxation time of the nitroxide probe TEMPOL in
the presence and absence of a dysprosium complex with the mac-
rocyclic ligand DOTA. Furthermore, concentration dependence is
studied at three selected temperatures. We demonstrate analysis
of relaxation data for a model compound of the type nitroxide-
spacer-lanthanide complex with diamagnetic lanthanum and
paramagnetic dysprosium as the metal ions. In Section 5 we exam-
ine the precision and range of the technique and consider how the
measurement protocols can be optimized with respect to the short
distance limit, the long distance limit, and sensitivity.

2. Materials and methods
2.1. Model systems

Measurements on homogeneous frozen solutions were per-
formed in a mixture of 60% glycerol and 40% water (v/v) that
was filled into 3-mm EPR tubes homemade from Herasil tubing
and shock-frozen by direct immersion into liquid nitrogen. The
concentration of TEMPOL (4-hydroxy-2,2,6,6,-tetramethyl-piperi-
din-1-oxyl, Aldrich) was kept constant at 250 uM. 1,4,7,10-Tetra-
azacyclododecane-1,4,7,10-tetraacetic acid (DOTA, Macrocyclics,
Dallas, TX) was dissolved in water by adding as much sodium
hydrogen carbonate (Aldrich) as was necessary to keep pH neutral
(pH = 7). Lanthanum(III) chloride and dysprosium(IIl)chloride were
obtained from Aldrich and were added to the ligand solutions sev-
eral hours before the measurements to ensure complete complex
formation.

The model compound 2 (Fig. 1) was synthesized in two steps as
follows:

N-(4'-Amino-biphenyl-4-yl)-2,2,5,5-tetramethyl-1-oxyl-2,5-dihy-
dro-1H-pyrrol-3-carboxamide 1a: 3-Carboxy-2,2,5,5-tetramethyl-3-
pyrrolin-1-yloxy (461 mg, 2.50 mmol, Acros), benzidine (155 mg,
0.84 mmol, Aldrich) and 4-(dimethylamino)pyridine (342 mg,
2.80 mmol, Aldrich) were dissolved in tetrahydrofuran (40 ml).
While cooling in an ice bath, dicyclohexylcarbodiimide (516 mg,
2.50 mmol, Aldrich) in tetrahydrofuran (20 ml) was added drop-
wise with a syringe and the mixture stirred overnight. Alterna-
tively, the equivalent amount of diisopropylcarbodiimide
(Aldrich) was used. The formed precipitate was separated by filtra-
tion and the yellow filtrate was washed with 2 mol L~! hydrochlo-
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Fig. 1. Structures of lanthanide ligand 1 (1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid, DOTA) and model compound 2. The lanthanide ion Ln** was either
diamagnetic La** or paramagnetic Dy**. Note that the lanthanide is coordinated by
the four nitrogens and by four oxygen atoms of the carboxylate groups. The ninth
coordination position is taken by a water molecule.

ric acid and brine, dried (MgSO,4), and concentrated. Column
chromatography on silica, followed by preparative thin layer chro-
matography (dichloromethane/ethyl acetate 2:1 and 4:1) gave 1a
(60 mg, 20%) as yellow solid, mp 136 °C (dec.). R (dichlorometh-
ane/ethyl acetate 2:1)=0.78; R¢ (dichloromethane/ethyl acetate
4:1)=0.38. ESR (X-Band, THF): g=2.0037, a=14.1 G. FD-MS: m/
z=350.7 (100%, M*). IR (KBr): v [cm~'] = 3330, 3032, 2958, 2926,
2854, 1662, 1622, 1520, 1502, 1464, 1434, 1400, 1358, 1316,
1286, 1246, 1180, 1160, 818.

Model compound 2: N-(4'-Amino-biphenyl-4-yl)-2,2,5,5-tetra-
methyl-1-oxyl-2,5-dihydro-1H-pyrrol-3-carboxamide 1a (23 mg,
66 mol) and 2-(4-isothiocyanatobenzyl)-1,4,7,10-tetraazacyclod-
odecane-1,4,7,10-tetraacetic acid (p-SCN-Bn-DOTA, 36 mg,
66 mol, Macrocyclics, Dallas, TX) were dissolved in N,N-dimethyl-
formamide (15 ml) and stirred overnight. The solvent was re-
moved in vacuo to give crude 2 (59 mg) as golden-brownish
solid, which was not further purified, mp 120-125 °C (dec.). ESR
(X-band, THF/water): g=2.0035, a=14.8G. IR (KBr): Vv
[ecm~'] = 3582, 3300, 3104, 3060, 3026, 2956, 2928, 2854, 2652,
2058, 1734, 1720, 1672, 1656, 1526, 1508, 1500, 1416, 1318,
1156, 1130, 824, 804. Attempts to separate 2 from p-SCN-Bn-
DOTA and 1a by preparative thin layer chromatography (N,N-
dimethylformamide/dichloromethane 1:20 — 1:1) and the use of
inverse phase chromatography failed, the crude product being
of max 60% purity.

2.2. EPR measurements

All experiments were performed at X-band frequencies (9.3-
9.4 GHz) with a Bruker Elexsys 580 spectrometer equipped with
a Bruker Flexline split-ring resonator ER 4118X_MS3. Spectra
were detected by field-swept echo-detected EPR and relaxation
measurements were performed with an inversion-recovery se-
quence m-T-mt/2-t-mt-T-echo with the recovery delay starting
at time Tp = 400 ns, an inversion pulse length of 24 ns and obser-
ver pulses lengths of 52 and 104 ns for the m/2 and m pulse,
respectively. The integration window for the echo matched the
detection m pulse length of 104 ns. The m/2 pulse was phase
cycled [+(+x) — (—x)] to cancel receiver offsets and avoid any con-
tributions from a free induction decay or two-pulse echoes
involving the inversion pulse. Temperature was controlled using
a cryostat ER-4118 CF and temperature controller ER4112-HV.
After setting a new temperature the system was allowed to equil-
ibrate for at least 20 min.
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2.3. Monte Carlo simulations

All computations were performed within the Matlab (The
MathWorks, Natick, MA) environment. In Monte Carlo simula-
tions of homogeneous distributions either only the distance (test
of Egs. (13) and (14)) or the distance and angles 0, between the
magnetic field and the unique axis of the Dy>* g tensor and 0 be-
tween the magnetic field and the spin-spin vector were varied.
Uniformly distributed random numbers p; were generated and
the distance was computed as r = Rp;’?, where R is the radius
of the simulation sphere. This corresponds to a scaling of the
number of centers with distance as %, which in turn corresponds
to a homogeneous spatial distribution. The angles were computed
by cosf, = p, and cos0 = ps. Since sinfd6 = d cos6, this ensures that
all trials contribute with the same weight. For each trial, the
relaxation rate for dipole-dipole relaxation was computed and
an exponential decay with this rate added to the simulated signal.
At the end the signal was normalized to the number of trials and
fitted by a stretched exponential with exponent 1/2 or by a biex-
ponential decay. From the fits the time 7,, where the signal had
decayed to 1/e, was determined and an average relaxation rate
k =1/7; was computed. Convergence of k with respect to both
R and the number of Monte Carlo trials was tested. We find that
R=50nm is sufficient to compute relaxivities with an error of
less than 0.1%. Tests of Egs. (13) and (14) were performed with
up to 2 million trials, while computations with 200,000 trials
were used in simulations of concentration dependence. Test sim-
ulations were performed with and without exclusion of a sphere
with radius of 1 nm around the slowly relaxing center. No signif-
icant influence of this exclusion sphere on the results was ob-
served for concentrations up to 10 mM. All simulations were
performed for a field of 330 mT corresponding to X-band frequen-
cies unless stated otherwise.

2.4. Molecular modeling

The conformer distribution of model compound 2 was esti-
mated by a Monte Carlo conformer search with the software pack-
age Titan (Wavefunction Inc., Irvine, CA) using the MMFF94 force
field and Gd3* as a lanthanide ion. The N—O group of the nitroxide
was substituted by a keto group to avoid difficulties with force
field parametrization. From the 100 lowest energy conformers
the 8 Z,Za conformers were selected and the mean distance be-
tween the lanthanide ion and the midpoint of the C=0 bond was
computed.

3. Theory
3.1. Dipolar relaxation enhancement by dysprosium complexes

We consider dipole-dipole relaxation of a slowly relaxing spin
by a fast relaxing spin in the limit of weak coupling. The relaxation
enhancement is defined as the difference of the inverse relaxation
times of the slowly relaxing spin in the presence and absence of the
fast relaxing spin,

1 1

Ak =— — . 1
T Tiso @

By extension of the seminal treatment [37,38] to electron spins
the following expression for Ak as a function of distance r between
the two spins and angle 0 between the spin-spin vector and the
static field was derived [23]
88t
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where 1 is the permittivity of vacuum, up the Bohr magneton, and
S, g, Tisand T ¢ are the spin quantum number, g value, longitudinal
and transverse relaxation time of the fast relaxing spin, respec-
tively. The angle between the spin-spin vector and the static mag-
netic field is 0. As the zero-field splitting lifts ground state
degeneracy we assume that only the levels of a Kramers doublet
are significantly populated, so that Dy>* can be treated as an effec-
tive spin S=1/2 [39]. Hence g¢ is to be interpreted as an effective g
value. As each of the eight Kramers doublets in the 6H15/2 ground
term can be described by an effective spin S=1/2, population of
higher-lying Kramers doublets would only lead to a tolerable dis-
tance error similar to the one estimated below for uncertainties in
the effective g values. With these parameters, the magnetic field
By and the g; value of the slowly relaxing spin, the resonance fre-
quencies of the two spins in angular frequency units are given by

s = g UxBo/h, (4)
and
o = g¢ligBo/h. (5)

Unlike in the original formula, as given in Ref. [32], we assume
pure dipole-dipole relaxation without a contribution by exchange
coupling between the two spins. This is appropriate at distances of
1.5 nm or longer [42]. The coefficients fg, fcp, and fgr are related to
the B-, C, D- and E, F-terms of the dipole-dipole alphabet,
respectively.

The gr value, which enters both into the amplitude of the di-
pole-dipole coupling and into frequency wy, is strongly anisotropic
for lanthanides. To a good approximation, the g matrix has axial
symmetry with principal values gj; and g, so that we have

g = (8% sin’ 0 + g cos? 0)"/?, (6)

where 6, is the angle between the static field and the unique axis of
the lanthanide g tensor. Such g anisotropy leads to an orientation-
dependent deviation of the quantization axis of the lanthanide spin
from the magnetic field direction so that Eq. (3) is no longer strictly
valid [40,41]. In the present contribution we neglect the minor ef-
fect on the dipole-dipole coupling that arises from this tilt of the
quantization axis while we include the major effect of the orienta-
tion dependence of g In the following, this is referred to as Likh-
tenshtein approximation [24].

Furthermore we assume that at temperatures of 20 K and above
lanthanide ions are in a fast relaxation limit, so that Ty = T, ¢, and that
orientation dependence of Ty¢ is negligible. With these assumptions
Ak depends on Ty, the two angles 0 and 0, the g values of both spins,
and on distance r. For given parameters Ty, 0 and 0, we have

Ak = C(Ty¢,0,0,)/1°, (7)

where C is an orientation-dependent relaxivity.

An orientation-averaged relaxivity C is required to analyze mea-
surements on powders or frozen solutions. Such orientation aver-
aging introduces a complication, as the sum of exponential
decays with different rate constants Ak(r,0,0,) is not an exponen-
tial decay. We thus need a new single relaxation parameter that
characterizes the non-exponential decay curves. The most natural
choice is
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Ak =1/14, (8)

where 7 is the time where the signal has decayed to 1/e of its value
att=0.
Implicitly 7, is defined by

1/e = / w(Q) exp[-Ak(Q)T11dQ = / w(Q)exp [-C(Q)11/1°]de,
9)

where the integration variable © characterizes orientation (0g,0)
and w(Q) is a normalized weighting factor ([ w(Q)dQ = 1). In Eq.
(9) ((Q) depends on orientation but not on distance, while 7, de-
pends on distance but not on orientation. Both quantities depend
on Tir. Suppose now that 7; is known at certain distance ry. If
71(r) < (r/r1)%74(r71) the integrand at distance r would be larger than
at distance r; for all €, so that the left-hand side of Eq. (9) would be
larger than 1/e, which contradicts the definition of 7q. If (1) > (r/
r1)%t1(r1) the integrand at distance r would be smaller than at dis-
tance r for all €, so that the left-hand side of Eq. (9) would be smal-
ler than 1/e, which also contradicts the definition. Hence 7, at any
other distance r must be given by 74(r) = (r/r1)%7:(r1) and Ak can
be written as

1

Ak =— =
T

ksl

(10)

with an average relaxivity C that depends on T but not on orienta-
tion and distance.

This average relaxivity can be determined for any given value
T1¢ by computing the orientation-averaged decay

[ [exp[—Ak(r,0,6,)t] sin 6d6 sin 6, db,
B J [sin0d0sin 0,dog

V(o) (11)

for an arbitrary value of r, determining the 1/e-time 7, of this decay,
and solving Eq. (10) for C. Independent integration over the two an-
gles is based on the assumption that the orientations of the spin-
spin vector, the unique axis of the lanthanide g tensor, and the static
field By are uncorrelated with each other.

We have performed numerical simulations assuming an axial g
tensor with g, =14 and g;;= 4.2 as suggested by the spectrum of
the EDTA complex of Dy>* given by Blum et al. [43] and an isotropic
g value g; = 2.0059 for the nitroxide. We have also varied the prin-
cipal g values within a reasonable range for Dy>* (g,;=0...18,

a 0.08
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gi¢=18...0) and find that C changes by less than 40%, correspond-
ing to an uncertainty of distances of less than 7%.

Based on these simulations we have tested whether decay
curves V(t) defined by Eq. (11) can be fitted by simple smooth de-
cays (Fig. 2a). While exponential fits of the form Aexp(—t/T;) with
two adjustable parameters A and T; perform poorly, stretched
exponential fits of the form Aexp [—(t/T;)*] with three adjustable
parameters A, Ty, and x are somewhat better and biexponential fits
of the form Aexp(—t/Ty1)+Azexp(—t/T;>) with four adjustable
parameters Ay, A,, T1; and T; provide good estimates of 7. Such
fits are useful for analyzing noisy experimental decay curves, as
71 can be determined with higher precision from the smooth
noise-averaged curve than directly from the experimental data.
Note that the individual parameters Ay, Ay, T; 1 and Ty » of the biex-
ponential decay do not have any physical meaning.

Numerical computations were performed for 17 equally spaced
distances in the range between 2 and 10 nm for different values of
Tir and the dependence of Ak on r was fitted by Eq. (10). A typical
result is shown in Fig. 2b. We find that our numerical results are in
good agreement with Eq. (10). Using an average relaxivity C for dis-
tance measurements between a nitroxide and a lanthanide ion is
thus justified.

We have also tested the dependence of C on Tyt For dyspro-
sium-nitroxide pairs our numerical computations reveal a single
maximum of the average relaxivity C at T;¢=1.2 x 10~ !1s. This va-
lue is attained at the temperature of maximum relaxation
enhancement, which can be determined experimentally. Distance
measurements at this temperature do not require any further cal-
ibration as all parameters are known and C can thus be computed
numerically. However, precision may be limited by the quality of
the g value estimates for the lanthanide and by deviations from
the Likhtenshtein approximation.

Since Tyf is expected to vary monotonically with temperature,
this parameter can be determined indirectly in a broader temper-
ature range from measurements of the temperature dependence
of relaxation enhancement. For that we assume an empirical
power law with two parameters

p
Tie/s=1.2x 10*”(ﬁ> ,

T (12)

where Thax is the temperature at which maximum relaxivity is
experimentally observed and p is a scaling exponent that is deter-
mined by fitting the experimentally observed temperature depen-

0 ! ! ! J

2 4 6 8 10
r (nm)

Fig. 2. Simulations for validation of an orientation-averaged relaxivity. Parameters: r=5nm, T;;=1.3 x 107'' 5, Bo=0.33 T. (a) Residuals of best fits of an orientation-
averaged signal decay by an exponential decay (dashed line), stretched exponential (dash-dot line) and biexponential decay (solid line). The vertical dotted line designates
time 7, when the signal has decayed to 1/e of its value at t = 0. (b) Dependence of the orientation-averaged relaxation rate enhancements Ak on distance. Open circles are

numerically simulated values while the solid line is a fit according to Eq. (10).
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dence of Ak. From the known temperature dependence of T;; we can
then determine C(T) using Eqgs. (2)-(6), (11) and (10). With C in turn
the distance between the two spins can be determined. This ap-
proach does not require calibration of the technique with a model
substance, as the temperature dependence can be measured on
the very sample whose distance is to be determined. Furthermore
the approach does not require a direct measurement of T;¢ but relies
on the assumption Ty¢= Ty

3.2. Relaxation enhancement by a uniform distribution of fast relaxing
centers

Alternatively the technique can be calibrated by measuring
relaxation enhancement in homogeneous mixed solutions of a
nitroxide spin probe and a lanthanide complex. This approach re-
lies on the known concentration dependence of relaxivity as it
was derived for the analogous case of paramagnetic relaxation of
nuclear spins [44-46]. The original theoretical treatment allows
for diffusion of the slowly relaxing spins, which may be either
translational diffusion or spin diffusion. In solid matrices below
80 K translational diffusion is negligible. Spin diffusion of nitrox-
ides is also expected to be negligible on the time scale of the relax-
ation measurements, if label concentrations of 250 uM or less are
used, as is common in SDSL experiments on proteins.

In the limit of negligible diffusion, the normalized decay is de-
scribed by

V(1)/V(0) = exp(—(t/T1)"?) (13)
with
Tl = %amcm)z, (14)

where N, is Avogadro’s constant and ¢y, is the concentration of the
lanthanide complex. The numerical prefactor depends on an esti-
mate for a critical radius and different authors have given different
values [44-46].

In particular, the value in [46] was derived with the assumption
that woTi¢> 1, where in our context wg could be any of ws,
ws — s, O wr+ ws. However closer inspection reveals that the
scaling behavior and numerical prefactor cannot depend on corre-
lation time as long as the spatial positions of the fast relaxing spins
are fixed and spin diffusion of these spins can be neglected on the
time scale of the experiment.

The prefactor used in Eq. (14) was found to be within 0.2% of the
value determined by numerical Monte Carlo simulations. We attri-
bute this slight deviation to numerical imprecision in adding decay
functions over a very broad range of rate constants. In any case,
such a small deviation is not significant for application as it corre-
sponds to a relative error of less than 3.3 x 10~ for the distance.
The simulations also confirm the stretched exponential decay with
exponent 1/2 described by Eq. (13) and the scaling of 77! with the
square of the concentration (data not shown).

Eq. (14) was derived for a situation where each pair (r,0) corre-
sponds to a single value of the dipole-dipole relaxation rate. Due to
the dependence on 60, each pair (r,0) corresponds to a distribution
of relaxation rates. Since the average relaxation rate scales with r°
we may expect that the scaling with ¢, is also maintained. This is
indeed confirmed by simulations for the concentration range be-
tween 0.5 and 10 mM. However, the distribution of rates leads to
a decay curve that does not conform to Eq. (13). Again, this curve
can be fitted nicely by a biexponential decay and an average relax-
ation rate can be defined by Eq. (8). This average relaxation rate
scales with c¢?, (Fig. 3). The fit provides a value for the average
relaxivity C that is similar to the value obtained from analyzing
distance dependence, but does not agree exactly. We attribute this

20
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Ak (10°s™)
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0 2 4 6 8 10

Cpp+ (MM)

Fig. 3. Scaling of the average relaxation enhancement Ak in homogeneous solution
with concentration cp. of a Dy>" complex. Open circles are results of Monte Carlo
simulations with T;r=1.3 x 10~''s, Bo=0.33 T and Ak determined as the inverse
1/e-time of the fit of a biexponential decay function to the data. The solid line is a fit
of a square law Ak = Ac?,y3, to the simulated data.

to different effects on the 1/e-time 7; when averaging exponential
and stretched exponential decays. A quantitative comparison is
made in Section 4 below.

Thus the average relaxivity C can also be determined from a
measurement of the relaxation enhancement of nitroxide spins at
a known concentration of a lanthanide complex. Such calibration
does not require any knowledge on relaxation times or principal
values of the g tensor of the lanthanide ion and is not based on
the assumption Ti¢= T Eq. (14) can also be used to correct for
intermolecular effects if the concentration of lanthanide labels is
known and a homogeneous distribution in space can be assumed
for the system of interest.

Note that dipolar line broadening for an A spin due to a homo-
geneous distribution of B spins that do not relax on the time scale
of the observation also leads to a Lorentzian lineshape, correspond-
ing to an enhancement of the transversal relaxation time T, that is
proportional to concentration, not to its square [47].

4. Results

4.1. Relaxation of nitroxide spin probes in the absence of paramagnetic
lanthanide ions

In EPR spectroscopy relaxation data are usually derived from
saturation recovery experiments. Such experiments have the
advantage that they are less susceptible to contributions of spec-
tral diffusion than inversion recovery experiments but they are
also less sensitive. This applies particularly to echo detection,
which we prefer to probe-field detection, as the former detection
technique is much less susceptible to instabilities of the resonator
frequency and thermal artifacts. In echo-detected inversion recov-
ery experiments the multiplex advantage of probe-field detection
can be compensated by applying pulses with a much larger excita-
tion bandwidth than the probe field and thus detecting a much lar-
ger fraction of spins. True saturation over such a broad frequency
band is harder to achieve. Therefore, we have to consider the ques-
tion whether contributions from spectral diffusion affect precision
and range of relaxation-based distance measurements.

Spectral diffusion contributes in the same way to T;so and Tys.
Hence, this contribution cancels in the difference Ak that is used
to estimate the distance. For measurements of long distances, a
spectral diffusion contribution would still be detrimental, as it
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leads to a shorter apparent T;so. Very small relaxation enhance-
ments would then be more difficult to detect. Therefore, we have
compared our data on relaxation of TEMPOL in a 60% glycerol:40%
water (v/v) mixture obtained by echo-detected inversion recovery
measurements to published values for the 4-oxo spin label TEM-
PONE in a 1:1 (v/v) mixture of glycerol and water obtained with
probe-field detected saturation recovery measurements. At tem-
peratures of 40, 60, and 80 K our data superimpose almost per-
fectly with published plots for TEMPONE in a slightly different
matrix [48] (data not shown). By applying a short inversion pulse
followed by a detection echo with about four times smaller band-
width we can thus suppress any contribution from spectral diffu-
sion at these temperatures. At a temperature of 20K, our
relaxation time is by about a factor of 1.8 shorter than the one de-
rived from the published plot. This may be due to the slight differ-
ences in the spin label and matrix or due to a contribution by
spectral diffusion that becomes significant at the very long Tis9
encountered at a temperature as low as 20 K. A more precise com-
parison of saturation recovery and inversion recovery may thus be
required for measurements that approach the long distance limit at
such low temperatures. This is, however, beyond the scope of the
present work.

Throughout the whole temperature range from 20 to 80 K our
own relaxation data for TEMPOL in the absence of a paramagnetic
lanthanide complex can be fitted by an empirical power law

Tiso/s = 193(T/K) ™. (15)

4.2. Temperature dependence of dysprosium-induced relaxation

The temperature dependence of relaxation enhancement of
TEMPOL (250 puM) by 10 mM of the Dy>*-DOTA complex in a glassy
glycerol-water mixture with 60% (v/v) glycerol was measured be-
tween 20 and 60 K at temperature increments of 2 K. The data are
presented in Fig. 4 together with a fit obtained by varying param-
eters Thmax and p in Eq. (12). Within the range from 20 to 60 K the
experimental data are fitted rather nicely by Tp.x=(41.5+1)K
and p=2.4+0.1.

An additional measurement was performed at 80 K. This data
point was not included in the fit, as a relaxation study of several

Fig. 4. Temperature dependence of the relaxation enhancement Ak of TEMPOL by
10 mM Dy>* DOTA in a glassy 0.6:0.4 (v/v) mixture of glycerol and water. Open
circles are experimental data with Ak determined as the inverse 1/e-time of the fit
of a biexponential decay function to the data. The solid line is a fit based on an
empirical power law for Ty¢ (Eq. (12) with Tmax=(41.5+1)K and p=2.4+0.1).
Individual contributions of the B term (dashed line), C, D term (dotted line), and E, F
term (dash-dot line) of the dipole-dipole alphabet are also shown.

systems has shown that in water:glycerol mixtures additional
thermally activated relaxation processes contribute at tempera-
tures around 80 K or higher [48].

Consideration of the individual terms in Eq. (3) shows that at
low temperatures the C, D term (dotted line in Fig. 4) dominates
as was already remarked upon earlier [26]. However, for precise
measurements it is not advisable to neglect the B term (dashed
line) and E, F term (dash-dot line).

With the parameters obtained from this fit, T;f can be computed
in the temperature range from 20 to 60 K and theoretical relaxivi-
ties Cu, and Cy, can be obtained by Monte Carlo simulations of
the distance and concentration dependence of Ak, respectively.
These values are given in Table 1. The differences between the
two sets of values are probably due to the different effects on 7,
that arise in averaging of a distribution of exponential decays
and stretched exponential decays. Values obtained from the con-
centration dependence are larger by a factor 1.18 £ 0.10. Owing
to the r® dependence of relaxation enhancement, this difference
corresponds to an error of less than 4% in distance measurements
calibrated by the concentration dependence, even if no correction
is made.

4.3. Concentration dependence of dysprosium-induced relaxation

Relaxation enhancement of TEMPOL by the Dy>*-DOTA complex
in homogeneous glassy frozen solution was experimentally studied
in the concentration range from 0.2 to 10 mM at temperatures of
20, 40, and 60 K. No significant enhancement could be detected
at 0.2 mM (data not shown). Data for the range from 1.25 to
10 mM are plotted in Fig. 5 together with best fits according to

Table 1

Average relaxivities of the Dy>*-DOTA complex in a glassy 0.6:0.4 (v/v) mixture of
glycerol and water at selected temperatures obtained by Monte Carlos simulations of
the dependence of Ak on distance (Cy,) and on concentration (Cy.) and by
measurements of the concentration dependence of Ak (Cexpe)

Temperature (K) Cy, (10° s~ ' nm®)  Cype (10°s7! nmS)  Cexpe (10° s~! nmS)

20 3.04 3.89 4.12
40 7.48 10.11 13.0
60 6.39 6.88 9.01

Parameter T;y was computed from Eq. (12) assuming Tpax =41.5 K and p = 2.4 (see
text).
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Fig. 5. Concentration dependence of the relaxation enhancement Ak of TEMPOL by
Dy>* DOTA in a glassy 0.6:0.4 (v/v) mixture of glycerol and water at temperatures of
20K (open circles and dashed line), 40 K (squares and dotted line), and 60 K
(triangles and dash-dot line). The lines are best fits by Eq. (14) assuming Ak = Tl
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Eq. (14). We assume 7;' = Ak and thus determine average relaxiv-
ities fexp_c, which are given in Table 1.

In comparing the experimental data with the results of Monte
Carlo simulations thermal contraction of the glycerol/water glass
has to be considered. This contraction leads to an increase of the
concentration of the lanthanide complex compared to room tem-
perature where the solutions were prepared. Unfortunately ther-
mal expansion coefficients for glycerol/water mixtures down to
such low temperatures appear to be unknown. Hence no correction
can be made for this effect. Note that thermal expansion coeffi-
cients could be obtained from such EPR relaxation measurements
in cases where the temperature dependence of Tf and Ty can be
determined independently. Given the unknown thermal expansion
coefficient, uncertainties in the g tensor of Dy>* DOTA, and neglect
of the tilt of the Dy?>' quantization axis in the Likhtenshtein
approximation, agreement between relaxivity values obtained
from temperature and concentration dependence can be consid-
ered as satisfying.

4.4. Distance measurement on a model compound

The experimentally determined relaxivities of the Dy>**-DOTA
complex in glycerol/water glass allow for deriving spin-to-spin dis-

La*

A\

N Vs

0 100 200 300 400 500
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tances from experimentally observed intramolecular relaxation
enhancements by using Eq. (10). To test this approach measure-
ments were performed for model compound 2, using La®>* as a dia-
magnetic control to determine Tiso and Dy>' for relaxation
enhancement. Determination of Ak by direct substraction of the
relaxation rate of the diamagnetic complex from the one of the
paramagnetic complex is only feasible if lanthanide labeling of
the substance is complete. This requires a pure heterogeneously
bilabeled sample. The same requirement exists for FRET measure-
ments and is considered as a major obstacle for broad application
of this technique [49]. Therefore, we have tested whether EPR dis-
tance measurements via relaxation enhancements are also feasible
with partially labeled samples, if data are analyzed in a different
way.

To that end we use the raw product of the synthesis of model
compound 2, which is a mixture of unlabeled molecules, singly
nitroxide labeled molecules, singly DOTA-labeled molecules and
the wanted bilabeled molecule. Rather than determining the con-
centration of DOTA ligands by titration we used an excess of the
lanthanide trichloride. Despite all these imperfections in sample
preparation the intramolecular contribution to the relaxation is
clearly seen when comparing primary experimental data between
the Dy** and La3* complexes (Fig. 6a).
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Fig. 6. Distance measurement on the raw product of the synthesis of model compound 2. (a) Inversion recovery curves for the complexes with diamagnetic La** and
paramagnetic Dy>*. The arrow marks the intramolecular decay component. For better visibility, the Dy** curve is vertically shifted. (b) Result of the reference deconvolution
(solid line) and fit of the intermolecular decay component by a biexponential decay function (dotted line). A concentration of 280 uM is found. (c) Normalized intramolecular
decay component obtained by substracting the biexponential fit of the intermolecular component from the result of reference deconvolution (solid line). The dotted line is a
fit by a biexponential decay function. A distance of 2.65 nm is found when using the experimentally determined relaxivity Cexp,. (d) Force-field optimized structure (MMFF94
force field) of one selected (Z,Za) conformation of the model compound. The mean distance predicted for eight different (Z,Za) conformations is 2.72 nm.
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In this situation, relaxation contributions in the absence and
presence of the paramagnetic lanthanide are best removed by ref-
erence deconvolution, i.e., by dividing the data set measured with
Dy?* by the one measured with La3*. The result of such reference
deconvolution (Fig. 6b) implies that about 12% of the nitroxide la-
bels show the fast decay corresponding to intramolecular relaxa-
tion enhancement by Dy>*, while the remaining 88% exhibit only
intermolecular relaxation enhancement. The latter fraction was
determined by extrapolating the fitted intermolecular decay curve
to zero time.

The intermolecular contribution was fitted by a biexponential
decay function at times t > 0.25 ms. The best fit, shown as a dotted
line in (Fig. 6b), provides a 1/e-time 7, = 50.4 ms. Using the exper-
imental relaxivity of Ceyp, this corresponds to a Dy** concentration
of 280 uM in line with expectations. After substracting this contri-
bution, the purely intramolecular contribution remains. The biex-
ponential fit of this contribution provides a 1/e-time 71 = 26.4 ps.
By again using the experimental relaxivity Cex,c We obtain a dis-
tance of 2.65 nm. If we use Cy,, instead, we find a distance of
2.41 nm and with Cy,. a distance of 2.49 nm.

With a linker based on a thioether one might not have expected
a well defined distance. Force-field computations in vacuum sug-
gest that different (Z,Z), (E,Z), and (E,E) conformations at the thio-
ether are all similar in energy. This would lead to a broad
distribution of distances extending to well below 2 nm, which is
in contradiction with our experimental results. However, high-res-
olution NMR studies of thioethers have demonstrated that in solu-
tion usually one of the conformers strongly dominates [50]. In
hydroxylic solvents the (Z,Za) conformers are preferentially popu-
lated. We have computed 100 low-energy conformers in vacuum,
using a Monte Carlo conformer search as implemented in the Titan
software package with the MMFF94 force field. By selecting the
(Z,Za) conformers we obtain a mean distance of 2.72 nm in rather
good agreement with the experimental result.

In fact, the experimental finding of a slightly lower distance
than expected could be due to the r—° averaging that overempha-
sizes the contribution of conformations with short distances, as
was recently pointed out in a study on copper(Il)-induced relaxa-
tion of nitroxide spin labels [34]. However, considering that we
computed the structural ensemble in vacuum and that solvation
effects are important for thioethers, we refrain from claiming that
the deviation is solely due to this effect. The larger deviation when
using Cy,, is expected due to uncertainty in the lanthanide g values
and use of the Likhtenshtein approximation in the numerical
computations.

5. Discussion

5.1. Correlated temperature and frequency dependence of relaxation
enhancement

Our theoretical and experimental results suggest that precise
distance measurements between paramagnetic lanthanide ions
and nitroxides are feasible with moderate effort for calibration of
the technique. With respect to the current study precision with
calibration by temperature dependence could be improved by
measurement of the principal g values of the lanthanide and by
considering the tilt of the lanthanide quantization axis. Precision
with calibration by concentration dependence could be improved
by an independent measurement of the thermal contraction of
the matrix. For application to biomacromolecules distance range
and sensitivity have to be optimized. At given relaxivity the lower
limit of the distance range is determined by the ring-down time
tring after an inversion or saturation pulse which sets a lower limit
to the 7; that can be measured. Assuming t;ns=80ns and

T1 > String, We can estimate that distances down to about 1.1 nm
could be measured at a temperature of 20 K at X-band frequencies.
In principle, smaller relaxivities could be obtained with lanthanide
ions other than Dy>*. However, we expect that at distances below
about 1.2 nm errors due to neglect of exchange coupling become
too large. Given the size of the two probes such short distances
can be considered as near contact. Therefore, the lower distance
limit can be achieved without further optimization of the
approach.

The upper distance limit is determined by the relaxivity con-
trast distance R that we define as

R = (2T15,00)"°. (16)

This definition assumes that a 50% change in relaxation rate
with respect to the rate in the absence of the paramagnetic lantha-
nide can still be quantified. Based on Eq. (15) and the fit of the tem-
perature dependence of C, the temperature dependence of R was
computed for the Dy>* complex of DOTA in glassy 0.6:0.4 (v/v)
mixtures of glycerol and water (Fig. 7). We find that the relaxivity
contrast distance increases monotonously with decreasing temper-
ature. This is because prolongation of the longitudinal relaxation
time of the nitroxide in the absence of Dy>* overcompensates the
decrease in relaxivity. However, we caution against extrapolating
that behavior to temperatures below 20 K. When temperature is
further lowered relaxation behavior of both the nitroxide and the
lanthanide complex will eventually deviate from the empirical
power laws that we use and T¢ will become shorter than Ty

An obvious way of extending the distance range towards longer
distances is variation of the static magnetic field. It has been found
that relaxation in the absence of nearby paramagnetic centers only
weakly depends on field between S-band and W-band frequencies
[51]. The field dependence of the relaxivity contrast distance is
then expected to be governed by the field dependence of the spec-
tral density terms in Eq. (3). Each individual term attains its max-
imum when 1/T;f equals the characteristic frequency. The
characteristic frequency in turn scales linearly with field. At lower
fields the maxima are thus attained at longer T;+. If T only weakly
depends on frequency they are attained at lower temperatures and
thus also at longer T;sp. Furthermore, as the effect of each term is
linear in Ty, maximum relaxivity is also larger at lower fields. The
upper distance limit is thus expected to increase significantly when
going to lower fields. We predict that relaxation-based distance
measurements can surpass the distance range of pulsed EPR dis-
tance measurements based on direct determination of the di-

Fig. 7. Dependence of relaxivity contrast distance R on temperature for a Dy>*
DOTA relaxant in 0.6:0.4 (v/v) glycerol:water.
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Fig. 8. Magnetic field and temperature dependence of relaxivity expected if the
field dependence of the relaxation times of the nitroxide and the Dy>**-DOTA
complex in the absence of dipole-dipole interaction is weak. Simulations were
performed with Ty¢=1.2 x 10711(41.5 K/T)** at fields of 75 mT (solid line, S-band),
330 mT (dotted line, X-band), 1.25T (dashed line, magnified by a factor of 5,
Q-band), and 3.35 T (dash-dot line, magnified by a factor of 10, W-band).
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Fig. 9. Maximum permissible lanthanide concentration as a function of distance
according to Eq. (17).

pole-dipole coupling. The effect of changes in static field on
temperature dependence of relaxivity is illustrated in Fig. 8. For
simplicity we have assumed that the field dependence of Tyf and
T1sp is insignificant.

5.2. Maximum lanthanide concentration

The measurement of long distances imposes an upper limit on
lanthanide concentration as intermolecular decay components
should be either negligible or at least distinguishable from intra-
molecular decay components. If we require that the intramolecular
decay component exceeds the intermolecular one by a factor of
four, this limit can be estimated from Egs. (10) and (14) as

3
Cin = 727'[3/21”31\]/\ .

This dependence is plotted in Fig. 9. Even at a distance of 20 nm
a concentration of 50 M would still be permissible. As inversion
recovery curves can be measured down to concentrations of at
least 5 M with sufficient signal-to-noise ratio, the concentration
limit does not seem to impose a serious restriction on extending
distance range.

(17)

5.3. Sensitivity issues

The considerations on optimum measurement parameters sug-
gest that the distance limit can be extended by going to lower tem-
peratures and lower fields. In both cases sensitivity decreases,
which suggests to perform the measurements at fields and temper-
atures that are adapted to the expected distances. The dependence
of sensitivity on temperature can be estimated from the empirical
power law for T;5o and the temperature dependence of the Boltz-
mann factor. Signal-to-noise ratio can be improved by signal aver-
aging and is proportional to the square root of the number of signal
accumulations. The number of accumulations for a given measure-
ment time scales as 1/T;s, as the permissible repetition rate scales
like this. In the high-temperature limit the signal amplitude is pro-
portional to 1/T. For a power law Ty oc T P the signal-to-noise ra-
tio thus scales as

(%) o TP271, (18)

For the power law with p = 3 that we found for nitroxides at X-
band, the signal-to-noise ratio is thus proportional to the square
root of temperature. Measurements at 60 K are then by a factor
of about 1.73 more sensitive than those ones at 20 K.

6. Conclusion

Reexamination of the relaxation-enhancing properties of Dy>*
complexes on nitroxides demonstrates that relaxation-based dis-
tance measurements between lanthanide and nitroxide labels
can provide data with a precision that is sufficient for structural
modeling. Such measurements can be expected to be more sensi-
tive than direct measurements of the dipole-dipole coupling and
may give access to both shorter and longer distances than direct
measurements. Disadvantages are the larger size of lanthanide la-
bels, the necessity of calibration, and the requirement for attaching
two different labels.

Two new approaches for calibration have been introduced that
do not require model compounds with well defined distances. In
the first approach, only the sample of interest is required. By
measuring the temperature dependence of relaxation enhance-
ment, the unknown relaxation parameters of the lanthanide ion
and its relaxivity can be estimated. In the second approach homo-
geneous solutions of the nitroxide and the lanthanide complex
are used. Both approaches have been found to provide similar re-
sults. The second approach requires fewer assumptions and may
thus be more precise. Based on such calibration a distance of
approximately 2.7 nm was measured in a model compound with
incomplete lanthanide labeling and was found to be in satisfying
agreement with expectations. Measurements of significantly long-
er distances appear feasible, in particular at lower fields and
temperatures.

Routine use of this approach will require knowledge of the
dependence of relaxivity on the environment of the lanthanide
complex. Furthermore, the precision of the technique should be
tested for a broad distance range by measurements on model com-
pounds with well defined distances, and the temperature and field
dependence of relaxivity should be studied in detail. Work along
those lines is now in progress.
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