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Dipolar electron paramagnetic resonance (EPR) experiments, such as double electron—electron
resonance (DEER), measure distributions of nanometer-scale distances between unpaired electrons,
which provide valuable information for structural characterization of proteins and other macromolecular
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systems. We present an extension to our previously published general model based on dipolar pathways
valid for multi-dimensional dipolar EPR experiments with more than two spin-1/2 labels. We examine
the 4-pulse DEER and TRIER experiments in terms of dipolar pathways and show experimental results
confirming the theoretical predictions. This extension to the dipolar pathways model allows the analysis
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1 Introduction

Measuring distributions of nanometer-scale distances between
unpaired electrons in naturally occurring or engineered para-
magnetic systems is the primary focus of dipolar EPR
spectroscopy.”” These distributions contain valuable informa-
tion for the structural characterization of proteins and other
macromolecular systems,>* even those lacking long-range
order in a sample.’ For this reason, dipolar EPR spectroscopy
provides unique information about structurally disordered or
highly complex systems.

The most broadly applied type of dipolar EPR experiment is
double electron-electron resonance (DEER, also known as
pulsed electron double resonance, PELDOR). Since the intro-
duction of the 3-pulse DEER experiment," the 4-pulse DEER
experiment has become the most common,®® but many other
variations have been developed.®° All these experiments use a
sequence of microwave pulses to generate a spin echo and
record the echo amplitude as a function of pulse timings. From
the resulting modulated spin echo signal, the underlying spin-
spin distance distribution can be inferred, provided one has an
adequate theoretical model to describe the experimental data.

In a previous work,”! we introduced a uniform theoretical
model of dipolar EPR spectroscopy experiments on two-spin
systems based on dipolar pathways.”’*?** In general, a
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of previously challenging datasets and the extraction of multivariate distance distributions.

dipolar signal is a linear combination of oscillatory contribu-
tions from individual dipolar pathways. While single-pathway
models have found widespread application in the past, we
showed that a multi-pathway model is essential to accurately
describe certain experimental dipolar signals that are typi-
cally encountered in experiments such as 4-pulse and 5-pulse
DEER in two-spin systems.?’ Multi-spin systems, i.e. systems
with more than two spins, have been studied by DEER
spectroscopy in the past both in model compounds®*™>” and
protein systems.*®** Multi-spin systems can be used to
simultaneously infer distances between multiple pairs of
spins and help elucidate geometries that would be challen-
ging based solely on single distances obtained from two-spin
systems.

In this work, we extend our previous multi-pathway model to
multi-spin systems and multi-dimensional experiments, where
one or more time delays are shifted separately. This consider-
ably expands upon the previously published models for multi-
spin systems measured by 4-pulse DEER.”*?” The new model
can be used to extract multivariate distance distributions from
multi-spin systems and allows the analysis of complex multi-
dimensional experiments such as the triple electron resonance
(TRIER) experiment,'® which had previously remained a chal-
lenge to model and analyze.

This paper is structured as follows. In Section 2, we present
the theoretical expansion of the current dipolar pathways
model to the general multi-spin case. In Section 3, we describe
the 4-pulse DEER and TRIER experiments applied to multi-spin
systems in terms of dipolar pathways. In Section 4, we analyze a
selection of experimental 4-pulse DEER and TRIER datasets
acquired on different oligoradical and protein systems to
validate our theoretical model and predictions.
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2 Theoretical model

A specific dipolar EPR experiment is characterized by a pulse
sequence with N microwave pulses and the time intervals T,
separating them. These timings are chosen such that a spin
echo is generated at a time Ty after the N-th pulse. The index
n = (1,2,..,N) indicates a time interval. To report on the
coupling between electron spins within a molecular system, a
modulation of the spin echo is recorded by varying one or more
intervals T, simultaneously or separately. Writing the sequence
of delays as a vector T = (Ty,T5,. . .,Tx), the sequence timings of a
D-dimensional experiment are given by>"®

D
T(t) =T(t1,....1p) =To+ Y _ taDy (1)
=1

where T, is the vector of initial delays and t = (¢4,¢,,. . .,tp) are the
time coordinates that are varied during the experiment (see
Fig. 1). The unitless vectors 4, specify the incrementation
schemes of the corresponding time coordinates. The elements
of A4, indicate whether the interval T, is incremented (44, = 1),
decremented (4,4, = —1) or kept constant (4,4, = 0) along the
d-th dimension. If > 4,, = 0 for all d, then the overall length of

the pulse sequence is independent of all ¢;, thus representing a
constant-length experiment.

In a highly diluted sample, where the multi-spin-labeled
molecules or proteins in the sample are, on average, far from
each other, the spin echo amplitude V(t) is described by the
following product model as originally introduced by Milov et al.*

V(t) = Vo Vintra(t) : Vinter(t) (2)

Here, the prefactor V, is the echo amplitude if all dipolar
interactions were refocused, and Vjuu.(t) and Vipe(t) are the
echo modulations from intramolecular and intermolecular
spin-spin interactions, respectively (also referred to as fore-
ground and background). The intramolecular contribution
depends on the distribution of intramolecular spin-spin dis-
tances. The intermolecular contribution depends on the overall
spin concentration in the sample and their spatial distribution.

In the rest of this section, we derive the expression for the
modulation of the spin echo arising from an isolated multi-spin
system with fixed geometry and orientation for an arbitrary
multi-dimensional pulse sequence, and from there, the expres-
sions for Vinea(t) and Vige(t) for a disordered dilute sample.

time =——> spin echo
I~ 0=0-00 |
ty — 44, 4y, 443 Ay N1 Ay
tp — 4ps Ap, Aps Apya Apy

Fig. 1 General multi-dimensional pulse sequence. The sequence consists
of N pulses (black boxes) separated by the time intervals T,,. The spin echo
is detected after the last time interval Ty. Several time intervals can be
incremented/decremented (as indicated by the vectors 44 = (441, . .. 4qn)
according to the different experimental time axes t;. The number of
different time axes ty defines the dimensionality D of the experiment.
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We limit all our theoretical treatments to S = 1/2 spins under
weak dipolar coupling and in the high-temperature regime.***’
We assume the absence of large g-factor anisotropies,
exchange coupling,*®™* spectral diffusion,*® multi-spin multi-
quantum coherences,***> dynamical decoupling effects, and
conformer-dependent relaxation rates.*® If a sample or dipolar
EPR experiment does not satisfy these assumptions, the model
is not applicable.

38,39

2.1 Multi-spin dipolar echo modulation

We start by considering a group of M electron spins. This
system has Q = M(M — 1)/2 spin pairs (see Fig. 2) with the
corresponding dipolar frequencies

2,2
D
— @g HB —(1 — 30082 9,1) = ;73(1 - 30052 911) (3)

1
Wdipg = 3
dn hoorg ’

where 0, is the angle between the g-th interspin vector and the
applied magnetic field, r, is the g-th interspin distance and the
constant D combines the g-values of the two electrons (close to
the value of the free electron, g.), the square of the Bohr
magneton ug, the magnetic constant y, and the reduced Planck
constant Z. In addition to the dipole-dipole interaction, the
spins have resonance frequency offsets €.

For an N-pulse sequence, when starting at thermal equili-
brium (i.e. any of the 2™ states are populated) there are 4¥*!)
possible single-element transfer pathways, of which only those
ending in single-quantum coherence after the last pulse are
detectable as an FID or echo. In addition, only those lead to a
stationary spin echo whose resonance offset phase is refocused
at time Ty after the last pulse, independent of t.?* This allows
us to describe the echo modulation as a function of t solely in
terms of the dipolar phase of the individual pathways. Many of
these single-element transfer pathways result in the same
dipolar phase evolution for each of the dipolar interactions,*
and they can be collected into K distinct multi-spin dipolar
pathways. The total spin echo amplitude E is a sum of the

\ \ ~.._.. \ Sseao
i 1 ) Vo
\ \ /! Vore SN Iy
r rel rt 5 ;\\
! LT AL )
1 & 4 . -
’ "" r3
M=2 M=3 M=4
Q=1 Q=3 Q=6

Fig. 2 Schematic representation of dipolar interactions in different multi-
spin systems. The spins are shown as black arrows and all possible interspin
distances rg are shown as dashed lines for a two-spin system (M =2, Q = 1),
a three-spin system (M = 3, Q = 3), and a four-spin system (M = 4, Q = 6).
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contributions E; from all these multi-spin dipolar pathways
K K

E) =Y B = Avexp(idgpu(0) (@)
k=1 k=1

Here, ¢aipi(t) is the net dipolar phase accumulated along
pathway £, i.e. the sum of the accumulated dipolar phases over
all spin pairs g and all free-evolution intervals n,

N 0
Baip s (t) = Z Zsk.,q,n

1
" 5Wdip.g T, (1) (5)
n=1 ¢g=1

where the dipolar phase accumulation factor s, , indicates
whether the dipolar phase due to spin pair g increases (+1),
remains constant (0), or decreases (—1) during interval n for
pathway k. The complex-valued dipolar pathway amplitude
Ay is the product of the transfer amplitudes of the individual
single-element transfer pathways contained in dipolar pathway
k. Pathway amplitudes are determined by the configuration of
the individual pulses such as pulse length, shape, phase and
microwave power.”*”*® As in our previous work, we use the
scaling convention Y 4| = 1.

To separate the structure of the spin system from the details
of the pulse sequence, we rewrite eqn (5) as

0
Paips (1) =Y Daip g taip k.4 (©) (6)
q=1

where tgip, 1 4(t) is the D-dimensional vector of effective dipolar
evolution times of spin pair g for dipolar pathway k given by

1 1
taip kg (£) = ) Z SkgnTn(t) = FSka T(t) ?)
n=1

The vectors s, collect the sequence of s;,, for a given
pathway and spin pair, constituting a pair dipolar pathway.
This is illustrated in Fig. 3 for a three-spin system. The set of all

— {1 —

Tan Tnfl I Tn I Tn+1 I Tn+2
N

‘ Cgk ’
Fig. 3 Schematic representation of a multi-spin dipolar pathway, exem-
plified in a three-spin system. During a sequence of pulses (shown as black
boxes) and time intervals T,, a multi-spin dipolar pathway with multi-spin
dipolar phase accumulation factors Sy is composed of Q pair dipolar phase
accumulation factors s, 4 (shown as white lines) that describe whether the
dipolar phase corresponding to the g-th dipolar interaction frequency
Wgip.q iNCreases (+1), decreases (—1), or remains constant (0). Each pair
dipolar pathway is colored as its corresponding dipolar interaction.
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pair dipolar accumulation factors s, for a given k gives the
multi-spin dipolar accumulation factors Sy.

We now consider the modulation of a single dipolar pathway
echo contribution E(¢) along an arbitrary dimension d. A dipolar
pathway echo contribution Eit) is modulated along the time
coordinate t; with respect to pair g only if Zgiprgqq(t) is not
constant. If Zqipxq4(t) is constant for all g, the whole pathway
contribution Eit) will be constant along dimension d. If the
contribution is modulated, the spins along a pair dipolar pathway
refocus at a time when the associated dipolar phase is zero, or,
equivalently, when the effective dipolar evolution time is zero
(taipg(t) = 0). Thus, each modulated pair dipolar pathway has a
characteristic D-dimensional refocusing time point ter, with
elements given by

Sk,q TO

®)

t =-
ref k,q.d Sk,q . Ad
where the dipolar phase of the pathway is zero and its contri-
bution to the total echo amplitude is at its largest.

With eqn (1) and (7), the above equation gives

taip kg (t) = Brg © (€ = trerig) 9
where denotes the Hadamard (element-wise) product and the
D-dimensional prefactor vector d; 4 has elements

(10)

Okgd = %Sk,q - Aq
which characterize whether the contribution from spin pair g
for pathway k is modulated (Jy, 4.« # 0) or unmodulated (J 4.« =
0) along the d-th time dimension. The magnitude of the
prefactor also characterizes whether the pathway evolves as a
harmonic (|dzqq4| > 1), subharmonic (|0x 44| < 1), or equal
(|0k,g,al = 1) of the d-th experimental time vector ¢,. Finally, we
rewrite the total echo amplitude as

K Qo
E(t) = Z Ay exp (1 Z Wdip qtdip kg (t)>
k= =1

The full set of multi-spin pathways contains pairs k and &’ with
opposite-sign phase accumulation factors Sy = (s¢1,...,S0)
and Sk/ = (7Sk71, P
of opposite sign g, i (t) = —Pgpi(t) and, in the high-
temperature limit, they present the same amplitude A, = A.
This results in their echo contributions Ei(t) and Ej (t) being
complex-conjugate, leading to an echo that is composed purely
by real-valued contributions

0
E(t) =) 24y cos (Z wdip,qtdip«,k«,q(t)>
k=1 q=1

where k now runs over the subset of multi-spin dipolar path-
ways pairs. For simplicity, from now on we will refer to the
combination of §; and —S as just Sk.

Now, if all spins in the system have the same spectral

(11)

,—Sk,0)- They accumulate a dipolar phase

(12)

distribution (a common situation, e.g., when all paramagnetic
centers are nitroxides) then any of the spins is affected by a
given pulse in the sequence with the same probability. As a
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consequence, all multi-spin dipolar pathways that are related
by permutations of spin pairs have identical amplitude. This
assumption allows us to account for fewer dipolar pathway
amplitudes, considerably reducing the complexity of the model.
For multi-spin systems consisting of different spin species
(e.g., a combination of nitroxide and trityl radicals), this
approximation may not be valid and the full set of dipolar
pathways must be considered separately. Likewise, if the sites
have strongly different labelling efficiencies, the approximation
becomes invalid.

The model derived thus far is exact within our set of
assumptions, yet its complexity is cumbersome for an intuitive
interpretation or for its practical application. Furthermore, the
number of detectable and modulated dipolar pathways
increases significantly for each additional spin in a molecule
and for each pulse in an experiment.

To simplify the model, we re-organize the multi-spin dipolar
pathways based on their modulation of the spin echo. All multi-
spin pathways with the same modulated (|64 > 0) pair
dipolar pathways but different unmodulated (|d 44| = 0) pair
dipolar pathways will make the same contribution to the echo
modulation. We can combine them into what we call a set of
unique multi-spin dipolar pathways with multi-spin accumula-

tion factors Sk, which consist of combinations of modulated
pair dipolar pathways and a single unmodulated pathway that
combines all unmodulated pair dipolar pathways. The ampli-
tudes of these unique multi-spin pathways are given by the sum
of the amplitudes of the multi-spin pathways described by it.
This is illustrated in Fig. 4 for a three-spin system, where five
different multi-spin dipolar pathways (@ to (5) with identical
modulated pair dipolar pathways and different unmodulated
pair dipolar pathways can be combined into a unique multi-
spin dipolar pathway S; with amplitude A; = A; + - -- + As.
This description provides us with an opportunity to simplify
the model even further. The set of unique multi-spin dipolar
pathways can be constructed from a generic unmodulated pair
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dipolar pathway and a significantly reduced set of modulated
pair dipolar pathways s, = (sp,1,...,Spn) and —s, (see Fig. 4).
Each of these pair dipolar pathways will have an associated
refocusing time trerp, = (tretp,1)- - otrefp,n)y and factor o, =
(0p,15- - +9p,p)- The pair dipolar pathways in a multi-spin system
for a given pulse sequence consist at least of the modulated
pathways found in a two-spin system for that pulse sequence.
Each unique modulated multi-spin dipolar pathway can in turn
can be constructed by combination of Q" < Q modulated pair
dipolar pathways. This also significantly simplifies the ampli-
tudes of the unique multi-spin dipolar pathways. The ampli-
tude of unique multi-spin pathway k composed of Q’
modulated pair dipolar pathways can be well-approximately
re-parameterized in terms of the amplitudes /, associated with
the corresponding pair dipolar pathway and the amplitude 4,
associated with the unmodulated pair dipolar pathway

Q(
A (Q =N ] % (13)
V4

This approximation assumes the amplitude of a pair dipolar
pathway to be independent of any other pairs in the system.
This is again illustrated in Fig. 4 for three-pulse DEER on a
three-spin system, where we can see that the accumulation

factors S; ... Sy of the unique multi-spin pathways () to &) can
be fully constructed from one unmodulated pair dipolar path-
way and two modulated pair dipolar pathways’ accumulation
factors s; and s,.

The formalism above has two important consequences.
First, it allows us to describe the dipolar signals just in terms
of the subset of pair dipolar pathways with accumulation
factors s, instead of the (significantly larger) full set of multi-
spin pathways with accumulation factors Si. Second, due to the
normalization of the pathway amplitudes and the permutation
of the multi-spin pathways it follows that all |1,| < 1/QL
Therefore, the amplitude of a multi-spin pathway A, decreases

" e 7
( Multi-spin dipolar pathways N B Unique multi-spin dipolar pathways B
Ay A, A A2 A, A;%20, 1 A= A5 0, A=A 51,
Unique pair interaction
= = = i = = =il aril =il -1, +1, +1 +1,-1,+1 +1,-1, +1
Uy et =1 el =0 LN ( ) { ) ( ) { ) dipolar pathways
(-1,+1, +1) S (-1, +1, +1) JA (-1, +1, +1) JER (-1, +1. +1) (-1, +1, -1) (-1, +1, +1) A
(0,0,0) (=i, =il =il) ([, il =) _ _ _ _ SN (-1, +1, 1) § (+1, -1, +1) il
5 8 8 S & S S Y A,
A = 2 ~ 5 ~ ) . o o M
2 As~2M, ] A= A3, Az AT, Ag= A3, Y (-1, +1, +1) [ (+1, -1, -1) &&A
) (-1, +1, -1) i) il Erad A,
(=0, i, i) (-1, +1, +1) (-1,+1,-1) (S
(+1, +1, +1) J
S = e = -
\ > ) TES— /& & &

Fig. 4 Schematic representation of the sequential simplification of the multi-spin dipolar pathways models. An example subset of five different multi-
spin dipolar pathways with multi-spin accumulation factors Sk for the one-dimensional three-pulse DEER experiment on a three-spin system is shown as
boxes containing the individual modulated (|6,| > 0, colored) and unmodulated (|6,| = 0, grey) pair dipolar pathways sy 4, which can be collected into a

unique multi-spin dipolar pathway 1 with multi-spin accumulation factors S; where all unmodulated pair pathways are represented by a generic pair
dipolar pathway. Other sets of multi-spin dipolar pathways can be collected into unique multi-spin dipolar pathways 2 to 8 with accumulation factors

S, ... 8s. The set of eight different unique multi-spin dipolar pathways can be described by one unmodulated pathway (grey) and two unique pair dipolar
pathways with pair accumulation factors s; (turquoise) and s, (magenta). The amplitudes of the different pathways are given on top of each box.
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quickly with the number Q' of modulated pair dipolar pathways
contained in it. The presence of three or more modulated pair
dipolar pathways results in negligible amplitudes. Therefore,
any multi-spin system can be approximately described by just
its two-spin and three-spin interactions (i.e. Q' < 3) without
relevant loss of accuracy. In this decisive simplification, we can
thus approximate the multi-spin echo modulation as

LI H T

P Q0
+D > (Q = 2)hudply [cos(@aipgtaipy + Daip g taipr)
P<r q#q

Coq =1

—1 'Au A COS(CUdlp qtdlpp)

+ o8 (dip,gtdip,p — Ddip.q'tip,)]
(14)

where E, collects the constant echo amplitude contributed by
all unmodulated dipolar pathways, the first term describes the
two-spin contributions, and the second term the three-spin
contributions to the echo modulation. The two terms of the
three-spin contributions represent the different combinations
of pathways with s, and —s,, respectively, which have identical
amplitudes (see Fig. 4) within our approximation. In both
terms, the first sum accounts for all combinations of Q' pair
dipolar pathways, and the second sum accounts for the permu-
tation symmetry of the spin system. Note that for the three-spin
contributions we only need to sum over the cases where the g-th
and g¢’-th interspin vectors are joined by a common spin
(cqg =1). If they are disjointed (c,y =0) they will not con-
tribute to the signal. The expression above can be further
simplified to

P Q
EO*ZZ 0 — 1)l 2, cos (@aip.gtipp )
7 q

P

0
+ Z E 2(Q - 2) !/‘Lu/lp/lp/ cos (wdip,qtdip,p) cos (wdipq’tdip,p’)
<y q#q

Caq =1

(15)

This approximate model represents a significant extension to
the similar model previously published by Jeschke et al.>® Also
note that this definition of the term three-spin contributions is
broader than the one used by Pribitzer et al,"” where it was
used for signal contributions modulated by two dipolar fre-
quencies along a single dimension.

2.2 Intramolecular contributions

To obtain an expression for the intramolecular contribution
Vintra(t) in a disordered sample, such as a frozen solution, we
average the echo amplitude E(t) over the uniform orientational
distribution of the spin cluster. If the molecule’s conformations
are distributed, we additionally average over the conforma-
tional distribution. Different choices of internal coordinates
are possible to represent conformations. Here, we use the set of
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inter-spin distances r = (ry,...,rg), which forms a set of non-
redundant internal coordinates for M < 4 (for larger systems,
or in the presence of symmetry, other representations are more
efficient). The conformational distribution is described by the
Q-variate distance distribution P(r), which is only defined over
the region of r that fulfills the generalized triangle inequality

r,,ngu for v=1,...,0 (16)

u#v

Together, the orientational and conformational averaging is

Vintra(t) = JdrP(r)JJd cos 0dpE(t) 17)
where 0 and ¢ describe the orientation of the spin cluster.
Inserting E(t) from eqn (15) into this gives

mtra NAO + Z Z - 1 12 2; J drqPq(rq)K(?)(tdipJ'? rl{)

+Z Z (0 —2)1u, z,,J dqu drquO dry

<y q#q
(.fllI,:l

- (3) -
X Pyggr(rg g 1) Ko™ (taipps ip Tas T s Tgr)

(18)

where A, is the unmodulated contribution that results from
integration of E,, r, is the distance of the interspin vector that
forms a joint triangle with the g-th and ¢’-th interspin vectors,
and Py(r,) and Py, (ry, 7y, 17,) are the univariate and trivariate
marginal distance distributions

Py(ry) = J J Hdl, (19)
i#q
Pl[l]’([” (l‘q7 }"q/7 )’q//) = IO J H dl, (20)

i#q.q 4"

The two-spin dipolar kernel in eqn (18) is given by

1 21 T
Kéz) (tdipp>Tq) = %Jo dgoJOqu sin 0, cos({,,(1 =3 cos? 04))
(21)

where {,, = Dtgpp,/r;. This can be evaluated analytically®'

to give

1 .
[FC (ZM) cos(pq + Fs (Zp,q) sin Cpx/]
P

2
K§? (taipps ) = (22)
where z,, = ,/6(,,/n and Fc and Fs are the cosine and sine
Fresnel integral functions, respectively. The three-spin dipolar
kernel in eqn (18) is given by***"*°

2n g
3 1 .
Ké )(tdip,m Caip > Tg, T s I’qH) = 7[ d(pj dgq sin 0,1
To Jo (23)

x c08({,4(1 — 3cos 0,)) cos({y (1 — 3cos 0,))
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where

cos By = sin y,, cos ¢ sin 0, + cos y,, cos 0, (24)
and y,, is the angle between the interspin vectors of the g'-th
and g-th spin pair, given by the law of cosines

rq2 + rqlz — rquz)

25
2l‘ql"q/ ( )

Log = arccos(
The three-spin dipolar kernel has no closed-form solution and
must be evaluated numerically.

It is important to note that while the two-spin intramolecular
contributions depend solely on the individual univariate marginal
distance distributions, the three-spin contributions depend on
the trivariate distance distributions, which encode the correlation
information between triads of interspin distances. These correla-
tions provide a new layer of valuable information for the structural
characterization of the molecular systems under study.

2.3 Intermolecular contributions

To derive an expression for the echo modulation Vi, due to
intermolecular dipolar interactions we must consider the full
system with N spins residing in different spin clusters.
We assume a random uniform distribution of spin clusters in
the sample'*° and disregard any volume exclusion effects.”
Under a high dilution of the spin clusters we can reduce the
problem to pair interactions between spins and neglect any
multi-spin intermolecular interactions between the spins resid-
ing in different spin clusters. The total echo arising from these
interactions is the product over the individual pair contribu-
tions to the echo

N

Ey(t) = HEb(t)

b=1

(26)

where the index b runs over all spins residing in other spin
clusters. The total intermolecular contribution can be com-
puted by averaging over all possible orientations and config-
urations of the spins in other molecules in space. The averaging
situation is analogous to the two-spin case for which we already
provided a detailed derivation in ref. 21. Inserting E(t) from
eqn (15) into the expression above gives

P Q
Viner (1) = Vinero() [ [ [ [ exp(—res(@ = D142 |taip. )
P q

P 0
X H H eXp(fKCSZ(Q — 2)!;uu/{p/ALp/|tdip_’p + tdipﬁp’D
p<p’ q#q
(“M/:l

(27)

where c is the spin concentration, x = 8n2/(9/3)D, and Vinter,0
is a constant scaling factor that can be merged into V,. The
intermolecular contribution is thus a product of all the expo-
nential decays arising from each two-spin and three-spin
interaction in the system. The different refocusing times of
the individual dipolar pathways can result in kinks of the total
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intermolecular contribution, which were already observed and
studied in our previous work.*!

3 Specific experiments

In this section, we discuss the 4-pulse DEER and TRIER experi-
ments in terms of their pair dipolar pathways to understand the
different possible contributions to their respective dipolar
signals. In the ESI,f we provide a general script to compute
all possible modulated dipolar pathways contributing to the
dipolar signal (within the assumptions of this work) for arbi-
trary pulse sequences and multi-spin systems.

3.1 4-Pulse DEER

The 4-pulse DEER experiment is the most common dipolar EPR
experiment, it is one-dimensional (t = ¢), and its dipolar path-
ways in two-spin systems have been discussed extensively.>'>*
Dipolar signals acquired by this experiment for multi-spin
systems are composed of contributions from different multi-
spin pathways that can be constructed from the four unique
pair dipolar pathways (D) to (4 summarized in Fig. 5. The main
contribution (1) refocuses at ¢ = t; and the contributions 2) and
® refocus at the edges of the accessible time range. (2) is often

referred to as the “2+1” contribution.**®

I Tl Itl T1+T2_t I TZ
S

A S, Leetp
p (Sp,1r-r Spa) (6,) (Lretp)
o (-1,+1,-1,+1) (1) (7q)
9 (-1,+1,-1,-1) (1) (1,+71,)
9 (-1,-1,+1,-1) (1) (0)
O (-1,-1,+1,+41) (1) (1)

T1+ T,

Fig. 5 Pair dipolar pathways of the multi-spin 4-pulse DEER experiment.
The 4-pulse DEER pulse sequence is shown on top, with every probe pulse
represented as a black box and the pump pulse as a green box. The table
contains a subset of the most commonly encountered pair dipolar path-
ways s, along with their harmonics d, and refocusing times tietp. The
pathways are ordered in decreasing estimated amplitude for commonly
reported experimental conditions. The refocusing times are illustrated as
dashed turquoise lines on top of a schematic 4-pulse DEER dipolar signal
shown as a black line.
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In the absence of any pulse excitation overlap and using -
pulses of high inversion efficiency, the 4-pulse DEER signal
consists of just pathway (D. In the presence of excitation
overlap, pathways @ to (@ become significant.>'

In terms of three-spin contributions, we can expect non-
negligible contributions from pathways where one or two
dipolar interactions evolve according to pair pathway (1. Since
the 4-pulse DEER is set up such that (D has the largest
amplitude, its three-spin counterpart will also have a signifi-
cant amplitude. For this same reason, we can expect very small
or negligible amplitude from three-spin contributions arising
from combinations of other pathways such as @ or 3). How-
ever, if their amplitude becomes significant due to considerable
pulse excitation overlap or broadband or shaped pulses, their
three-spin contributions can also become non-negligible. For
example, the four-pulse version of the nDEER experiment,'!
which uses such broadband pulses and records (2) as its main
contribution, would have a significant three-spin contribution
from pathways where two dipolar interactions evolve according
to (2 instead of (@.

3.2 TRIER

The triple electron resonance (TRIER) experiment is a two-dimen-
sional form of a six-pulse DEER experiment where the two pump
pulses are shifted according to t = (t,t,) (see Fig. 6)."> The
experiment was originally designed for the study of frequency-
domain correlations between the different dipolar frequencies in a
multi-spin system. Its complexity is reflected in the large number of
multi-spin pathways that can contribute to its signal. The different
multi-spin pathways that can be constructed from the 24 pair
pathways are summarized in Fig. 6 ordered by decreasing expected
amplitude based on typical experimental conditions.

View Article Online
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The TRIER experiment aims to record the contributions
arising from the ¢;-modulated pathway (D refocusing at t; =
7, and the ¢,-modulated pathway (2) refocusing at ¢, = t3. The
TRIER model proposed originally'®>> contained both the two-
spin contributions (modulated along each time dimension) as
well the three-spin contributions (modulated along both
dimensions) arising from pathways (1) and (2). Under typical
experimental conditions, both pathways will provide the largest
contributions to the TRIER signal. Thus, we can expect the
most intensive signal at a time t = (z4, 73).

In addition, the TRIER signal can easily present contribu-
tions from pathways where one of the probe pulses fails to
invert the dipolar phase (due to insufficient inversion efficiency
or pulse excitation bandwidth overlap). This happens due to
imperfections of the fourth pulse in pathways @) and @), of the
last pulse in pathways 5 and (®), or of the second pulse in (7)
and (8. Pathways (3 and (@ refocus att; =1, + 13 and ¢, = 71 + T,
respectively, at the edges of the measurable signal, analogous to
the (® contribution in the 4-pulse DEER experiment. Pathways
® and () refocus at ¢; = 0 and ¢, = 0, respectively, at the very
beginning of the experimental signal, again analogous to the @
pathway of the 4-pulse DEER experiment. If the same pulse
configuration is used for all probe pulses, one can expect all
these additional pathways to contribute with essentially the
same amplitude.

Similarly, if the inversion efficiency of the probe pulses is not
perfect, pathways where two probe pulses fail to invert the dipolar
phase can have non-negligible amplitudes. Pathways (9), and
occur due to the second and fourth, pathways @1 and @2 due to the
fourth and last, pathways @3 and due to the second and last
pulses failing to invert the dipolar phase. Similarly, pathways @5

and (19 arise from the failure of all three probe pulses.

—

I T Itll T1+T,-1 I T,+T3- L, Itzl T3
Sy 6,

P beeip Sp 6p Leesp
o P (Sp s Spg) (81, 6p2) (Eretp, 1/ Lregp,2) p (Sparr Spe) (815 8p2)  (bretp iy tretp2)
E, o (-1,+1,-1,+1,+1,-1) (1,0) {r=d e (-1,+1,+1,-1,+1,-1) (0,1) (- 13)
© (-1+1-1,-1,-1,+1) (1,0) (11+75,-) O (-1+1+1,+1,-1,+1) (0,1) (- o+ 13)
= 9 (-1,+1,-1,+1,+1,+1) (1,0) {ri=1;5-) 6 (-1,+41,+1,-1,+1,+1) (0,1) (-0)
@ (-1-1+1,-1,-1,+1) (1,0) (0,-) O (-1-1,-1,+1,-1+1) (0,1) (~13-71)
e (-1,-1,+1,+1,+1,-1) (1,0) (75,-) @ (-1,-1,-1,-1,+1,-1) (0,1) (- T+ T +T3)
@ (-1,+1,-1,-1,-1,-1) (L,0) (T, +Tp+T3,-) @ (-1+1,+1,+1,-1,-1) (0,1) (- 12)
@® (-1,-1+1,-1,-1,-1) (1,0) (-73,-) @ (-1-1-1+1-1,-1) (0,1) (- -11)
= @ (-1,-1,+1,+1,+1,+1) (1,0) (1,+13,-) @ (-1,-1,-1,-1,+1,+1) (0,1) (-, 71+73)
o ® (-1+1,-1+1,-1+1) (1,1) (1= T35, 73-14) @ (-1-1+1-1+1,-1) (1,1) (-5,73)
@ (1+1,-1-1+1-1) (L) (1 + 7+ 75, T+ T+ 73) @) (-1+1,-1+1,-1,-1) (1,1) (14,-11)
: A (-1-1,+1,+1,-1+1) (1,1) (T4 T3, To+ T3) @D (-1-1+1,-1+1,+1) (L,1) (0,0)
0 T3 T, T+T3 tr @ (-1+1,-1,-1,+141) (1,1) (T1+ Ty, T+ Ty) @ (-1-1+1+1,-1,-1) (1,1) (75,7,)

Fig. 6 Pair dipolar pathways of the multi-spin TRIER experiment. The TRIER pulse sequence is shown on top, every probe pulse represented as a black
box, the t;-shifted pump pulse as a green box, and the t,-shifted pump pulse as a red box. The table lists all possible pair dipolar pathways s, along with
their harmonics 0, and refocusing times t..r, modulated along t; (green), t, (red), and both (black). The pathways are ordered in decreasing estimated
amplitude for commonly reported experimental conditions. In the left panel, the refocusing times of the one-dimensional modulated contributions are
illustrated as dashed green and red lines, and the two-dimensional modulated contributions as black circles on top of a schematic TRIER dipolar signal

shown as greyscale contours.
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All these pathways are modulated either along ¢; or ¢,. This
is a consequence of the three-frequency nature of the experi-
ment. The use of different frequencies for the two pump pulses
results in higher amplitudes for those pathways where one
pump pulse inverts the dipolar evolution and the other one
does not, as in pathways D to @9. In contrast, pathways @9 to
@e correspond to those cases where both pump pulses invert
the dipolar phase evolution resulting in contributions that are
modulated along both dimensions.

Another important detail is that, depending on the choice of
pulse delays, the refocusing times of some dipolar pathways,
e.g, ®, @0 to @, and @) to ¢) can fall outside the accessible
range of ¢t; and ¢, (from ¢ = 0 to 7, + 73 and ¢; = 0 to 74 + 73).
It is important that their amplitudes are minimized to ensure
that their contributions are negligible. Otherwise, it can pose
a serious challenge to identify their presence and analyze
the data.

In terms of three-spin contributions, we can expect non-
negligible contributions from pathways where one or two
dipolar interactions evolve according to a combination of pair
pathways (D and 2. Since the TRIER experiment is set up such
that @ and @ have the largest amplitudes, their one-dimen-
sional modulated three-spin counterparts as well as the two-
dimensional modulated three-spin contribution, where one
dipolar interaction evolves according to (D) and the other along
@, will also have a significant amplitude. For this same reason,
we can expect very small or negligible amplitude from three-
spin contributions arising from combinations of other path-
ways. However, if their amplitude becomes significant due to
large pulse excitation overlap other three-spin contributions
can also become non-negligible.

4 Experimental demonstration

To validate our theoretical model and demonstrate its utility,
we analyzed a series of experiments on a variety of rigid
oligo(p-phenyleneethynylene) (oligoPPE) tri- and tetraradicals,
as well as a triply labeled protein. All datasets were analyzed
using the open-source DeerLab v0.14.3 package® with Python
3.8. The experimental details, as well as all experimental
datasets and the corresponding analysis scripts, are provided
in the ESL¥

One of the most challenging aspects of the analysis of
dipolar signals arising from multi-spin systems is the proper
modeling of the multivariate distance distribution P(r).
In contrast to the two-spin scenario, where the distance dis-
tribution is defined over a one-dimensional distance domain,
for a multi-spin system it is defined over a Q-dimensional
distance domain. The dimensionality makes non-parametric
modeling of the distribution unfeasible, requiring a parametric
model for its analysis. For our analyses, based on our choice of
molecular systems, we use a Q-variate Gaussian distribution

P(r) = Wexp (f%(r -0z (- f)) (28)
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with a covariance matrix X~ parameterized by its Cholesky

decomposition
iy 0 0 0
by fn 0 0
bl U 0
> =LL" with L = (29)
tor Lor Lo foo

The standard deviations ¢, and correlation coefficients p,, are
related to £,y via

q—1

bo + Dl (30)
u=1

O'q:

q-1
Laglyq + 2 Lol
u=1

0404

(31)

Peg =

The distribution is parameterized by the mean-distance vector
= {f,...,7o}, and the set of matrix elements ¢,,. The parame-
trization in terms of /,, ensures the positive definiteness of the
covariance matrix, a necessary condition for P(r) to be a well-
defined probability density function. Additionally, all elements
of P(r) not fulfilling the generalized triangle condition in
eqn (16) are set to zero. Due to this condition, the final shape
of the distance distribution no longer necessarily corresponds
exactly to a multivariate Gaussian distribution. Due to the large
parameter space, we expect a significant risk that the optimiza-
tion of the model parameters ends up in a local minimum. In
order to ensure the global minimum is found, it is recom-
mended the use of global-optimization algorithms (such as
multi-start optimization®>*) or the use of prior information
(e.g., the mean inter-spin distances) to obtain a reasonable
guess of the model start values. In our case, we estimated the
parameter optimization start values based on information
provided by structural simulations (see below). Nevertheless,
we want to note that even without prior knowledge of a system’s
structure, the same global minimum will exist, the only differ-
ence being that the task of finding it will be computationally
costlier. Another challenging aspect is the evaluation of the
three-spin dipolar kernel in eqn (23). A full numerical evalua-
tion is unfeasible, particularly for two-dimensional experiments
such as TRIER. To efficiently evaluate the spherical integrals
in eqn (23), we employ the SOPHE grid.>>™’ The distance
averaging in eqn (18) over the three-spin contributions was
performed by repeated random sampling from the trivariate
marginal distance distributions. The two-spin contributions are
computed via the analytical solutions of the dipolar kernel in
eqn (22) and via numerical evaluation over the univariate
marginal distance distributions.
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To estimate the ground truth multivariate distance distribu-
tions of the different multi-spin systems, we performed a series
of structural simulations. For the oligoPPE radicals we per-
formed simulations based on the harmonic-segmented-chains
(HSC) model,*®°® which was tested in the past for such shape-
persistent oligomers in the context of combined DEER and
fluorescence resonance energy transfer (FRET) measure-
ments.®® For the proteins, we simulated the multivariate dis-
tance distribution based on the protein structure using
MMMx.°" All HSC and MMMx simulation scripts are provided
in the ESI,T as well.

4.1 4-Pulse DEER

We first analyzed the X-band 4-pulse DEER data from two
solutions of different rigid oligoPPE triradicals in dOTP mea-
sured and previously published in the dissertation of von
Hagens.®® For each system, several 4-pulse DEER traces were
recorded using varying pump pulse powers, resulting in different
relative amplitudes of the two-spin and three-spin contributions.
The first oligoPPE system (T111) has three nitroxide-terminated
chains of equal length, each with a terminal nitroxide radical.
The second oligoPPE system (T011) has two chains of equal
length and one that is shorter. We fitted the datasets using the
model given in eqn (18), taking into account the pair dipolar

- Experiment
== Model fit

—— Two-spin contributions
—— Three-spin contributions

View Article Online
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pathway (D only. Due to the orientation selectivity typically
encountered in such systems, the high signal-to-noise ratio of
the data, and our inability to accurately model the orientation
weights, we included a stretch factor in the exponential func-
tion in eqn (27) as an additional fit parameter to accommodate
slight deviations from an exponential decay. All the datasets
were fitted globally, with a global trivariate distance distribu-
tion and background parameters. The refocusing times of the
dipolar pathways were computed from the theoretical values
based on the experimental pulse delays.

Global analysis results in an accurate description of all
datasets by the model as seen in Fig. 7 for T111 and in Fig. 8
for T011. All experimental signals are accurately described by
the global models for both the T111 and T011 datasets. Thanks
to the relatively high number of high-quality datasets with
varying fractions of the two-spin and three-spin contributions,
the uncertainty of the results are small (see Tables S3 and S4
in the ESIt). With decreasing power (increasing attenuation)
of the pump pulse power, the relative amplitude of the three-
spin contributions decreases. In general, the contributions
from three-spin interactions are non-negligible and signifi-
cantly contribute to the overall signal. Even at lower powers
(=7 dB attenuation) the amplitude of the three-spin contribu-
tions is still non-negligible despite its considerably reduced
amplitude.

_

HSC simulation
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Fig. 7 Global analysis with DeerLab of a series of X-band 4-pulse DEER of oligoPPE triradical T111 (top right) acquired with 7, = 0.4 ps and 1, = 6 ps, and
different levels of microwave power attenuation. The experimental datasets are shown in the left panel as grey dots, along with the model fits and
unmodulated contributions shown as solid and dashed blue lines, respectively. The contributions from two-spin interactions are shown as turquoise
lines, and the contributions arising from three-spin interactions are shown as red lines. For clarity, only the first 3 pus out of the 6.4 ps of the recorded trace
are shown (the full traces are shown in Fig. S1in the ESIt). The right panel shows a globally fitted trivariate distance distribution. The univariate marginal
distributions are shown as filled areas, and the bivariate marginal distributions are shown as colored contours. The fitted distribution is shown in blue, and
the HSC simulation is shown in grey.
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Fig. 8 Global analysis with DeerLab of a series of X-band 4-pulse DEER of oligoPPE triradical TO11 (top right) acquired with 7y = 0.4 ps and 7, = 12 ps, and
different levels of microwave power attenuation. The experimental datasets are shown in the left panel as grey dots, along with the model fits and
unmodulated contributions shown as solid and dashed blue lines, respectively. The contributions from two-spin interactions are shown as turquoise
lines, and the contributions arising from three-spin interactions are shown as red lines. For clarity, only the first 3 ps out of the 12.1 us of the recorded
trace are shown (the full traces are shown in Fig. S2 in the ESIt). The right panel shows a globally fitted trivariate distance distribution. The univariate
marginal distributions are shown as filled areas, and the bivariate marginal distributions are shown as colored contours. The fitted distribution is shown in

blue, and the HSC simulation is shown in grey.

The globally fitted distance distribution is in good agree-
ment with the HSC simulations for the T111 system and in
reasonable agreement for the T011 systems, with some discre-
pancies visible in the width of the univariate marginal distribu-
tions and a slight overestimate of the shorter distance in T011.
These can be caused by minor orientation selection effects,
limited accuracy of the bending parameters of the HSC model
at the central ring, and the presence of a certain degree of
skewness in the HSC simulated distribution not captured by a
Gaussian distribution.

Next, we analyzed the Q-band 4-pulse DEER data from a
triple MTSL-labeled RNA polymerase protein complex (Rpo47)
of Rpo4 (C36R1, G63R1) and Rpo7 (K123R1) measured and
previously published in the dissertation of Ritsch.®® Again,
several 4-pulse DEER traces were recorded using varying pump
pulse powers, resulting in different relative amplitudes of the
two-spin and three-spin contributions. We fitted the dipolar
signals using the same model as with the oligoPPE radicals.
All datasets were globally fitted with a trivariate distance
distribution and the three-dimensional homogeneous back-
ground in eqn (27). Again, the global analysis results in an
accurate fit of all datasets by the model as shown in Fig. 9,
where we can again see that the model globally fits all datasets
accurately. As expected from visual inspection, the analysis con-
firms the non-negligible two-spin contribution from pathways

22654 | Phys. Chem. Chem. Phys., 2022, 24, 22645-22660

® and ® at the edges of the signal. However, the three-spin
contributions related to those pathways have negligible contribu-
tions. As in the previous examples, the total three-spin contribu-
tion in all cases is non-negligible and represents a significant part
of the dipolar signal, particularly at early times. The fitted
trivariate distance distribution agrees reasonably well with the
MMMx simulations, with some minor discrepancies between the
widths of the fitted distribution and those of the simulation.
These discrepancies can be attributed to the higher noise levels in
the datasets and to the limitations of the multivariate Gaussian
model to accurately describe the distance distribution.

To examine a system with more than three spins, we
analyzed another power series of X-band 4-pulse DEER mea-
surements previously published by von Hagens® on an oli-
goPPE tetraradical in dOTP consisting of four equal polymer
branches first published by Schiemann et al.>® The presence
of four spins requires a hexavariate distance distribution.
As discussed above, we only need to account for two- and
three-spin contributions and can safely neglect any four-spin
contributions. We employed the same model for the dipolar
signal as with the oligoPPE triradicals. Based on the rigidity of
the system, to stabilize and make the analysis more computa-
tionally feasible, we assumed all off-diagonal elements of
the Cholesky decomposition matrix in eqn (29) to be zero
(effectively assuming correlation coefficients of zero between
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Fig. 9 Global analysis with DeerlLab of a series of Q-band 4-pulse DEER of triply MTSL-labeled Rpo47 protein (ribbon model top right, PDB : 1GO3)
acquired with 7, = 0.4 pus and 1, = 9 ps, and different levels of microwave power attenuation. The experimental datasets are shown in the left panel as grey
dots, along the model fits and unmodulated contributions shown as solid and dashed blue lines, respectively. The contributions from two-spin
interactions are shown as turquoise lines, and the contributions arising from three-spin interactions are shown as red lines. The right panel shows a
globally fitted trivariate distance distribution. The univariate marginal distributions are shown as filled areas, and the bivariate marginal distributions are
shown as colored contours. The fitted distribution is shown in blue, and the MMMx simulation is shown in grey.

different distances). The global fit results are shown in Fig. 10.
The global model fits all datasets accurately at all power levels.
In the fit we can see that the relative amplitudes of the total
three-spin contributions are significantly larger than in the
three-spin cases, particularly at early times, as expected. The
globally fitted hexavariate distance distribution is in astonish-
ingly good agreement with the HSC simulation, particularly in
terms of the mean distances and with minor discrepancies in
the widths of the marginal distributions. These discrepancies
can have the same origins as in the oligoPPE triradicals, namely
the limitations of a multivariate Gaussian distribution and
of the HSC model. Note that trends in distribution width, such
as the narrower distributions along the two PPE backbones and
broader distributions between sites in different backbones, are
reproduced in the analysis of the experimental data.

In general, we can conclude that a multi-pathway model
including two- and three-spin contributions provide an accurate
description of 4-pulse DEER dipolar signals arising from multi-
spin systems. The multivariate distance distributions inferred
from the experimental data agree with the ones obtained from
structural simulations and avoid the presence of artifacts caused
by the use of incomplete models, such as a two-spin model (see
Fig. S4-S11 in the ESIf). Note that, while our analysis has
primarily profited from a global analysis over multiple datasets
acquired at different pulse power levels, this kind of analysis can
be formally applied even to a single 4-pulse DEER trace, but we
can expect robustness to suffer substantially.

This journal is © the Owner Societies 2022

4.2 TRIER

To validate the TRIER pathways model, we analyzed Q-band
TRIER datasets acquired using a home-built spectrometer® on
several three-spin systems. The detected echos were integrated
and the two-dimensional signal was phase-corrected without
any further signal modifications. The experiments were opti-
mized with respect to minimal pulse excitation band overlap.
At the same time, inversion efficiency with frequency-swept
pulses in Q-band is known to be imperfect.*” Therefore, we
included pair pathways @ to in the model, for which we
expect non-negligible amplitudes due to the limited inversion
efficiencies. We neglected any contributions from pathways @7
to @9 due to the well-separated three frequency bands of the
different pulses. To avoid numerical issues during the data
analysis we also neglect contributions from pathways ), ®,
@3, and refocusing the detectable range of the signal for
which we expect negligible contributions in the detected signal
range. Nevertheless, the large number of parameters and com-
plexity of the model makes the analysis of TRIER even more
prone to convergence towards local minima during the fit
optimization, making the use of global optimization or prior
information more relevant.

First, we acquired and analyzed new TRIER data from
oligoPPEs T111 and T011. The results of the analyses are shown
in Fig. 11 and 12. In the case of the T111 TRIER dataset, we can
see an overall good agreement of the fitted model with the
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experimental data. Some discrepancies can be observed in the
signal, particularly in the ¢;-modulated integral at around ¢; =
1-2 ps, which could not be resolved by considering additional
pathways and are possibly due to moderate orientation selec-
tion (which has been observed in the past for such rigid
polymers in 4-pulse DEER data). The fit reveals that the main
contributions are from pathways (O and (2), as expected, with
other non-negligible minor contributions from @), ®, @, @9,
@D, and 9. In the case of the T011 TRIER dataset, we also see a
high agreement of the fitted model with the experimental data.
The fitted main contributions again arise from pathways (O
and (2), with additional non-negligible contributions from (3),
®, ®, @, and @.

The presence of these pathways indicates that there is a non-
negligible overlap between the excitation bandwidth of the
probe and pump pulses or a relatively low inversion efficiency
by the probe pulses. Therefore, the presence of these additional
pathways is plausible. The fitted trivariate distance distribu-
tions also show a good agreement both with the HSC simula-
tions and with the results obtained from the analysis of the
4-pulse DEER datasets. There are again apparent differences in
the fitted widths of individual distances, which could be caused
by the different factors listed and discussed above.

Next, we analyzed the TRIER data from the triply labeled
Rpo47 protein complex previously published by Pribitzer et al.>>

22656 | Phys. Chem. Chem. Phys., 2022, 24, 22645-22660

The dataset presents additional noise along the ¢;-dimension
due to technical issues with the hardware of the home-built
spectrometer at the time when this data was acquired.
We employed the same TRIER model as with the oligoPPE
radicals, including pathways O to (¢ and a three-dimensional
homogeneous background model. The results of the analysis
are shown in Fig. 13. Despite the increased noise level, the fit
shows a good agreement with the experimental data. The fitted
distance distribution also agrees reasonably with an MMMx
simulation as well as with the results obtained from the 4-pulse
DEER experiments.

In general, we see that, despite the high complexity of the
TRIER dipolar signal, the multi-pathway model provides accu-
rate descriptions of the experimental data and reasonable
estimates of the multivariate distance distributions. We can
also see good agreement between the results obtained from a
series of 4-pulse DEER experiments with variable pump pulse
flip angle and TRIER experiments. In contrast to 4-pulse DEER,
the two-dimensional nature of the TRIER signal provides
enough information to robustly fit the model without the need
for a global-analysis approach. While TRIER data have been
analyzed in the frequency domain,'® the multi-pathway model
provides the first reliable approach for analyzing TRIER data
directly in the distance domain. Our previous work®> relied on
an incomplete model of the dipolar signal as well as on a data
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analysis method, which we now consider to be inappropriate. application of a smoothing filter that can enhance correlations
This method was based on a simplistic background correction, or possibly even introduce spurious ones, and the use of a
which fails to account for important background features,®® the  two-dimensional approximate Pake transformation based on
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the two-spin dipolar kernel, which is inaccurate for the multi-
spin case.

5 Conclusions

Multi-spin systems have long been an attractive target of
dipolar EPR spectroscopy studies. We have presented a com-
prehensive model for describing multi-dimensional dipolar
EPR experiments on multi-spin systems within the set of
assumptions listed in this work. This model expands our
previous model for two-spin systems based on dipolar path-
ways. Under currently achievable experimental conditions, a
dipolar signal for any multi-spin system can be described by its
contributions arising from two- and three-spin interactions,
which in turn can be well approximated in terms of pair dipolar
pathways. We have illustrated this by examining the commonly
employed one-dimensional 4-pulse DEER experiment and the
more recent two-dimensional TRIER experiment. The presence
of more than two spins can significantly increase the complex-
ity of the models compared to the two-spin case. However,
when applying these models to experimental multi-spin data, a
large majority of dipolar pathways can be reasonably neglected
under typical experimental conditions. The contributions from
many pathways can be minimized experimentally by minimiz-
ing the excitation band overlap and maximizing the inversion
efficiency of the pulses. Only if the contribution of a dipolar
pathway exceeds the noise level must it be included in the
analysis of the experimental data. Furthermore, unless the
overall modulation depth of a dipolar signal is extremely low,

22658 | Phys. Chem. Chem. Phys., 2022, 24, 22645-22660

the three-spin contributions cannot be safely neglected, and the
analysis of the dipolar signal in terms of just two-spin inter-
actions is inaccurate. We have tested the multi-pathway model
by analyzing different series of 4-pulse DEER and TRIER
datasets acquired on different three- and four-spin model
compounds as well as on a triple-labeled protein complex.
The model, with a proper selection of dipolar pathways, is able
to accurately describe the experimental data.

The model-based analysis of experimental multi-spin dipolar
data allows the extraction of multivariate distance distributions.
We have also shown that the extraction of such multivariate
distance distributions and the correlation information between
the different distances are not limited to three-frequency experi-
ments such as TRIER but can as well rely on a series of two-
frequency four-pulse DEER experiments with varying pump
pulse flip angles. The fitted multivariate distance distributions
are expected to provide precious information, e.g., for the
characterization of conformation ensembles of partially disor-
dered protein systems. Since non-parametric approaches are
currently unfeasible, the most challenging aspect is the choice
of model for the multivariate distance distribution and the size
of the parameter space associated with that model.

The multi-pathway model further provides the means to
analyze complex experiments, such as the three-frequency TRIER
experiment, for which no complete model had been established
before to accurately describe the data and analyze them in terms
of a complete multivariate distance distribution. While the
TRIER experiment is theoretically and experimentally complex,
the two-dimensional information provided by its signals repre-
sents an important means of studying multi-spin systems.
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Future work is needed to address the experimental and
numerical conditions under which the model information
can be best extracted from multi-spin dipolar signals. Particu-
larly, additional efforts will be required to improve the numer-
ical fitting protocols and to ensure the uniqueness and
robustness of the analysis. The study of other types of multi-
variate distance distribution models will also be required for
the extended applicability of model-based analysis of multi-
spin dipolar EPR spectroscopy experiments.
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