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ABSTRACT j
Gd’"-based spin labels are useful as an alternative to nitroxid&%ﬁ amolecular distance
measurements at high fields in biological systems. Howeyer, double*electron-electron reso-
nance (DEER) measurements using model Gd** compléxes fc EE\a low modulation depth
and an unexpected broadening of the distance distribution %r short Gd*>"-Gd*" distances,
when analysed using the software designed for S /5 pairs. It appears that these effects result
from the different spectroscopic characteristics 0£Gd” " i the high spin, the zero field splitting
(ZFS), and the flip-flop terms in the dipolar ‘Hamiltonian that are often ignored for spin-1/2
systems. An understanding of the facto agﬁp%m; modulation frequency and amplitude is
essential for the correct analysis of d&?@ER data and for the educated choice of ex-

+

perimental settings, such as Gd’ spin hl type and the pulse parameters.

This work uses time-domai h\%s of Gd**-Gd>" DEER by explicit density matrix

propagation to elucidate the factors shaping Gd>” DEER traces. The simulations show that

mixing between the | /zﬁ%and |-Y2, +¥2> states of the two spins, caused by the flip-flop

term in the dipolar’ Hamiltonian, leads to dampening of the dipolar modulation. This effect

may be mitig?.ed ’g la;ge ZFS, or by pulse frequency settings allowing for a decreased
i cen

contribution | transition and the one adjacent to it. The simulations reproduce

both the %nental ine shapes of the Fourier-transforms of the DEER time domain traces,

and t tre/nds in the behaviour of the modulation depth, thus enabling a more systematic de-
signand'apalygis of Gd’" DEER experiments.
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PUb|IShIng I. INTRODUCTION

Gd*"-based spin labels are an attractive alternative to nitroxide labels in Double Electron-
Electron Resonance (DEER, also called Pulsed Electron-Electron Double Resonance,
PELDOR) distance measurements, particularly at high fields, where they offer high sensitivi-
ty. Other advantages are the absence of orientation selection effect;?nd chemical stability

that makes them suitable for in-cell distance measurements. Gd*"-G EER has been suc-
cessfully used to measure intramolecular distance distributions i ?961 compounds'?, pro-

m
10,11
br ’

. 3.6 . . 4.78 . . .9 . .
teins™ ", nucleic acids™”, peptides in solution” and in model es ', and nanoparti-

cles.'? Recently several in-cell Gd**-Gd** DEER experimenfs ere onstrated as well.”*"’

While most Gd>*-Gd®" distance measurements are ca ied 0 uaﬁg DEER, it has recently

tion thancement (RIDME)"® also

works well for Gd*"'**°, and that high-field (240 (};2) conti
1

to extract distances from the width of the cenb%lsit‘iam Gd* -nitroxide DEER measure-
[ -

been shown that Relaxation Induced Dipolar Mod

21,22

ous-wave EPR can be used

23,12,24,25
ments have also been reported.

The DEER experiment measures the @ling frequency wqgq between two spins, re-
ferred to as the "pump" and the "oberyer" spins, from which the distance can be extracted™.
DEER pulse sequences generate/a Ha%c}ﬁ)'27 or a refocused echo® at the observer spin fre-
quency, and dipolar couplin i:x duced using an inversion pulse at the pump spin fre-
quency (Figure 1). Plotting th\cﬂ'cN'ntensity against the time of the pump pulse insertion

hs\the echo intensity at the dipolar frequency. For a pair of spins

point produces a modulatien of
with S=Y, under t \%1 ling approximation and in the absence of exchange interaction
and spectral ov Q‘iﬁn the pumped and observed spins®, the echo intensity 7(?) in the
DEER trace g/;% &

3

V)=V, {1 - /1[1 + ”J/.z cos (@t )sin Hdﬁ}}

0

(1)
- 4

ere VOSS the echo amplitude in the absence of the pump pulse, 4 is the modulation depth
“para representing the fraction of pumped spins excited by the pump pulse®®, 6 is the an-

le b)tween the inter-spin vector and the applied magnetic field, and the dipolar coupling fre-

S guency is

3

2 n2
Wy = M(?» cos’ 9—1)
4rzhr )
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Publishing where py is the vacuum permeability, g is the electron g-factor, f. is the Bohr magneton, 7 is

the reduced Planck's constant, and 7 is the inter-spin distance. In the absence of spin relaxa-
tion processes, DEER sensitivity is therefore given by AV,. Many sophisticated methods exist

for extracting the distance distribution from V(¢); they are implemented in the popular Deer-

30,31 32-34

and elsewhere

_ /\
a) ) 3

s ( -
Vpump S

b) -

Analysis package

p puls h(vpump frequency causes a partial dephasing in that echo. The pump
y%aN incremented to measure the dipolar frequency.

rk using Gd**-Gd®" DEER, it was assumed (under the weak dipolar coupling

a{ion),t at if the pump pulse flips Gd** by only a single quantum, then Gd"=-Ggd**
5 e analysed as an effective S=' system'. However, despite the practical success
ecasurements, DEER traces obtained for model compounds with Gd™-Gd*" distanc-

~af thege
es bé)ow 4 nm displayed features not predicted by the theory for a S= pair under the weak

\ dipolar coupling approximation'***. Specifically, the dipolar spectrum (Fourier transform of

S
the DEER traces) may deviate from the Pake pattern'**®. This deviation leads to a broaden-
ing of the distance distribution and the emergence of spurious distance peaks when the data is

analysed by the software designed for spin-1/2 systems. This effect is larger for Gd*" ions
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Publishing with a smaller zero field splitting (ZFS) and a narrower central line*’. Another unexpected

feature is the low modulation depth'?. These observations likely result from the different
spectroscopic characteristics of Gd** compared to nitroxides — the high spin and the ZFS,
which affect the validity of the weak dipolar coupling approximation.2’35’36’3 8 An understand-
ing of the factors shaping the DEER trace is therefore essential for theproper data analysis,
and for the educated choice of optimal experimental parameters such z)&%’requencies and
the chelate coordinating the Gd®" ion. 3

The prior work on the subject has explored the limits of the effec S=%/2 and weak dipolar

coupling approximation for Gd**-Gd*" DEER using a sifaple tgquency domain approach:
transition energies were computed by diagonalizing thd Hamiltonian, and were shown to shift
due to the mixing between the [+)2, —2> and |-, 42> tesby the flip-flop term of the di-
polar interaction at short distances.”’ A large ZFS,_wés fSund to reduce this mixing because
it reduces the probability of overlap between the eentraltransitions of the two spins in disor-
dered samples with a large distribution o::r parameters, as commonly found for Gd**

%41 This understanding has led to pr r experimental setups that can overcome the

difficulties in the measurement of s on%st es?** However, this approach did not clari-
fy the origin of the modulationﬁith (0

e ‘rhombicity in the ZFS, or consider contributions from

blem, suggest optimal pulse settings in the DEER
experiment, account for the possi

multiple transitions to the fina Mrace.

To address both the li es%nd the modulation depth, we carried out time-domain simula-
tions of the DEE<e:2er1 t using explicit density matrix propagation in Spinach43. Our
goal was not ?Aing DEER traces, but rather characterizing the effect of ZFS, dipolar state
mixing, an ‘5Nmeters on the DEER trace, including the modulation depth, damping

of the Fourier transform, and the extracted distance distribution. The simula-

ra (and&ts ensemble distribution), as well as explicitly simulated soft microwave pulses.
—

We f}und that the simulation reproduces the experimental lineshapes, but overestimates the

w mo ulation depth. It confirms that the state mixing between the |+, —%> and |-'4, +2>

states of the two spins, caused by the flip-flop terms in the dipolar Hamiltonian, leads to a
strong damping of the dipolar modulation, and to artefacts in the distance distribution when

software designed for spin 1/2 systems is used for the analysis.
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Publishing 1. THEORY

The spin Hamiltonian of two electrons with isotropic g-tensors and spin S>', such as Gd>* or
Mn?", interacting via the dipolar mechanism and hyperfine coupled each to its own nucleus,

is given by:

k=12 ' e o o \ 3)

Where the first term is the Zeeman interaction, the second is tlﬁigeld splitting, the third
d

is the hyperfine interaction with the corresponding nucleu 6 tw0 magnetic isotopes

with the total abundance of 30%"*), and the fourth is the dipeldr interaction between the two

—
electrons. 3

The ZFS is adequately described by the usual D a@ parameters:

accounting for its rank 2 part”. Higher- }@rms (spherical ranks 4 and 6), although pre-
sent for Gd*", are much smaller and }96,&3 ected. Dy, Dy, D, are the principal values of
the D tensor. In the eigenframe (&{ nsor, the ZFS Hamiltonian is:

i SQ[$2- 550 4 £(57 -5 .

z 3
The well-known C(@ perturbation analysis of the eigenvalues of this Hamiltoni-

4748

4)

an concludzs t {he cergy of most transitions depends on D in the first order, whereas
T

that of the ce t\aNﬁs; n (|-Y2><|+%>) does so only in the second order. The central tran-
e the

. L 47,48
rrowest, and gets narrower when the magnetic field is increased” ™.

sition is tQ
The @(y) ing term in the spin Hamiltonian is given by*’
ﬂ

H, =8 -T-S, =%[2+§+é+ﬁ+1§"+ﬁ]
- (6)
eé the secular term is

\ A~ A~ A~
A4=8,,S.,(3c0s’ 0-1),
(7)

and the “flip-flop” (pseudo-secular) term is
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Bz—%(‘SA' S ,+8 ’151’2)(300526’—1)

: (8)
The terms C, D, E, and F are negligible within the high field approximation, when the Larmor
frequencies are much larger than the dipolar frequency, which is usually the case for common
EPR spectroscopy. The flip-flop term B can usually be neglected (the “weak coupling” ap-
proximation) when the difference between the Larmor frequencies of the electron spins is

much larger than wgq (“unlike spins”). When this condition is not met (like spins™), this term

leads to state mixing. Powder averaging over all possible orieh)\b{; these two extreme
cases yields a Pake pattern in the dipolar spectrum. For ’zj)gfiilg larities appear at wqq
and 2wqq for unlike spins, and at 3wqq/2 and 3wyq for Spins of identical Larmor frequencies.

For intermediate regimes, the lineshape is more complic ed49’5§.

Two isotopes of Gd are magnetically active,4ha ah.lclear spin of 3/2: '>Gd (natural
abundance 14.8%, u/ux = —0.2582) and "°’Gd (natu abundance 15.65%, ulun = —0.3385)*.
The hyperfine coupling with these nucleig{‘\ﬂiz ', is small and unresolved in the Gd**
EPR spectrum. The effect of this hype ~e\i'n't'elraction on Gd**-Gd*" DEER has not been

explicitly addressed. However, Mn D ER measurements show that the effect of the
dipolar flip-flop term is consid &K aller than in Gd’", which can be attributed to the
he hyperfine interaction®®** — the hyperfine coupling

inhibition of the dipolar stat —
of *Mn (spin 5/2, 100% natural abyndance), is much larger (~250 MHz).

II1. METHODS

The implementation of the three-pulse (3P-) DEER sequence in Spinach considers the spin
Hamiltonian jh<Equati ’é) in its entirety except for the  through F terms of the dipolar
interaction’ a hperﬁne interaction, which was found to have only a minor effect
(FigurefS1)“and was therefore excluded from the calculations. The code performs explicit
din p?)pagation through off-resonance microwave pulses of finite power and width.
§‘:, owever, include a background decay, relaxation, spectral diffusion, a distance

instrumental factors such as B; inhomogeneity, or cross-excitation, i.e. the pump

pulsé)excmng transitions of the observed spin and vice versa.

S The spin system consists of two spin-7/2 electrons with identical isotropic g-values of

1.9925% because the Gd** g-anisotropy is unresolved at W-band™*. Both spins have the same

40,41,

distributions of the ZFS parameters D and E (Figure 2)™"" : the D distribution is given by two

Gaussians of identical width, centred around D, and —D., whereas the E/D distribution is

6
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Publishing given by P(£) = (£) —2(%)2. The ZFS values of two commonly used Gd’" chelates,

PyMTA'" and DOTA®, were used for the simulations. The ZFS distribution is integrated
over to abolish orientation selection: every iteration of the loop picks D and E values at
random and carries out the simulation, with the statistical weight assigned from the
distribution. The ZFS values of the two spins are assumed to be id?flcally distributed, but
uncorrelated. D and E variation alone was found to be insufficient for abelishing orientation
selection (data not shown), and therefore orientational freedom t@two ZFS tensors was
also permitted. In accordance with the model underlying tthxdlh ibutions*® and with
experimental ENDOR results™, a random ZFS orientation{is ‘Ih:ked r every iteration. The
molecular frame was chosen to be that of the dipolar irteractio ;‘I;Ere the molecular Z axis
coincides with that of the dipolar frame. Figure 3 WS the axis system used and the
definitions of the various angles relating the Z@f ¢ two Gd*" ions and their dipolar
interaction. The ZFS distribution was sampled*until g‘g’]?vergence was observed, typically
after ~150 samples (Figure S2), resulting(nxeomp ational time of about a week using 16
W

Xeon ES5-2698 cores. The calculatiohs carried out either with the full dipolar

~ Py \ ~
Hamiltonian (labelled “A + B dipolar”) orjust the secular term (labelled “A dipolar”) to
quantify the effect of the flip-flop te })W‘der averaging was carried out using the rank 131
Lebedev grid®®. \
//‘\
/ S
5 y. 2 <1 0 1 200 01 02 03

P(EID)

D/D, EID
Figure 2: Representative distributions of ZFS parameters D and E used in the
5 simulations. The D distribution is given by two Gaussians of identical width,
centred around D, and —D,, whereas the E/D distribution is given by P(g) =
2
S -~ () —2(E)". 4 Here D=1150 MHz, =300 MHZ’ (standard deviation, re-

lated to the full width at half maximum by FWHM = 2v1n40), as in the
commonly used Gd*" chelate, PyMTA".
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random
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<

Figure 3: An illustration of the various axes frames used,in thesim-
ulations and their relations, through the appropriate, Fuler angels,
with respect to the Z axis of the dipolar interactidn, Zgpol.r- Thestwo
ZFS frames have random orientations, sampled fromtHe distribution
shown in Figure 2 until convergence in the
angle powder averaging is used with respe
orientation. The A spin is the observed.spin
pumped spin. -

o
The thermal equilibrium density matrix ( se‘ﬁ.{he' itial condition) was calculated at each
orientation using the Boltzmann law: L\
\

to the @verall system
d thf&B spin is the

)

The magnetic field was 3.5 T ammperature was 10 K unless otherwise stated.

The three-pulse D exp})nent (Figure 1) was used in the simulation. The frequencies
measured in the three- and Tour-pulse DEER variants are known to be the same for S=14", the
difference being a hi r/echo intensity’” and a slightly broader excitation profile®® for the
three-puls Mthe cost of having to deal with a dead time. For a high spin, the
differente between the two techniques is unexplored.

£

Ingorde préserve all non-secular interactions, the simulations were carried out in the
la orator§) frame. The excitation was implemented by using either "ideal" pulses, for which

“the in

al Hamiltonian was neglected during the pulse, or "soft" pulses, for which this
pré(imation was not made. Transition-selective pulse operators were generated by

S eqnstructing an S, operator where only the matrix elements corresponding to the desired

TT= P
transition were nonzero, and constructing the pulse propagator to be e~'z°* or e '™* to
represent a 7/2 or m pulse, respectively. Such pulses excite or invert a given transition

perfectly — an oversimplification used to compare the behaviour of different transitions. The

8
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Publishing simulation of the more realistic soft off-resonance pulses was carried out by including the

internal Hamiltonian into the pulse propagator, computing the time-ordered propagator over

the pulse waveform period and taking a matrix logarithm to obtain the effective Hamiltoni-

an®*®!. This Hamiltonian was then applied for the duration of the pulse. The reason why ma-

trix logarithm is used to obtain the generator (instead of just multiplying the period propaga-

tor up to the desired pulse duration) has to do with numerical efﬁcizg — propagator multi-

plication method is expensive when the time interval ratio is not@. The B; value
utati

needed for the desired pulse durations was found by simulating‘\
S3).
D

Gd** spin echoes under the ideal pulse conditions aré narrow and easy to miss. They also

n experiment (Figure

shift in a hard to predict way when soft pulses_ are d. A' 2D detection was therefore
employed in the simulation — a 600 ns interval :,Q&tered-wfround the expected echo position
was computed for each pump pulse location point, Fofsoft pulse simulations, the echo was
integrated over an integration window ofithe ‘echo full width at half height (Figure 4); for
ideal pulse simulations, its maximum vﬂ%ed.

Theoretical DEER traces were pos%s&e in the following way: (1) normalized to the
maximum, (2) passed though vitzky-Golay filter to eliminate minor high frequency
wobbles resulting from no‘s{%{p Ise phases in the simulation, as well as imperfect
powder and ZFS distribution av

subtracting the mean th?ond half of the trace, (4) apodized using the Hamming window

function, (5) zer -ﬁll;d three times their original length, and (6) Fourier transformed.

ging, (3) vertically shifted to oscillate around zero by

Distance dist{ff)utio inf the spin-1/2 approximation were obtained using Tikhonov
regularizati ilbﬁ(élnalysis31 (see Figure S4 in the SI). The fits to the time and frequency
3
he

signals ac g the distance distributions were good for long distances, but not for short
ones,@ ad-time of the 3P-DEER experiment (Figures S4 and S9 in the SI).
4
-

_—

)

\ <
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Figure 4: A schematic of the 2D DEER detection described in the main tﬁ(t. a) The pulse sequence, showing
the pump pulse timing ¢ and the transient trace coordinate T #b)-Echo4intensity along the acquisition time T ver-
sus pump pulse timing ¢. ¢) Echo intensity along the acqu‘gition time at pump pulse timing =0, showing the
time points used for echo integration. d) DEER trace obtai y integrating the echo intensity and applying
Savitzky-Golay filtration and e) its FT. The dataset use 7.2 nfn, D=1150+300 MHz, observer pulses of

15/30 ns on the centre and pump pulse of 15 ns 100 l‘%
IV. RESULTS AND DISCUSSION

A. Echo-detected EPR spectra

Two commonly used Gd®" chelates, A “and DOTA5 3, were chosen for the simulations.

.
Their experimental echo-detect E.KZD—EPR) spectra are shown in Figure 5, along with
EasySpin simulations to FS values and their distributions, which were then
used for the DEER 51mulat10ns

3200 3250 3300 3350 3400 3450 3500 3550 3600
K b) DOTA

3200 3250 3300 3350 3400 3450 3500 3550 3600

. B, [mT]

S

5: EasySpin® simulations of the W-band ED-EPR spectra of the Gd*" chelates studied in this work: a)
ByMTA’, D=1150+300 MHz, linewidth=1.5 MHz; b) DOTA®, D=500+190 MHz, linewidth=0.5 MHz.

B. Ideal pulse DEER simulations
Initially we simulate Gd’>"-Gd’" DEER using ideal transition-selective pulses. These pulses

perform a perfect population inversion along selected transitions. This allows characterizing

10


http://dx.doi.org/10.1063/1.4994084

AllP

| This manuscript was accepted by J. Chem. Phys. Click here to see the version of record. |

Publishing the behaviour of various transitions. Such DEER traces were simulated for a short (2 nm) and

a medium (5 nm) distance for two different ZFS distributions. The results (Figure 6) show
that for the A dipolar case (black traces), all DEER traces produce perfect Pake patterns. As
expected, the modulation is deeper for lower mg values of the pumped transition, due to the
thermal polarization, and it does not depend on the ZFS (which of C(?SG only holds true for

ideal pulses, whose excitation efficiency is independent of the EP

W linewidth) or
distance. 3

For the A + B dipolar coupling case (red traces), the modu thI amped. The damping is
manifested in the frequency domain as a smearing of the Rake' pattern singularities. This is
more pronounced at short distances. In the setups whe the central transition is observed and
. . s s 3 . . : .
either the |-2> & |=>or the |2> o [-2> transmin_o in B is pumped, the spectra still

maintain the general form of a Pake pattern. However, irﬁjle setup where the central (|-3> <

2>) transition of spin A is observed and the{adjac (f?'? © |-3>) of the B spin is pumped,
or vice versa, the modulation in the timeW1 is‘nearly lost, as is the Pake pattern. Also

unique to these setups is the fact thatwsaﬁﬂip—ﬂop process (the B term) slightly de-

creases the modulation depth for th ‘h*og ilf nce. A long distance moderates the damping,
especially together with a large(ﬁl also prevents the reduction of modulation depth.
1ment.

This is in accordance with i results, showing that the distortions in the DEER

spectra are more severe for sélmnces2 and for chelates with a small ZFS*, and are al-

leviated by pulse setlips decCxeasing the contribution of the |—§> © |—%> transition®®. When

switching betwee@ ed and observed transitions, the behaviour is analogous (see Fig-
4

ure S5). /
N\

11
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Figure 6: Simulated DEER tracesand s\chx\fng ideal transition-selective pulses. The observer pulses were
set to excite the central transitio e'pump pulse was set to the |-7/2>«|-5/2> (top row), |-5/2>«>|-3/2>
(second row), or |-3/2>«>|-1/2> (thir"df)%‘kansitions. The energy level diagrams show the pump (grey) and
observer (blue) pulses setup.for the corsgsponding rows. »=2.0 nm (a-f) or 5.0 nm (g-1), D=500+190 or

11504300 MHz, verticall shi% clarity. The dipolar Hamiltonian consisted of either both the A + B terms

(red lines) or the A termi(b lines

The modulatio pénin
to state mixi\z % e [+, —Y2> and |4, +/2> states by the dipolar flip-flop term. This
mixing is r%nt because the only energy difference between these two states is caused by

the second o

is expected based on previous calculations™*® which attributed it

r contribution of the ZFS*"** which is quite small. Therefore, the weak cou-

pling a I{)XilPatiOIl fails: the off-diagonal flip-flop term is not negligible with respect to the
=

d ferenC}b ween the energy levels it connects, and it can efficiently mix them. This mixing
t

“ehan e energy of the observer transitions involving these states, particularly |-3>> <
11

-E,EQ excited here, so that the eight lines in the multiplet of a given observer transition are no

S longer equally spaced by the dipolar frequency’’. Since it is the spacing between these lines

which is measured in DEER, when a transition involving a mixed state is excited, the meas-
ured frequency will not be the nominal dipolar frequency wqq4, but another value, depending

on the ZFS and the particular transition and manifold involved. As the ZFS is anisotropic and

12
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Publishing displays a broad distribution, and several transitions are simultaneously excited, many differ-

ent frequencies will be measured. These frequencies interfere with each other, damping the
modulation even in the absence of a distance distribution. A similar behaviour was described
for Mn*"-Mn”" DEER™. It is noteworthy that the slight smearing of the dipolar spectrum in
the other setups indicates a residual effect of dipolar mixing, even forsthe large |mg| values.
The change in modulation depth due to the B term probably remé\&{changes in the

Since the distortions are significant only when the excite

transition probability following state mixing. 3
ﬁl ions ‘are |-3> & |-2>and
|-2> & |+3>, it may be hypothesized that the cause is the adjacehey.of the excited transitions.
_—
However, that is not actually the case: when another pair of asfa nt transitions are excited,
nfirming that this behaviour is

these strong distortions are absent (Figure S6 ingthe SI)j«co
e;s-,.o

unique to the narrow central transition. Nonet n@an still observe a smaller effect of

1
the state mixing by the flip-flop term in nearly all p e%Etups, particularly at short distances.

—

Even these results, obtained using the Veﬁmli 1ed approach of transition-selective pulses,
can show that as suspected, dipolar tat&kn&g is the cause of the artificial broadening of the
distance distribution in Gd** DEER, a»ameproduce the experimentally observed ability of
a long distance or a large ZFS oderate this. These results also indicate that not all
transitions behave the same; estion of how affected the DEER trace becomes, is

therefore the question of

C. Soft pulse DE

To study tly
simulating 3% ER using soft pulses. Such simulations allow for a more direct

comparis \@1 the éxperimental data obtained using rigid model compounds, which serves

both to'test the,simulation validity and to account for experimental observations.

£
1."Puls o/ﬁguration
havesstablished above (Figure 6) that not all transitions behave the same under dipolar

ixing. This naturally leads to the question of whether an application of pulses,

-
state
&@)ﬂizing the contribution of the lower lying transitions (|-7/2>«|-5/2>, |-5/2>«|-3/2>) at

S

the expense of the |-3/2>«»|-1/2> one, allows overcoming the problems of Gd®" DEER.

A previous work®® showed that a large frequency separation Av between the excitation

frequencies mitigates the deviations from the Pake pattern. A series of DEER traces using

13


http://dx.doi.org/10.1063/1.4994084

AllP

Publishing

| This manuscript was accepted by J. Chem. Phys. Click here to see the version of record. |

different Av values and their simulations are shown in Figure 7. The time domain traces and

the modulation depth values are shown in Figure S7, S8 respectively, in the SI. The

simulations reproduce the gradual recovery of the modulations and the Pake pattern with an

increasing Av, together with the moderation of the distance distribution broadening. These

effects are confirmed to result from dipolar state mixing, and their g?Jual reduction can be
>

explained by an increase in the contribution of the |-5/2>«>-3 nd |-7/2>-|-5/2>

transitions to the signal at the expense of the |[-3/2>«>|—1/2> tran tio@s Av increases. These
simulations are also in line with RIDME results, which showsthat“broadening due to the
dipolar flip-flop term is significanly reduced as in this ex rimmontributions of the |-
must be stated that Gd*-
RIDME, despite its ability to moderate the problems Gd3+—%E R, suffers from a problem

7/2>|-5/2>, |-5/2>«>|-3/2> transitions are substa ia,f.

of its own — the contribution of higher harmonic§ to the signal, whose manifestation in the

distance distribution may be hard to distinguishifrom @ional distances'**. A comparison
ulse 1

between excitation schemes where the pum\n et to the powder pattern center or off-
center is shown in Figure S9. A spectra dis‘w\{o is-noticeable even in the absence of dipolar

n
mixing. This is caused by the inherentKN\Mre problem of the 3P-DEER sequence (see
Figure S10, SI). Y
e

=

The simulation reproduces

e e \wge tal lineshape to a reasonable degree; considering
some uncertainty in the ZFS Mﬂ, the effect of experimental background subtraction,

and the experimental di e distribution, a perfect reproduction of the experimental data
cannot reasonably be e cted)
£
/\ /
/
- 4

U

X

=~
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Av=106 MHz Av=747 MHz
[\/\«_e&
sim, ex
A+B dipolar
sim, A dipolar sim

Av=1090 MHz

Av=363 MHz

Av=469 MHz

0 5 0 5 10 0 5 0 5 10 2 3 4 5 6
frequency [MHz] frequency [MHZz] r[nm]

Figure 7: Comparison between sim m experimental DEER spectra and distance distributions (obtained
using Deerdnalysis®") for various pulse frequency separations Av. For the setup with Av=106 MHz, the spec-
trum and distance distribufion the A dipolar coupling case are shown as a representative example. The
Ndsitions of the Pake pattern singularities. The asterisk in the Ka band spec-

mgdulations present in the experimental spectrum. Pulse setup: pump pulse on

the centre, pulse durationsShownson Table 1. 7=2.35 nm, D=500+190 MHz. Experimental data taken from®®,

The time doma?ﬁ i Figl;;é S7 in the SI.
U

Table I: Pul? rw DEER using various pulse frequency separations Av shown in Figure 7.

F 4
IMHZ | 106 | 363 | 469 | 747 | 1090 | 728 (Kaband, T=15K)
“ohgInslz | 1530 | 17.5,35 | 17.5,35 | 20,40 | 17.5, 35 6,12
pump fns] | 25 30 25 35 25 10
) |

-

2. is:" 'ffect of the Distance
rimentally, it was observed that the characteristic problems of Gd’*-DEER are
moderated by a long distance®. To check if the simulation reproduces this behaviour, Figure 8

shows a comparison between simulated and experimental’ DEER traces and spectra of

15
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Publishing PyMTA-based rulers, for a short (1.95 nm) and a medium (4.75 nm) distance. The short

distance was also measured in Q-band, in addition to W-band.

,a)

— exp

— sim, ,§+l§ dipolar /
— sim, A dipolar
0 1 2 3 4 5 6 7 -15-1.0 -05 00 05

o NS

0.00 025 050 0.75 1.00 -30 -20{10 \16"—20 30 1.5 20 25 3.0 35 40 4.5

99 i )
~
0.98 \ f\
0.00 025 050 0.7 00 %30%20 -10 0 10 20 30 1.5 20 25 3.0 35 4.0 45
t [us] 1‘\ frequency [MHz] r[nm]

N

Figure 8: Comparisén betWeen sithulated and experimental DEER traces for a) a medium (4.75 nm) and b,c) a
short (1.95 nm) distances(a) a}{d (b) were simulated for W-band, (¢) for Q-band. First column: time domain
traces. Second e0l spectra. Third column: distance distributions obtained using the spin-1/2 approx-

: DE
:Mmp pulse on the centre, tyump=15 ns, Av=90 MHz, t,,=15 ns. Q-band setup: pump
toump=28 18, Av=100 MHz, t,,=20 ns. D=1150+300 MHz. Experimental data taken from?.

N
o
o

o
©
@

normalized intensity
o
(o]
o]

L

-

o

normalized intensity

pulse on thé centr

m]

At W an}i, the_calculated modulation depth is overestimated by a factor of about 2-3
c reduo the experimental one. At Q-band, the overestimation is less pronounced. The
dipolar ﬂ??—ﬂop term slightly decreases the modulation depth, more so for the short distance.

A co ison between the results with (red lines) and without (blue lines) dipolar flip-flop
rm) shows that dipolar mixing considerably dampens the modulation, nearly abolishing it

S for the short distance, where the associated spectrum strongly deviates from a Pake pattern
and spurious peaks appear in the distance distribution. This is a consequence of the use of a

distance distribution analysis kernel designed for the weak-coupling case, which interprets

the many frequency components in the DEER trace as representing different distances. These

16
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Publishing results confirm that the weak-coupling approximation does indeed fail in Gd>" DEER at short

distances. The use of the weakly coupled spin-1/2 assumption during the distance distribution

extraction for short distances and small D values leads to a nonsensical answer. Software

packages must therefore be extended to the full spin-7/2 case before they can be used in this

context. However, this may be impractical because of the excessive computational time and

the need for an exact knowledge of the ZFS parameters and their digr:nti%s‘, which is not
ith a

always available. A more practical way would be the use of che teg/ rge ZFS or of

. . .. 2
different experimental conditions*®.

The modulation depth decreases for short distances (<2t ‘r}wdependently of dipolar
mixing (see Figure S11), which may be due to the dentral linebroadening by the dipolar
e issindependent of the distance.

interaction™. For longer distances, the modulation d
Dipolar mixing only slightly decreases the moﬁL

1ation)depth. The simulated modulation

depth values are about twice as large as the experimental-ones.

3. ZFS vs distance \\

The ultimate goal of the simulationgi\ffjnable an educated choice of experimental

parameters. An important question 1

h t
-
which distance. It has been sugéi“t,ﬁe at tags with a large ZFS are more suitable for short

distances, because the larg

(or which ZFS value) is the most suitable for

uces the distortions due to the dipolar flip-flop terms,
whereas those with a small ZFS*age suitable for long distances, where dipolar mixing poses
less of a problem, and the natrow central line offers improved sensitivity. To validate this, a

set of DEER traces‘using different distances and ZFS values was simulated.

£
The results (Q/gﬁw c&r that for » = 2.2 or 3 nm, no ZFS in the range of 500-2000 MHz
th.

could ove e dipolar mixing. Most spin-1/2 model reconstructions do not even predict

distance (those that do, may do so by a coincidence, because that happens for the

F’S). nly for » = 4 nm does the real distance appear, being slightly shifted up for D,
<{950 MHzxEven then, there is a substantial broadening, and a ghost peak that may be the
.second h;—monic of the dipolar frequency. The simulations are, however, more pessimistic

thanﬂﬂe reality: experimentally, even for 7 ~ 2 nm, the real distance can be extracted”.

S It.is noteworthy that, in the absence of the dipolar mixing, the shape of the Fourier transform

of the DEER trace is independent of ZFS (Figure S12 in the SI). This indicates that the slight

tilting of the electron spin quantization axis by the ZFS has practically no effect in DEER at

1,35,63,39

W-band, in agreement with what was found before , even in Q-bandl’lz.
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D, [MHz]

,‘_/\“ - 50

r= 2000
o N T
T s

3002 1 0 I\g. N 2 3 4
frequency yVIHz ~ r[nm]

A\

Figure 9: Dipolar spectra
DeerAnalysis for various i

imulated DEER traces and corresponding distance distributions obtained using

MHz, t,»=15 ns. The standard deviation of the D Gaussian distribution was arbitrarily chosen to be always half
the size of the avera D.}he izontal lines show the expected positions of the singularities of the Pake pat-

r=22nm *-*Eﬁé dipolar

r=3nm ~-o- A dipolar
r=4nm

terns and the dist?(;e ;

500 650 800 950 11001250 1500 2000
D [MHz]

Figure 10: Modulation depth values for the simulated DEER traces shown in Figure 9.
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Publishing The modulation depth decreases with the ZFS, as expected due to broadening of the central
transition that is pumped here. It also decreases for short distances, even without the dipolar
mixing, due to the broadening of the central transition by the dipolar coupling. Dipolar
mixing decreases the modulation depth for the shortest distance only. The width of the
distribution of D also affects both the modulation depth and the spectral lineshape (Figure
S13 in the SI). /‘\

D. Additional factors 3
The simulation predicts a more severe effect of dipolar mixing\\theﬂ istance distribution
emati

than that experimentally observed (Figure 8, Figure 9), a SQ lly overestimates the
modulation depth. One possible factor which can affect DEER ‘(;?and was not considered
is cross-excitation, that is, the ability of each excitation equebcy to excite not only the spin
it is intended for, but also the other spin, which isﬂof urse inevitable in practice. As the
excitation of both spins by both frequencies results ingnd modulation, such cross-excitation
may exclude some of the strongly coupled spin paits, which are affected the most by the

dipolar pseudosecular term, from the traee.

It is known that the application of ?pﬁmp ulse causes a decrease of the echo intensity,
probably by the formation of u%::t le multiple-quantum coherences due to an effect of
the pump pulse on transitio th rved spin'>**®. This echo reduction effect increases
with the modulation depthNerefore the optimum modulation depth value is not the
largest achievable on Tlhgect is not studied in the current work, where cross-excitation is

not included.

Another poss fact ected to decrease the experimental modulation depth is random
flips of thep ped in owing to spectral diffusion. An odd number of such flips cancels out

the effect o e pump pulse, and therefore decreases the modulation depth. Spectral diffusion

efliate jl y spin diffusion — flips with neighboring spins which are not excited in the
e perlment aused by the pseudosecular part of the dipolar interaction. As spin diffusion is
.more_effective when the frequencies of the two spins are similar®, its effect on the
modfalation depth is expected to be stronger when the narrow central transition is pumped,
and-also to be more pronounced in higher field, because the central line narrows with the high
Ee\ld47’48. Experimental results show the depth to decrease with the evolution time”®, which
can be explained by the longer evolution time allowing more time for random flips to occur.

As the simulation considers only one spin pair participating in DEER, this effect is not
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Publishing accounted for. The simulation shows no effect of the evolution time on the modulation depth

(data not shown).

Other factors missing from the simulation are the lack of phase coherence between the
different pulses of the DEER experiment on our hardware (this should have no effect for the
spin-selective pulses used here), B; inhomogeneity, and uncertai introduced by the

background subtraction. 3

Finally, in this work we did not consider the distribution in distance, which is always
present in biomolecules and originates from some intri 1c'1}exib ity of the biomolecule
combined with the flexibility of the Gd** linker to the mole e. This additional broadening

would mask some of the effects of the pseudosecular tesn on the extracted distance

distribution. C

V. CONCLUSIONS o
We have presented a numerical simulatio w ain Gd>*-Gd’" DEER, considering the
spin Hamiltonian in its entirety and ac @r soft pulses. The simulation confirms that

state mixing between the +%2 and €4 stateswof the two spins, caused by the pseudosecular
term in the dipolar Hamiltonia lead>d5mping of the dipolar modulation, and for a short
distance also to a decrease o:tx\ dulation depth. The software designed for distance
distribution extraction from s MEER data cannot therefore be used in good faith to
process Gd*" DEER #f for short distances and a small ZFS; a more sophisticated
deconvolution ke l%g for all the various processes described above is necessary to
make that possi Q:eve y an informed selection of experimental parameters, minimizing
the effects o/’a olar

broad dis nc%listri ion is detected in the region below 4 nm, a RIDME measurement or a

é mixing, is a more practical approach. Specifically, whenever a

measurementwyith a large Av should be carried out to differentiate a genuinely broad distance
distributi {1 fr;rm an artificial broadening due to the pseudosecular terms of the dipolar
=

i eractios.

-

SUPPLEMENTARY MATERIAL
¢

supplementary material for additional information regarding the methodology

S (demonstration of convergence of the DEER trace upon integration over the ZFS, a nutation

experiment simulation, example of extraction of the distance distribution) and results (the

effect of the Gd** hyperfine interaction, simulations using ideal pulses, effect of pumping on-
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Publishing vs off-center, dead-time dependent spectral distortions, modulation depth vs distance, the
effect of ZFS vs that of the distance, and the effect of the width of the ZFS distribution).
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