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Determining and controlling conformational
information from orientationally selective
light-induced triplet—triplet electron resonance
spectroscopy for a set of bis-porphyrin rulersf
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We recently reported a new technique, light-induced triplet—triplet electron resonance (LITTER) spectro-
scopy, which allows quantification of the dipolar interaction between the photogenerated triplet states
of two chromophores. Here we carry out a systematic LITTER study, considering orientation selection
by the detection pulses, of a series of bis-porphyrin model peptides with different porphyrin—porphyrin
distances and relative orientations. Orientation-dependent analysis of the dipolar datasets yields
conformational information of the molecules in frozen solution which is in good agreement with density
functional theory predictions. Additionally, a fast partial orientational-averaging treatment produces
distance distributions with minimized orientational artefacts. Finally, by direct comparison of LITTER data
to double electron—electron resonance (DEER) measured on a system with Cu(i) coordinated into the
porphyrins, we demonstrate the advantages of the LITTER technique over the standard DEER
methodology. This is due to the remarkable spectroscopic properties of the photogenerated porphyrin
triplet state. This work sets the basis for the use of LITTER in structural investigations of unmodified
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complex biological macromolecules, which could be combined with Forster resonance energy transfer
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Introduction

The structural and dynamical study of complex biological
macromolecular systems is of great interest in physical and
life sciences." Electron spin resonance (ESR) pulsed dipolar
spectroscopy (PDS) allows for the determination of the distri-
bution of distances and, in some cases, relative orientations
between two paramagnetic centers by measuring their electron-
electron dipolar interaction, providing valuable conformational
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information on the system containing the paramagnetic
species.” The well-established PDS technique double electron-
electron resonance,® (DEER, Fig. 1(a), left) gives access to the
distance range between 1.4 to more than 8 nm, very relevant for
biological structural determination. The methodology for
orientation selection in DEER of rigid and semi-rigid systems
is well established and has included measurements on tyrosyl
radicals,” triarylmethyl radicals,® rigid nucleotides in DNA and
RNA,”® and metal centers and clusters in biological systems,'°
amongst other examples.

Modified versions of the DEER technique have been devel-
oped using the photogenerated triplet state (S = 1) of a 5(4'-
carboxyphenyl)-10,15,20-triphenylporphyrin moiety (TPP) as a
photoswitchable spin label, formed by laser excitation during
the PDS experiment."* ' This photogenerated triplet state has
the advantage, with respect to conventional spin labels, that it
is formed in a spin polarized state, with a non-Boltzmann
population of the triplet state sublevels. These populations
are a result of the intersystem crossing (ISC) process and
provide enhanced ESR sensitivity.'"” In combination with a
nitroxide radical, the photogenerated triplet state of a TPP
moiety formed by a laser flash preceding the microwave (MW)
pulse sequence was used as detection spin in light-induced
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Fig. 1 (a) Pulse sequences for DEER (left) and LITTER (right), with time
axes indicated. (b) Amino acid sequences for the bis-porphyrin synthetic
model peptides used in this study, with the porphyrin—porphyrin distances
predicted by DFT. The chemical structures of the different building
blocks are shown on the right. Amino acid key: Ala (L-alanine), (aMe)Val
(L-a-methyl valine) and Chx (trans-1,4-diaminocyclohexane). (c) In-vacuo
DFT-optimized geometries of the molecules.

DEER (LiDEER), allowing for the determination of TPP-nitr-
oxide distances between 1.8 to 8.1 nm in a synthetic model
peptide ruler, in agreement with conventional Cu(u)-nitroxide
DEER, measured on the same systems with Cu(u) coordinated
to the TPP moieties and corresponding density functional
theory (DFT) calculations.'™'® Alternatively, the MW pump
pulse of the DEER experiment was replaced by a variable-time
laser flash to form the photogenerated TPP triplet state and
switch on its dipolar interaction with a nitroxide radical in a
synthetic model peptide, which was used as detection spin, in
laser-induced magnetic dipole (LaserIMD) spectroscopy.">
Hahn-echo detection and refocused-echo detection versions
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of the LaserIMD technique were successfully used for distance
measurements in porphyrin-containing proteins labelled with
nitroxides,"****° and were extended to photogenerated triplet
states of other chromophores.>' 2

Additional structural information, concerning the relative
orientation between the porphyrin and the nitroxide moieties,
has been obtained in rigid synthetic model peptides, where
there was a strong correlation between the orientation of the
most anisotropic magnetic tensor frame of the detection spin
center and the angle of the spin-spin dipolar vector with the
externally applied static magnetic field.>> Orientation selection
by narrow bandwidth MW pulses with respect to the ESR
spectrum of the detection spin center was exploited to obtain
orientation-resolved LiDEER and LaserIMD datasets, yielding
information on the conformational distribution of the mole-
cule in a frozen solution. Orientationally selective LIDEER can
be advantageous over orientation-resolved DEER using perma-
nent spin centres,*® as the ZFS origin of the orientation selec-
tion removes the need for high fields.”’>° Photogenerated
triplet states also have more favorable spectroscopic properties,
as a detection species, compared to the g-anisotropic metal
centers commonly used to achieve high orientational resolu-
tion,** namely non-Boltzmann spin sublevel population and
slower spin relaxation.">'® Additionally, the single-frequency
nature of LaserIMD, as also used in relaxation-induced dipolar
modulation enhancement (RIDME)*'*? or the single-frequency
technique for refocusing dipolar couplings (SIFTER),*® elimi-
nates the limitation in pump-detection frequency offset due to
limited resonator bandwidth.

We recently presented a new light-induced PDS technique,
light-induced triplet-triplet electron resonance (LITTER) spectro-
scopy (Fig. 1(a), right),** which enables the measurement of the
dipolar interaction between two chromophores with photogener-
ated triplet states by combining the ideas of both LiDEER and
LaserIMD: a photogenerated triplet state formed by a first laser
flash preceding the MW Hahn echo pulse sequence is used as
detection spin center, while a second variable-time laser flash is
used to form the second triplet, switching on the dipolar inter-
action between the two spin centers. Starting with the second
laser occurring after the spin echo and moving the position of the
MW pulses in time relative to this laser (Fig. 1(a), right), the zero
time of the dipolar trace occurs when the laser flash crosses the
center of the echo. A dipolar trace of up to 7 in length can be
acquired by scanning the second laser between the echo and the
MW = pulse. A symmetric image of this trace is obtained if the
second laser continues to move until reaching the MW m/2 pulse.
However, upon crossing of the first n/2 pulse in the MW pulse
sequence and the second laser pulse, a large step in echo intensity
occurs as the triplets formed by both laser flashes are now being
refocused by the Hahn echo MW pulse sequence, and detected as
part of the echo signal, severely distorting the start of the dipolar
modulation. For this reason, when a symmetric trace is not
required, the experiment is better carried out with the second
laser moving between the echo and the 7 pulse. It has been shown
for LaserIMD that the symmetry of the trace can be used to help
define the zero time of the modulation, however this can also be
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more easily defined using a refocused Hahn echo sequence.
A similar detection sequence could be applied in the LITTER experi-
ment, but would result in a decrease in signal-to-noise ratio of the
data collected due to a decrease in the measured echo intensity.'*

LITTER benefits from being a single-frequency experiment
with effectively an unlimited pump bandwidth afforded by
using a laser flash to form the second triplet, during a simple
Hahn-echo detection sequence. In addition, it removes the
need of having at least one permanent spin center to perform
PDS, allowing chromophore-containing macromolecules, which
are ESR-silent in their ground state, to be studied. This could be
advantageous for in-cell applications, where conventional nitroxide
spin labels suffer from limited stability,>>*® and could facilitate
the study of biological macromolecular systems, without the need
for spin labelling, as triplet states of intrinsic chromophores or
cofactors could be used as spin centers.

The first proof-of-concept LITTER work was carried out on a
single bis-porphyrin synthetic model peptide, containing two
identical TPP chromophores.** Both laser pulses used the same
wavelength, matching the absorption maximum of TPP in the
visible. The dipolar modulation of the TPP triplet electron spin
echo intensity relied on the statistical excitation of only one of
the two porphyrins by the first laser followed by the excitation
of the second porphyrin of the same molecule by the second
laser. Consequently, the maximum modulation depth was
limited for this system. Comparison to a control model peptide,
containing a single TPP, for which no modulation of the echo
intensity was observed, was used to prove that the modulation
obtained with the bis-porphyrin peptide was the result of a true
intramolecular triplet-triplet dipolar interaction.

Here we perform an extensive orientational LITTER study of
a series of bis-porphyrin synthetic model peptide systems with
different porphyrin-porphyrin relative orientations and distances
ranging between 2.1 and 3.6 nm (Fig. 1(b) and (c)) to investigate
the general performance and limitations of the LITTER technique.
For each molecule, multiple orientationally selective traces are
acquired at different parts of the porphyrin triplet ESR spectrum,
capturing detailed information on the relative orientation of the
ZFS tensor and the dipolar vector. The orientation-dependent
analysis of these traces yields information on the conformation
of the molecules in frozen solution which is in good agreement
with the minimum energy geometries predicted by DFT. In addition,
we perform a direct comparison between LITTER and DEER, by
introducing Cu(u) in the two porphyrins of one of our synthetic
model peptides. Finally, we show an alternative treatment of the
orientationally selective data, partially averaging the orientational
effects in the dipolar traces to facilitate a computationally faster
orientation-independent analysis. We compare these results to those
obtained from the full orientation-dependent treatment.

Experimental details
Synthesis

Molecules [1], [2], [3] and [4] were synthesized as previously
reported.’”*® Cu,-[3] was prepared by stirring a solution of [3]
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in de-ethanol (99% atom, Aldrich) at room temperature over-
night in an excess of Cu(u) acetate (98%, Aldrich). The complete
metalation of the sample was verified by UV-Vis (Fig. S4, ESIf).

Sample preparation

Samples for light-induced ESR were prepared at a molecular
concentration of ~40 uM in dg¢-ethanol, and were loaded in
4 mm diameter quartz tubes to a sample height of ~5 mm. The
solvent was chosen to improve solubility and favour helicity of
the peptide backbones. Samples were degassed by several
freeze-pump-thaw cycles and frozen in liquid nitrogen prior
to insertion into the spectrometer. In the case of molecule [4],
some aggregation by porphyrin stacking, evidenced by the
sample turning green during the freeze-pump-thaw process,
was observed. For this reason, samples of [4] were prepared by
dissolving the solid in previously degassed solvent, and were
not degassed any further. The less effective O, removal from
this sample resulted in slightly shorter T;, values (Table S1,
ESIT) but did not lead to any observable increase in photo-
bleaching.

ESR spectroscopy

Light-induced ESR experiments with molecules [1]-[4] were
performed at X-band (microwave frequency = 9.7 GHz) and a
temperature of 20 K in a pulsed spectrometer (ElexSys E680,
Bruker) using a dielectric resonator (EN 4118XMD5, Bruker)
and an Oxford Instruments cryostat. The two-laser setup was as
previously reported.*® Laser 1 (OPOlette, Lambda Photometrics)
was directed into the resonator through the optical window of
the cryostat, while laser 2 (VersaScan OPO, GWU) was delivered
via a1l mm x 6 m optical fiber (FT1000-EMT, Thorlabs) directly
inserted inside the sample tube. Both lasers were set at a
wavelength of 512 nm, corresponding to the most intense
maximum of the porphyrin Q-band region determined by UV-
Vis (Fig. S1, ESIY), and 2-3 m] per flash. For the pulse experi-
ments, a delay pulse generator was used to externally trigger
both lasers and the spectrometer at a repetition rate of 20 Hz,
and the microwave pulses were moved forward in time with
respect to the fixed laser flashes. All spectra were acquired with
one shot per point.

Time-resolved ESR (trESR) was carried out in a critically
coupled resonator using Laser 1 only, without field modulation
or phase sensitive detection. The signal was averaged around
the intensity maximum of the time trace. The spin Hamiltonian
parameters for the photoexcited triplet state were extracted via
simulation of the spectrum (Fig. S2, ESIf) using the Matlab®
EasySpin routine (pepper function).*

Light-induced pulsed ESR characterization (i.e. field sweeps,
phase-memory time and delay-after-flash experiments) were
performed in an over-coupled resonator using a standard
Hahn-echo sequence preceded by a laser flash (laser 1-DAF-n/
2-t-n—t-echo), with 16-32 ns n/2-n rectangular pulses.

LITTER traces were acquired using the following pulse
sequence: laser 1-DAF-n/2-t-m—t’-laser 2-t”-echo, t = v/ + 17,
with 16-32 ns m/2-n rectangular pulses. The delay between
flashes was ¢,, = 7 ps. Measurements were carried out at
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different values of the external magnetic field, and the exact 7
delays were adjusted to match electron spin envelope modulation
(ESEEM) maxima observed in the phase-memory-time experiments
at the corresponding field positions (Fig. S3(a), ESIt). Raw LITTER
traces were phase- and background-corrected before analysis.
Modulation depths were very sensitive to the power fluctuations
of laser 2, solvent glass cracking and sample bleaching, leading to
slightly different modulation depths for different traces. For this
reason, modulation depths were normalized to 1 before analysis.

ESR experiments with Cu,-[3] were performed at Q-band
(microwave frequency = 34 GHz) and a temperature of 15 K in a
pulsed spectrometer (ElexSys E580, Bruker) using a dielectric
resonator (EN 5107D2, Bruker) and an Oxford Instruments
cryostat. Field sweeps and phase-memory time experiments
were performed in an over-coupled resonator using a standard
Hahn-echo sequence (n/2-t-m-t-echo), with 16-32 ns m/2-n
rectangular pulses. For inversion-recovery experiments, this
sequence was preceded by an inversion pulse (n-T-n/2-t-T—7-
echo). The spin Hamiltonian parameters for the molecule were
extracted via simulation of the field-swept spectrum (Fig. S2,
ESIt) using the Matlab®™ EasySpin routine (pepper function).*

DEER traces were acquired at different external field values
using the 4-pulse refocused-echo version of the experiment,
shown in Fig. 1(a): m/2-1y-n-1t'-mpump-1"-n-1,- echo, 1, =
200 ns, 7, = 2000 ns, 1 + 12 = ¢/ + 77, with 16 ns rectangular
detection pulses and a 12 ns rectangular pump pulse. The
pump frequency was set at —100 MHz from the detection
frequency. The pump frequency was set to be at the centre of
the resonator bandwidth. A 16-step phase cycle and 8-step ;- and
1,- averaging cycles were used. The experiment was repeated at a
rate of 500 Hz, with 20 shots per point. Raw DEER traces were
phase- and background-corrected before analysis.

For the orientation-independent analysis of LITTER and
DEER, the dipolar traces acquired at different field positions
were averaged weighted by the corresponding spectral intensi-
ties to obtain an orientation-independent form factor, which
was then analysed via Fourier Transform and Tikhonov reg-
ularization using the Matlab® DeerAnalysis routine to extract
the corresponding distance distribution.”" A g-factor correction
was applied to the distance distribution, as previously
described,*" using the following expression

Feorrected = I (geff,pumpgeff.,det)%
2.00232
where gesr,pump and gegrraec are the effective g-values of the pump
and detection spin centres, calculated as averages weighted by
the corresponding spectral intensities.
The metadata from the analysis of the dipolar traces is
available from the repository.:

i The data associated with this project is avaible online at the following DOIs:
Read_me_file: DOI: 10.48420/22172840; LITTER_primary_data: DOI:10.48420/
21975953; LITTER orientation_dependent_analysis: DOI:10.48420/22122566;
LITTER orientation_independent_analysis: DOI:10.48420/22122569; DEER_pri-
mary_data: DOI:10.48420/21975932;
DOI:10.48420/22122563.

DEER_orientation_dependent_analysis:
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Density functional theory calculations

Initial geometries for molecules [1]-[4] were built based on
previous reports,®” using UCSF Chimera.*> Geometry optimiza-
tions and spin density calculations were performed in vacuo
using Gaussian®™ 16 (revision A.03).** Ground state geometry
optimizations of molecules [1]-{4] were carried out in the
singlet state, using the PBE1PBE functional and the 6-31g(d)
basis set. Geometry optimizations and spin density calculations
in the photoexcited triplet state of TPP and ground state
doublet of CuTPP were performed using the functional
B3LYP, with the basis sets Def2SVP (for H, C, N and O) and
DefTZVP (for Cu). Atomic Mulliken spin densities were taken in
all cases.

Magnetic tensor orientations (ZFS for TPP triplet, g and
A(®*Cu) for CuTPP doublet) were calculated on the optimized
geometries of triplet TPP and doublet CuTPP using Orca
(release version 4.2.0),** with the functional B3LYP and the
basis sets EPR-II (for H, C, N and O) and DefTZVP (for Cu).
The RIJCOSX approximation for Coulomb and Hartree-Fock
exchange was used, with the auxiliary basis set Def2/]. The
spin-spin contribution to the ZFS tensor was calculated using
computed UNO (spin-unrestricted natural orbital) determinants,*>
and no spin-orbit coupling contribution was included. The result-
ing tensor orientations are in agreement with the literature.*"*°

Orientation-dependent simulations

Simulations of libraries of traces corresponding to possible
geometrical models of each of the systems were performed
using an algorithm based on that reported by Lovett et al.,** for
DEER. A modified version to take into account the zero-field
splitting and triplet populations®* was used for the LITTER
experiments, and the outline steps for this simulation are
provided in the ESI,{ Section S4.

In this program the dipolar frequency is calculated using a
distributed point dipole model: the dipolar frequency corres-
ponding to each pairwise interaction between pairs of atoms
possessing spin density is calculated and combined using a
weighting factor proportional to the spin densities on the two
atoms in question. For a single molecular conformation and set
of experimental conditions the dipolar frequency (wgq) contri-
bution for each orientation of the molecule with respect to the
external magnetic field considered is calculated according to
the formula:

Hoﬁ , 3 cos? l//
Wyg = g;x ol 8B efr Z Z kAkB

where gh o¢r and gy o are the effective g-values at the magnetic
field used for the experiment and the probe and pump fre-
quencies respectively, k& and kJB are the electronic spin densities
on the atoms of centers A and B, respectively and yj; and r;; are
defined as in Fig. S7 (ESIt). This takes into account the DFT-
calculated spin densities for the CuTPP and triplet TPP centres,
the values used are provide in the ESI{ (Fig. S6 and Tables S2, S3).
The complete dipolar spectrum is gained by summing all the
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different contributions for all orientations of the molecule with
respect to the external magnetic field.

The simulation algorithm is based on EasySpin functions
to simulate the spectra and resonant fields. As input to this PDS
simulation algorithm, the spin system parameters were
obtained from fitting trESR or echo-detected field sweep data-
sets (Fig. S2, ESIt and Fig. 3(a)) using a Matlab® EasySpin
routine (pepper function).*®

Other parameters required for input such as pulse lengths
were set to match those used experimentally. The effect of the
pump laser is modelled to be equivalent to a microwave pulse
with a bandwidth that far exceeds the frequency bandwidth of
the trESR spectrum for TPP.

For simplicity, simulations were carried out in the g- and
ZFS-frames of one of the CuTPP and triplet TPP (Fig. S7, ESIY)
centres that was defined at the centre used for detection, for
DEER and LITTER, respectively. This required the geometric
orientation of the corresponding pump centre to be defined in
terms of a set of polar angles (¢ and 6, Fig. S8(a), ESIT), a
separation r and Euler angles («, 3, 7, Fig. S8(b), ESIt). The
initial values for these parameters were determined from the
DFT-optimized structures of [1]-[4], provided in the list form ¢,
0, r, o, f, y were 1.45, 0.69, 2.1, 3.33, 1.80, 6.17 for [1]; 1.39,
—0.35, 2.4, 5.42,1.12, 0.04 for [2]; 1.48, 0.65, 2.6, 3.33, 1.79, 6.04
for [3]; 1.05, —0.11, 3.6, 6.25, 0.90, 5.72 for [4]; and 2.29, 0.61,
2.6, 1.23, 2.28, 2.26 for Cu,-[3], where all angles are quoted in
radians and the separation, r, is given in nm.

From these initial geometries, a library of possible geometric
conformers was generated by changing the values of ¢, 0, r, in
the range Ap = £45°, A = £45° and Ar = +1 nm (+0.5 nm for
[1]) around the initial DFT-optimized structures. For each
conformation a random value within the ranges specified above
of ¢, 0 and r was generated. In all conformers the a, 5, y angles
were fixed at values corresponding to the optimized orientation
of the pump center in the initial DFT model. A total of 2166
structures for [1] and 3971 structures for [2], [3], [4] and Cu,-[3]
were used to form the libraries for each system.

Dipolar traces were calculated for each structural conformer
generated at each field position measured. The libraries of
simulated traces were fitted to the experimental datasets using
an iterative algorithm similar to that described by Marko et al.*’
until convergence of the root-mean-square deviation (RMSD)
was achieved (Fig. S13 and S17, ESIf). Orientation selection
effects due to magnetophotselection of the porphyrin by the
pump laser (laser 2) were not included in the simulations as
this laser pulse was delivered via an optical fibre and it was
assumed that all polarization was lost within this setup. Orien-
tation selection due to the pump pulse does occur in the DEER
simulations due to the limited bandwidth of the pulse. In both
experiments orientation selection effects originate from the
limited frequency bandwidths of the detection pulses used.

Distance distributions resulting from the orientation-
dependent analysis were generated from the molecular geome-
tries contributing to the best fits shown in Fig. 2(ii) and 3(b).
We present two types of distance distributions. Firstly, a center-
to-center distribution of distances which contains only a single
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contribution from each conformer corresponding to the center-
to-center distance between the two porphyrins. Secondly, we
present a point-dipole distribution of distances which also
considers the spin-spin distributions, taking into account all
of the pairs of atoms possessing spin density considered in the
distributed point-dipole mode. Here, each contribution to the
distance distribution was weighted by the spin density in
the same way as in the calculation of wgg.

Results and discussion

This series of bis-labelled peptides [1]-[4] was designed so as to
allow for a systematic variation of the distances and relative
orientations between the two porphyrin moieties, thus provid-
ing a spectroscopic ruler (Fig. 1(b)). They were synthesized as
previously reported.’’*® The [(«-Me)Val], peptide backbone
favors a rigid o-helical conformation, especially in polar sol-
vents such as ethanol, used in this study.*””*® In-vacuo DFT
optimizations support the o-helical conformation of the back-
bones of [2], [3] and [4] and yield porphyrin-porphyrin center-
to-center distances of 2.4, 2.6 and 3.6 nm (Fig. 1(c)). The
peptide backbone of [1] is too short to form a full a-helical
loop and is therefore expected to be more flexible, with a
predicted porphyrin—-porphyrin center-to-center distance of
2.1 nm according to DFT optimization.

LITTER for all four peptides was carried out at different
positions across the ESR spectrum of the photogenerated TPP
triplet state at X-band (Fig. 2(i)), in order to obtain orientation-
resolved sets of dipolar traces (Fig. 2(ii)). The strong orienta-
tional effects, originating from the orientation selection of the
narrow-bandwidth microwave pulses in comparison to the
large ZFS of the photogenerated TPP triplet state, are clear
from the deep dipolar oscillations around Z~ compared to the
very shallow oscillations around Y~ (the directions of the ZFS-
tensor principal axes defining the canonical orientations are
indicated in Fig. S7(a), ESIt). It was not possible to acquire
LITTER traces at X due to the negligible ESR intensity at this
turning point. The significant difference in dipolar frequencies
between molecules [2] and [3], despite having very similar
porphyrin-porphyrin distances, is another manifestation of
the strong dependence of the dipolar interaction on the relative
orientation of the dipolar vector and the ZFS tensor of the
detection spin center in these experiments.

Orientation-dependent simulations, using a distributed
point-dipole model of spin density to calculate the dipolar
interactions,*! were carried out as described above and similar
to our proof-of-concept study.** A library of possible geometries
was generated and dipolar traces were calculated for each
geometry using parameters matching those used in the experi-
mental traces. Fitting of the experimental LITTER datasets was
performed using the library of calculated traces based on an
iterative least-squares global fitting procedure,”” until conver-
gence of the root-mean-square deviation (RMSD) was achieved
(Fig. 2(ii) black, Fig. S13, ESIt). The possible molecular geome-
tries contributing to the library were generated around the DFT-
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Fig. 2 Orientational LITTER study of molecules (a) [1], (b) [2], (c) [3] and (d) [4] at X-band. By columns: (i) echo-detected field-swept ESR spectra of the
molecules recorded after 512 nm laser flash. The field positions used to record the LITTER traces are indicated with vertical lines, these positions were
selected to sample the orientation information across the spectrum focusing on the Y and Z transitions. Measurements on the X transitions were
prevented by low signal intensity at these fields. (i) Background-corrected and modulation depth-normalized LITTER traces acquired at the different field
positions (color) and corresponding orientation-dependent fits (black). The length of traces presented correspond to the length of trace used in the
fitting procedure, in some cases longer experimental traces were recorded to enable more accurate background correction, details for this are provided
in the data repository for this work.” Modulation depths were ~10% before normalization in all cases. (iii) Spin—spin distance distributions obtained from
the orientation-dependent analysis of the experimental data fitting to a library of simulated traces; the dashed lines indicate the distribution of center-to-
center distances (the center-to-center distribution of distances). For comparison, the solid lines represent the distance distribution between each pair of
atoms on different chromophores with spin-density that contributes to the distributed point-dipole model used to generate the simulated traces (the
point-dipole distribution of distances). (iv) DFT-optimized geometries showing the different positions of the TPP center most contributing to the fits as
red spheres, relative to the ZFS-tensor frame of the other TPP triplet (arrows: red = D,, green = D,, blue = D,). The diameter of the spheres is proportional
to the number of times a single conformation contributes to the complete fit shown in panels (ii). A rotated view is provided in Fig. S11 (ESI¥).

optimized geometries of the molecules, by variation in the space. Limited molecular motion of the system means that the
position of the dipolar vector relative to the detection center accessible distributions in the orientations of the two centers
and specified by polar coordinates ¢, 6 and r (details are given  will be small. In LITTER the effect of changing the orientation
in the experimental section above). The orientation of the of the pump center is expected to be smaller than in a DEER
pump center D-frame relative to the detection center D-frame, experiment as the light pump pulse is not orientation depen-
parameterized by Euler angles «, # and v, is fixed according to dent. In this way the orientation of the LITTER experiment is
the DFT optimized geometry in order to reduce conformational much more similar to that of a RIDME experiment, where
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orientation dependence of the relaxation of the fast-relaxing
center is also typically neglected. The electronic spin density
delocalization in the photogenerated TPP triplet state was
included as calculated by DFT (Fig. S6(a) and Table S2, see
ESIt and data repository? for full simulation details). Symmetry
of the spin density distribution also minimizes effects of small
changes in orientation («, f and 7y) of the two centers. The
resulting distance distributions were generated from the con-
formations contributing to the best fit using the distributed
point-dipole model, carrying out the weighted sum of pairwise
distances between all the atoms bearing significant electronic
spin density as calculated by DFT (see Experimental Section for
further details, and Fig. S6(a) and Table S2, ESIf for the
electronic spin densities used). This distributed point-dipole
model intrinsically modifies the dipolar coupling including a
distribution in distances and a smaller variation in polar angles
(¢ and 0) if the spin distributions are not planar.

This orientation-dependent analysis yielded good fits to the
experimental LITTER datasets for all four molecules studied,
successfully capturing the orientational effects in the dipolar
traces (Fig. 2(ii)). The orientational conformational distribu-
tions were plotted as red spheres where the radius is propor-
tional to the contribution of each conformation relative to the
DFT-optimized molecular geometries, see Fig. 2(iv) and experi-
mental section for details of DFT calculations. Additionally,
distance distributions were plotted, Fig. 2(iii). It is possible to
either represent the fitted data as a distribution of center-to-
center distances (dashed lines in Fig. 2(iii)), we will refer to this
as the center-to-center distribution of distances, or as a dis-
tribution of distances used in the point-dipole simulation,
between each pair of atoms on different chromophores posses-
sing spin density, while including a weighting based on the
spin density associated with that dipole in the distributed
point-dipole model (solid lines in Fig. 2(iii)), we will refer to
this as the point-dipole distribution of distances. The center-to-
center distance calculated from the DFT-optimized molecular
geometries is shown in Fig. 2(iv). For molecules [1], [2] and
[3], the conformations are in good agreement with the DFT-
optimized structure, the center of the second TPP moiety most
contributing to the best fits is clustered around the DFT-
optimized geometry (Fig. 2(iv)). Additionally, the maximum in
the distance distributions is in good agreement with the center-
to-center distance predicted by DFT, and the two types of
distance distribution are reasonably similar for molecules [1],
[2] and [3]. There is a small population of a longer distance
(>3 nm) identified in molecules [2] and [3], probably corres-
ponding to a more extended higher-energy conformation of
these molecules in frozen solution. Comparing the distance
distribution comprised of the center-to-center distances (dashed
lines in Fig. 2(iii)), to the single value provided by the static DFT
conformation (shown in Fig. 2(iv)), and the distribution of the
red spheres representing the fitted conformers (Fig. 2(iv))
shows that there is a spread in the fitted conformers and
corresponding distance distribution. This is expected from the
fact that these molecules are not completely rigid in solution
and therefore many different conformations will be trapped in
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the frozen state upon flash freezing of the sample in liquid
nitrogen.

For molecule [4], in addition to the long distance (~3.6 nm)
corresponding to the extended conformation predicted by DFT,
a more intense distance feature centered around 2.8 nm, in the
spin-spin point-dipole distribution of distances (Fig. 2(iii) solid
line), and 2.2 nm, in the center-to-center distribution of dis-
tances (Fig. 2(iii) dashed line), is obtained from the orientation-
dependent analysis. Other stable molecular conformations,
with porphyrin-porphyrin distances below 3 nm, were identi-
fied by in-vacuo DFT through bond rotations of the first amino
acid of the peptide backbone (Fig. S9, ESIt), suggesting that the
short distance feature in the distance distribution could be
explained by unwinding of the o-helix to yield alternative
conformations. The wider spread of TPP positions compared
to molecules [1]-[3] suggests a larger degree of conformational
flexibility, consistent with the longer peptide backbone in this
molecule. Comparison of the center-to-center distance distribu-
tion to the point-dipole distribution of distances for molecule
[4] shows a greater variation compared to molecules [1]-[3], the
maximum in the center-to-center distribution is lower (2.5 nm)
than that in the point-dipole distribution (3 nm). The point-
dipole distribution can be thought of as a blurring of the
center-to-center distribution taking into account those contri-
butions of the spin-density distribution that are closer and
further away than the center-to-center distance for each con-
former. In this way the point-dipole distribution may yield a
better comparison to the orientational independent analysis for
this molecule (Fig. S24, ESIf).

While previous study of these systems used IR spectroscopy
to monitor the formation of the stable helical structure by
measuring the signal associated with intramolecular N-H
hydrogen bonding,®” this technique does not report on con-
formational changes associated with torsional motion of the
bonds at the end of the helix where the TPP moieties are linked
to the peptide, the rotation of which can cause relatively large
changes in the inter-porphyrin distance measured by the
LITTER experiment.

Orientation-selective 4-pulse DEER between Cu(u) centers
was used to benchmark LITTER against a more conventional
PDS technique. Cu(u) was introduced in both porphyrins of [3]
to give Cu,-[3] and DEER traces were acquired at different
positions in the high-intensity region of the CuTPP ESR spec-
trum, dominated by the in-plane components of the axial
g-tensor (Fig. 3(a)). Orientation selection in this case originates
from the spectral width of CuTPP, due to its large g-tensor
anisotropy, compared to the narrow bandwidth of the MW
pulses used in DEER. Measurements were performed at Q-band
to promote increased spin polarization of this Boltzmann-
populated spin-half center. However, low ESR signal intensities
due to short Ty, (0.78 ps) and the small modulation depths
prevented the acquisition of DEER traces in the low-field region
of the CuTPP ESR spectrum, where the stronger orientational
effects are expected. Therefore, the dataset presented here does
not capture the complete orientational dependence of the dipolar
interaction and only shows weak orientational effects (Fig. 3(b)) in
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Fig. 3 Orientational DEER study of Cu,-[3] at Q-band. (a) Echo-detected
field-swept ESR spectrum (black) and simulation (red) using the Matlab®
EasySpin routine (pepper function), with spin Hamiltonian parameters: g =
[2.041, 2.051, 2.191], A%, = [72, 89, 639] MHz and 1, = [2, 2] mT. The field
positions used to record the DEER traces are indicated with vertical lines.
(b) Background-corrected and modulation depth-normalised DEER traces
acquired at the different field positions (colour) and corresponding
orientation-dependent fits (black). Modulation depths were ~2-3% before
normalization in all cases. (c) Distance distributions obtained from the
orientation-dependent analysis of the DEER (black) and LITTER (red)
datasets. In each case the center-to-center distribution of distances are
plotted as dashed lines and the point dipole distribution of distance
distribution calculated from pairwise distances of atoms possessing spin
density on different chromophores is shown as a solid line. (d) DFT-
optimised geometry showing the different positions of the CuTPP centre
most contributing to the fit as gey spheres, relative to the g-tensor frame
of the other CuTPP (arrows: red = g,, green = g,, blue = g,). The diameter
of the spheres is proportional to the number of times a single conforma-
tion contributes to the complete fit shown in panel (b). A rotated view is
provided in Fig. S11 (ESIt). The TPP centre positions from Fig. 2(c)-(iv) have
been included for comparison (red).

the region of the spectral maximum. This dataset was acquired
over 5 days, as was the corresponding LITTER dataset on [3],
showing that the weak spin polarization of the CuTPP center
limits the DEER orientational information that can be obtained in
a given period of time compared to LITTER with strong spin-
polarized photogenerated TPP triplet states. To further quantify
the comparison between LITTER and DEER the noise level of the
experiment was calculated as the root mean squared deviation of
the experimental data from the average value at the end of the
trace, where the oscillations have been dampened, and taking the
ratio of this with respect to the measured modulation depth to
provide a measure of the relative modulation to noise ratio (MNR)
of the two techniques (see ESL Section S6). The number of scans
recorded for each trace was different therefore we also report the
MNR values normalized by the square root of the number of scans
to provide an MNR value corresponding to a single scan which
allows more direct comparison. The MNR values of the DEER and
LITTER traces measured are comparable. However, in all cases the
normalized MNR value recorded on the signal maximum of the
LITTER is about 10-20% higher than that recorded on the signal
maximum of the Cu-Cu DEER. It is also important to note that
the measured DEER traces are shorter than the measured LITTER
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traces (1.6 ps for the longest DEER trace and 2 ps for the longest
LITTER trace) which will on average improve the MNR of the
DEER as less dephasing due to Ty, occurs. Equally, the DEER
measurements were recorded at Q-band and the LITTER at
X-band. Generally, an enhancement of ca. 10-fold has been
observed for PDS signals recorded at Q-band compared to those
at X-band.*® Consequently, while the MNR of the recorded DEER
and LITTER traces are the same order of magnitude, if only an
X-band spectrometer is available LITTER will provide better
quality traces compared to Cu-Cu DEER at X-band, while LITTER
is able to provide longer traces with a similar level of MNR to
shorter Cu-Cu DEER traces at Q-band.

Orientation-dependent DEER simulations were carried out
using the algorithm reported for Cu-Cu DEER,*" with the same
conformational space used for LITTER on [3], and the same
iterative least-squares global fitting procedure was followed.*”
The resulting distance distribution, generated following a
distributed point-dipole model based on the calculated spin
density distribution for CuTPP (see Experimental Section for
further details, and Fig. S6(b) and Table S3, ESI{ for the
electronic spin densities used), has its maximum at 2.6 nm,
as predicted by DFT and determined by LITTER (Fig. 3(c)).
Comparison of the distance and angular dependencies of the
conformational distributions fitted to the LITTER and Cu-Cu
DEER showed similar distance distributions when the center-
to-center distances are considered (Fig. 3(c) dashed traces).
However, if we consider a distance distribution formed from
all of the points of spin density contributing to the distributed
point-dipole model then the distribution for the LITTER data is
broader compared with that for the Cu-Cu DEER (Fig. 3(c) solid
traces). This is a result of the larger delocalization of spin
density for the triplet state compared to copper porphyrins.
Looking at the angular distributions (Fig. S18(e) and (f), ESIT),
these are broader for the Cu-Cu DEER results suggesting that
the Cu-Cu DEER data do not sufficiently constrain the angular
dependences. This is further supported as the experimental
DEER dataset on Cu,-[3] can be simulated reasonably well
using the molecular model resulting from the orientation-
dependent analysis of the LITTER dataset with [3], as shown
in Fig. 2(c) (iv), demonstrating that the two techniques
yield results compatible with the same molecular structure
(Fig. S18(c), ESIY).

The differences between the conformational distribution
fitted to the LITTER traces for [3] and the DEER traces for
Cu,-[3] can be explained as the DEER dataset does not capture
well the relative orientation between g, and the dipolar vector.
This translates into a wider conformational spread, with very
few conformations standing out from the rest in the fitting
procedure (Fig. 3(d)). In particular, one of the conformations
most contributing to the fit, shown in the bottom right corner
of Fig. 3(d), is far from the DFT prediction because of a very
different orientation of the dipolar vector relative to the g-frame
of the detection CuTPP (indicated in Fig. 3), despite the spin-
spin distance being close to the value predicted by DFT. The
limited orientational information contained in the experi-
mental Cu-Cu DEER dataset is a result of the weak signal
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and low modulation depth that can be achieved on the low field
part of the Cu spectrum as demonstrated by simulations of the
expected traces in the ESIf (Fig. S19 and S20). The experi-
mentally recoded Cu-Cu DEER traces do not constrain the
conformation of the fitting model strongly. By contrast, the
TPP spectrum has sufficient signal on the Z transitions that
LITTER data can be recorded for this orientation with sufficient
MNR for analysis. Interestingly, the conformational distribu-
tion fitted for the Cu-Cu DEER traces does not fit the LITTER
data well, particularly in the region of the Z transitions
(Fig. S21, ESIf). Consequently, this demonstrates the impor-
tance of recording data for this orientation to facilitate an
accurate orientation dependent fit. While it may be possible
to use an optimized DEER detection scheme with only a small
number of field positions to accurately collect orientation
independent datasets for bis-copper systems,*>*® our results
indicate that when orientation dependent analysis is needed a
wider range of field positions is required.

In addition, it has previously been shown that even for
distances down to 2 nm very similar distributions of dipolar
interaction strengths have been recorded in a LiDEER experi-
ment on a porphyrin-nitroxide system and in a DEER experi-
ment on the system intercalated with copper, leading to the
extraction of similar spin-spin distance distributions, where
detection of orientation selection was limited by experimental
bandwidth.'® This suggests that the wider electronic spin
density delocalization in the photogenerated TPP triplet with
respect to CuTPP does not significantly impact the size of the
dipolar interactions and it can be attributed to the symmetric
electronic spin density distribution in the TPP triplet state.
In our comparison, we have already seen that it is important to
compare either the center-to-center distance distribution or the
distance distribution comprising all of the distances included
in a distributed point-dipole model. Comparing the center-to-
center distances, the distribution gained from the LITTER data
on system [3] is very similar to that found from analyzing the
DEER data measured on the Cu,-[3] system (dashed lines in
Fig. 3(c)). If the distance distributions considering the distrib-
uted point-dipole models are compared, that for the LITTER
data measured on the free-base porphyrin system is broader
than the corresponding one found for the DEER experiment
using CuTPP. This can be explained by considering the spin
density delocalization that forms the basis of the distributed
point-dipole model. If the LITTER traces are analyzed using an
orientation independent kernel method, that maps each dipo-
lar frequency to a single distance, or if a distance distribution
formed from only center-to-center distances are considered,
then the use of two TPP chromophores does not impact the
width of the derived distance distribution. However, if the spin
density delocalization is included in the distance distribution,
for example by using a distributed point-dipole model, then the
increased spin density distribution on both centers causes a
broadening of the distance distribution. This will have a larger
effect on LITTER results compared to LiIDEER or LaserIMD,
where only one triplet center is used. Importantly, we have
shown that the increase in spin density distribution is not
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significant enough to preclude measurement or analysis of
LITTER data measured on free base porphyrins. For a distance
of 2.6 nm, corresponding to molecule [3], we have proven by
calculation that the inclusion of the spin density distribution
has a minimal effect on the dipolar spectra for a range of
extreme orientations (Fig. S25 and S26, ESIT). Furthermore, we
have successfully measured the inter-porphyrin separation
centered at 2.1 nm for molecule [1]. However, at very short
distances the use of Cu-Cu DEER may be advantageous due to
the smaller spin density delocalization.

The upper limit of the distance measurement for all
PDS techniques that do not use Carr-Purcell-Meiboom-Gill
methods® is defined by the length of time trace that can be
collected, which is limited by the T, of the detection spin
center. It is therefore expected that LITTER, measured on
systems where the detection spin species is a TPP triplet,
will have a longer maximum distance than the corresponding
DEER using a CuTPP species for detection as T tpp-triplet >
Tm,cu-TPp, €v€N When the temperature is lowered from 20 to 15 K
for the latter (Fig. S3 and S5, ESIT). This provides an advantage
for LITTER over Cu-Cu DEER at longer distances. The upper
distance limit for the LITTER experiment using a photogener-
ated TPP triplet for detection will likely be slightly shorter than
that measured for the LiDEER TPP triplet-nitroxide systems,"®
as the modulation depth for the LITTER experiment measured
here is smaller than that of LiDEER datasets previously
reported and the corresponding signal-to-noise ratio is there-
fore expected to be lower."®

To investigate the importance of taking orientational effects
into account in LITTER measurements, we have analyzed each
individual dipolar trace via Tikhonov regularization with the
standard DeerAnalysis routine,> which uses an orientation-
independent kernel function. The results for molecule [3] are
presented in Fig. 4(a) and (b) as an example; the analysis for
molecules [1], [2] and [4] can be found in the ESIt (Fig. S22-
S24). As expected, significant differences in the shape and
position of the distance distribution features calculated with
the orientation independent Tikhonov regularization proce-
dure can be observed, indicating that these individual dipolar
traces are not representative of the complete distribution when
considered individually. For the dipolar traces recorded around
the Z~ region of the TPP triplet ESR spectrum, a distance
distribution with a longer average distance is obtained com-
pared to those recorded around Y (Fig. 4(b)). Although all of
the individual distance distributions lie within the distribution
calculated from the fitting procedure considering the orienta-
tion effects and the distributed dipole model, the width of each
individual distribution, found by orientation independent ana-
lysis of a single trace, is narrower than that found by fitting the
complete set of LITTER data considering the orientation selec-
tion and the distributed point-dipole model. If only the center-
to-center distances are considered in the orientation dependent
analysis, the widths of the distributions predicted for the traces
recorded close to the Y transition become more comparable.
This shows that even if the orientational information contained
in the dipolar traces is not of interest for the study, measuring a
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Fig. 4 Orientation-independent analysis of LITTER with [3]. (a) Back-
ground-corrected and modulation depth-normalised LITTER traces
shown in Fig. 2(c)-(ii) (colour) and individual orientation-independent fits
by Tikhonov regularization using DeerAnalysis (black), o = 10. (b) Spin—spin
distance distributions obtained from the analysis shown in panel b.
(c) Averaged LITTER trace (red) and corresponding orientation-
independent fit by Tikhonov regularization (black). (d) Spin—spin distance
distribution obtained from the analysis shown in panel c. 95% confidence
bounds (grey) have been estimated using the Comparative Deer Analyzer
in DeerAnalysis2022.
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single LITTER trace at a given field position and analyzing it
with an orientation-independent method could lead to an
erroneous distance distribution, not reflective of the true
spin-spin distances, resulting from artefacts due to the orien-
tation dependence of the dipolar interaction.

As optical excitation with non-polarized light is orientation
independent, for cases where only the spin-spin distance
distribution, and not the orientational distribution, is of inter-
est, an approximate idea of the distance distribution can be
obtained by acquiring multiple LITTER traces at different field
positions across the triplet spectrum and averaging them,
following a similar methodology previously applied to DEER
experiments on other systems.’>”* In the case of free-base TPP,
isomerization of the porphyrin ring nitrogen protonation sites
interchanges the x- and y-axes of the ZFS tensor. The result of
this means that reasonable orientation averaging can be
achieved by measuring and taking the average, weighted by
the spectral intensities at the corresponding field positions, of
traces recorded only across the Z~ and Y transitions, where
the signal is most intense, to suppress the orientational effects.
We have investigated this by simulating traces corresponding
to extreme differences in orientation of two TPP triplet centers
where the D-frames are perpendicular and parallel to one
another and perpendicular and parallel to the dipolar vector
(ESLt Section S5). In each case, we have compared the trace
obtained from a sum of traces calculated across the complete
triplet spectrum to that obtained by only summing traces
recorded on the Z and Y transitions (Fig. S25 and S26, ESI¥).
Results show that the averaged trace is dominated by the
Y transitions, where the signal intensity is highest. We show,

2598 | Phys. Chem. Chem. Phys., 2024, 26, 2589-2602

View Article Online

PCCP

for the extreme orientations, that summing the traces recorded
on the Z and Y transitions provides traces that contain the main
frequency contributions as the simulations averaged across the
complete spectrum. Furthermore, when we repeated the same
procedure for the conformational distribution fitted to the
LITTER data for [3], the result from the average of the Z and
Y transitions is even closer to that simulated with complete
averaging (Fig. S29 and S30, ESIt). Similar results reproducing
the main features in the distance distribution were also seen
for system [4], where the data also indicates the presence of
a population of conformers with a shorter distance than pre-
dicted from the DFT result (Fig. S27 and S28, ESIf).

Correspondingly, we can conclude that for this type of
system with two free-base porphyrin chromophores, a distance
distribution resulting from Tikhonov regularization analysis of
an averaged trace, from data recorded on Z and Y transitions,
can yield reasonable distance distribution information for the
complete system that is more accurate than using a single trace.
However, detailed interpretation of the shape of this distribu-
tion should be avoided as it may still contain orientational
artefacts; these will likely be more extreme with more con-
strained orientations and thus the extent of these differences
will depend on the system and the number of traces recorded.
The true validity of such an averaging treatment relies heavily
on sufficient traces being recorded across different orientations
of the ZFS tensor, within the triplet spectrum, to capture all
orientations of the dipolar vector with respect to the external
magnetic field. For example, it should be noted that only
measuring on the Z and Y transitions cannot be generalized
to all types of chromophores as it relies on the symmetry and
spectral intensities of the TPP triplet.

The results of this averaging treatment are shown in Fig. 4(c)
and (d) for molecule [3] and in Fig. $22-S24 (ESI¥) for molecules
[1], [2] and [4]. For these systems, based on the number of
traces recorded, the distance distributions from the averaged
traces are in good agreement with those obtained from the
orientation-dependent analysis. Interestingly, for molecule [4],
the shorter distance found in the complete orientational depen-
dent LITTER analysis survives the partial orientational aver-
aging and analysis process of the experimental data (Fig. S24(e),
ESIY), providing further evidence that it is due to the presence
of a second conformation of this molecule in the sample.
To validate this, we have used the conformational distribution
fitted to the orientationally dependent dataset and simulated a
more complete set of traces across the TPP triplet spectrum.
These simulated traces have been summed and analyzed using
DeerAnalysis with Tikhonov regularization and an orientation
independent kernel. The results are presented in the ESIf
(Fig. S27 and Fig. S29 for systems [4] and [3], respectively)
and again show the continued presence of the shorter distance
for system [4].

The combination of these simulation studies, comparison to
DFT predictions and orientation-dependent analysis, shows
that orientational averaging of LITTER traces capturing the
orientational dependence of the dipolar interaction is a valid
analysis procedure for these systems to obtain spin-spin
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distance distributions mostly free of orientational artefacts.
It can be used when orientational information is not required,
removing the need for the lengthy orientational simulations
and iterative fits associated with an orientation-dependent
analysis. We have also shown that an accurate spin-spin
distance distribution free of orientational artefacts cannot be
extracted directly from the orientation-independent analysis of
a single LITTER trace, and that the acquisition of multiple
dipolar traces at different field positions is necessary even
when the orientational information is not of interest, in order
to be able to correctly average out the orientational effects.

In this paper we have aimed to present our PDS data in line
with the guidelines laid out for publication of DEER data.’*
However, LITTER and DEER are not the same technique and
therefore it is not possible to implement all these guidelines
without modification. In the ESIt (Section S7) we present
guidelines for publication of LITTER data based on those
presented for DEER, indicating where variations occur and
why these variations are necessary.

Conclusion

In conclusion, we have reported a systematic orientational
LITTER study of a spectroscopic ruler of bis-porphyrin synthetic
model peptides spanning porphyrin-porphyrin distances
from 2.1 to 3.6 nm and different relative orientations. Using
orientation-dependent simulations and fits, we have obtained
information on the conformational distribution of the mole-
cules in frozen solution, in good agreement with the minimum-
energy geometries predicted by DFT. This demonstrates that
molecules with porphyrin-porphyrin distances as short as 2 nm
can be accurately studied with this technique to obtain
structural information beyond the distance distribution. By
direct comparison to conventional Cu-Cu DEER spectroscopy,
we have shown that LITTER is advantageous in allowing data
to be recorded in a shorter amount of time and at a higher
temperature thanks to the strong spin polarization and longer
Tm of the photogenerated TPP triplet state compared to
CuTPP.’® In addition, being a single-frequency technique,
LITTER removes the restriction of resonator bandwidth that
affects DEER experiments, and its orientational resolution does
not require the use of high fields as it originates from the
highly anisotropic triplet ZFS interaction, unlike for conven-
tional spin-half centers.

This study completes and compliments our previous proof-
of-concept LITTER work on a single synthetic model peptide
system and sets the base knowledge for the use of this techni-
que in structural investigations of complex biological macro-
molecules of interest. Other spectroscopic techniques capable
of measuring the distance between two chromophores, such as
Forster resonance energy transfer (FRET), require the chromo-
phores to adopt different orientations relative to the polariza-
tion of the light, and are therefore limited by the particular
structure of the systems studied.’® LITTER, on the other hand,
is free of this limitation and can directly measure the relative

This journal is © the Owner Societies 2024
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orientation of the chromophores, information that cannot
easily be obtained from all FRET experiments. We envision
that the structure of macromolecular systems containing endo-
genous photoexcitable moieties, such as light-harvesting pro-
teins and flavoproteins, and systems modified with several
photoswitchable triplet labels, could be studied with LITTER.
This removes the need for any spin-labeling with nitroxide
radicals, which can cause structural distortions, leading
to the possibility of more accurate PDS measurements in these
systems. Furthermore, nitroxide radicals are known to be unstable
in the intracellular environment,**® limiting the current applica-
tions of PDS methods in near-native environments, such as in
cells. As photogenerated triplets can be generated within cells,*®
LITTER is well suited for in-cell structural studies and could be
combined with optical microscopy techniques to correlate protein
structural information to its location inside the cell.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors thank Dr William K. Myers and Dr Kevin B.
Henbest for their help with ESR and laser instrumentation.
A. M. B. is grateful to the Royal Society and the EPSRC for their
support of a Dorothy Hodgkin fellowship and renewal (DH160004
and DHF\R\221018) and to the University of Manchester for a
Dame Kathleene Ollerenshaw Fellowship. A. M. B. and A. B. thank
the Royal Society for their financial support in the form of a
research grant for research fellows (RGF\R1\180099), enhanced
research expenses (RF\ERE\210351) and enhancement award
(RGF\EA\201050). A. M. B. is also grateful to the Royal Society of
Chemistry, the analytical chemistry Trust Fund, and the Commu-
nity for Analytical and Measurement Science fellowship (CAMS
Fellowship 2020 ACTF ref. 600310/09). The authors acknowledge
the Centre for Advanced Electron Spin Resonance at Oxford
University, funded by the UK EPSRC (EP/L011972/1) for use of
facility access and the EPSRC funded National Research facility at
the University of Manchester (EP/W014521/1, NS/A000055/1, EP/
V035231/1 and EP/S033181/1), for additional support. M. D. Z. is
grateful to the Italian Ministry for University and Research (MIUR)
(PRIN Project 2022NMSFHN, 2020833Y75 and 20173LBZM2) and
to the University of Padova (Project P-DiSC#04BIRD2019-UNIPD)
for funding. M. D. V. is grateful to the University of Padova
(Project 08SIDID2017) for funding. M. D. V. and M. D. Z. thank
Centro Studi “Giorgio Levi Cases” for financial support (project:
Biomolecular DSSCs). Molecular graphics were plotted with UCSF
Chimera, developed by the Resource for Biocomputing, Visualiza-
tion, and Informatics at the University of California, San Fran-
cisco, with support from National Institutes of Health Grant
P41-GM103311. For the purpose of open access, the author has
applied a Creative Commons Attribution (CC BY) license (where
permitted by UKRI, ‘Open Government License’ or ‘Creative
Commons Attribution No-derivatives (CC BY-ND) license may be

Phys. Chem. Chem. Phys., 2024, 26, 2589-2602 | 2599


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp03454b

Open Access Article. Published on 03 January 2024. Downloaded on 6/5/2026 10:33:00 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

stated instead) to any Author Accepted Manuscript version arising.
The software used in this work to simulate the LITTER and DEER
experiments is available upon request from the authors. Data has
been archived at the University of Manchester EPR facility and is
available upon request and also from the repository.:

Notes and references

1 G. Jeschke, The Contribution of Modern EPR to Structural
Biology, Emerging Top. Life Sci., 2018, 2(1), 9-18, DOIL
10.1042/etls20170143.

2 O. Schiemann and T. F. Prisner, Long-Range Distance
Determinations in Biomacromolecules by EPR Spectro-
scopy, Q. Rev. Biophys., 2007, 40(1), 1-53, DOIL: 10.1017/
S003358350700460X.

3 R. G. Larsen and D. J. Singel, Double Electron-Electron
Resonance Spin-Echo Modulation: Spectroscopic Measure-
ment of Electron Spin Pair Separations in Orientationally
Disordered Solids, J. Chem. Phys., 1993, 98(7), 5134-5146,
DOI: 10.1063/1.464916.

4 G. Jeschke, DEER Distance Measurements on Proteins,
Annu. Rev. Phys. Chem., 2012, 63(1), 419-446, DOI: 10.1146/
annurev-physchem-032511-143716.

5 V. P. Denysenkov, T. F. Prisner, J. Stubbe and M. Bennati,
High-Field Pulsed Electron-Electron Double Resonance
Spectroscopy to Determine the Orientation of the Tyrosyl
Radicals in Ribonucleotide Reductase, Proc. Natl. Acad. Sci.
U. S. A, 2006, 103(36), 13386-13390, DOIL: 10.1073/pnas.
0605851103.

6 M. V. Fedin, G. Y. Shevelev, D. V. Pyshnyi, V. M. Tormyshev,
G. Jeschke, M. Yulikov and E. G. Bagryanskaya, Interaction
of Triarylmethyl Radicals with DNA Termini Revealed by
Orientation-Selective 'W-Band Double Electron-Electron
Resonance Spectroscopy, Phys. Chem. Chem. Phys., 2016,
18(42), 29549-29554, DOI: 10.1039/c6cp05904;j.

7 O. Schiemann, A. Weber, T. E. Edwards, T. F. Prisner and
S. T. Sigurdsson, Nanometer Distance Measurements on
RNA Using PELDOR, J. Am. Chem. Soc., 2003, 125(12),
3434-3435, DOI: 10.1021/ja0274610.

8 C. M. Grytz, S. Kazemi, A. Marko, P. Cekan, P. Giintert,
S. T. Sigurdsson and T. F. Prisner, Determination of Helix
Orientations in a Flexible DNA by Multi-Frequency EPR
Spectroscopy, Phys. Chem. Chem. Phys., 2017, 19(44),
29801-29811, DOI: 10.1039/c7¢cp04997h.

9 D. Abdullin and O. Schiemann, Pulsed Dipolar EPR Spectro-
scopy and Metal Ions: Methodology and Biological Applica-
tions, ChemPlusChem, 2020, 85(2), 353-372, DOIL 10.1002/
cplu.201900705.

10 M. M. Roessler, M. S. King, A. J. Robinson, F. A. Armstrong,
J. Harmer and J. Hirst, Direct Assignment of EPR Spectra to
Structurally Defined Iron-Sulfur Clusters in Complex I by
Double Electron-Electron Resonance, Proc. Natl. Acad. Sci.
U. S. A, 2010, 107(5), 1930-1935, DOI: 10.1073/pnas.
0908050107.

2600 | Phys. Chem. Chem. Phys., 2024, 26, 2589-2602

11

12

13

14

15

16

17

18

19

20

21

View Article Online

PCCP

M. Di Valentin, M. Albertini, E. Zurlo, M. Gobbo and
D. Carbonera, Porphyrin Triplet State as a Potential Spin
Label for Nanometer Distance Measurements by Peldor
Spectroscopy, J. Am. Chem. Soc., 2014, 136(18), 6582-6585,
DOL: 10.1021/ja502615n.

C. Hintze, D. Biicker, S. Domingo Koéhler, G. Jeschke and
M. Drescher, Laser-Induced Magnetic Dipole Spectroscopy,
J. Phys. Chem. Lett., 2016, 7(12), 2204-2209, DOI: 10.1021/
acs.jpclett.6b00765.

A. Bieber, D. Biicker and M. Drescher, Light-Induced Dipo-
lar Spectroscopy - A Quantitative Comparison between
LiDEER and LaserIMD, J. Magn. Reson., 2018, 296, 29-35,
DOL: 10.1016/j.jmr.2018.08.006.

M. G. Dal Farra, S. Richert, C. Martin, C. Larminie, M.
Gobbo, E. Bergantino, C. R. Timmel, A. M. Bowen, M. Di
Valentin and E. P. R. Light-Induced Pulsed, Dipolar Spectro-
scopy on a Paradigmatic Hemeprotein, ChemPhysChem,
2019, 20(7), 931-935, DOI: 10.1002/cphc.201900139.

M. G. Dal Farra, S. Ciuti, M. Gobbo, D. Carbonera and M. Di
Valentin, Triplet-State Spin Labels for Highly Sensitive
Pulsed Dipolar Spectroscopy, Mol Phys., 2019, 117(19),
2673-2687, DOI: 10.1080/00268976.2018.1503749.

A. Bertran, A. Barbon, A. M. Bowen and M. Di Valentin,
Light-Induced Pulsed Dipolar EPR Spectroscopy for Dis-
tance and Orientation Analysis, Methods Enzymol., 2022,
666, 171-231, DOI: 10.1016/bs.mie.2022.02.012.

C. W. M. Kay, M. Di Valentin and K. Mdbius, A Time-
Resolved Electron Nuclear Double Resonance (ENDOR)
Study of the Photoexcited Triplet State of Free-Base Tetra-
phenylporphyrin, Sol. Energy Mater. Sol. Cells, 1995, 38(1-4),
111-118, DOI: 10.1016/0927-0248(94)00219-3.

M. Di Valentin, M. Albertini, M. G. Dal Farra, E. Zurlo,
L. Orian, A. Polimeno, M. Gobbo and D. Carbonera, Light-
Induced Porphyrin-Based Spectroscopic Ruler for Nano-
meter Distance Measurements, Chem. - Eur. J, 2016,
22(48), 17204-17214, DOIL: 10.1002/chem.201603666.

M. Di Valentin, M. G. Dal Farra, L. Galazzo, M. Albertini,
T. Schulte, E. Hofmann and D. Carbonera, Distance
Measurements in Peridinin-Chlorophyll a-Protein by
Light-Induced PELDOR Spectroscopy. Analysis of
Triplet State Localization, Biochim. Biophys. Acta, Bioenerg.,
2016, 1857(12), 1909-1916, DOIL 10.1016/j.bbabio.2016.09.
008.

N. E. Sannikova, I. O. Timofeev, A. S. Chubarov, N. S.
Lebedeva, A. S. Semeikin, I. A. Kirilyuk, Y. P. Tsentalovich,
M. V. Fedin, E. G. Bagryanskaya and O. A. Krumkacheva,
Application of EPR to Porphyrin-Protein Agents for Photo-
dynamic Therapy, J. Photochem. Photobiol., B, 2020,
211, 112008, DOI: 10.1016/j.jphotobiol.2020.112008.

O. A. Krumkacheva, I. O. Timofeev, L. V. Politanskaya, Y. F.
Polienko, E. V. Tretyakov, O. Y. Rogozhnikova, D. V.
Trukhin, V. M. Tormyshev, A. S. Chubarov and E. G.
Bagryanskaya, et al, Triplet Fullerenes as Prospective Spin
Labels for Nanoscale Distance Measurements by Pulsed Dipolar
EPR Spectroscopy, Angew. Chem., Int. Ed., 2019, 131(38),
13405-13409, DOI: 10.1002/ange.201904152.

This journal is © the Owner Societies 2024


https://doi.org/10.1042/etls20170143
https://doi.org/10.1017/S003358350700460X
https://doi.org/10.1017/S003358350700460X
https://doi.org/10.1063/1.464916
https://doi.org/10.1146/&QJ;annurev-physchem-032511-143716
https://doi.org/10.1146/&QJ;annurev-physchem-032511-143716
https://doi.org/10.1073/pnas.&QJ;0605851103
https://doi.org/10.1073/pnas.&QJ;0605851103
https://doi.org/10.1039/c6cp05904j
https://doi.org/10.1021/ja0274610
https://doi.org/10.1039/c7cp04997h
https://doi.org/10.1002/cplu.201900705
https://doi.org/10.1002/cplu.201900705
https://doi.org/10.1073/pnas.&QJ;0908050107
https://doi.org/10.1073/pnas.&QJ;0908050107
https://doi.org/10.1021/ja502615n
https://doi.org/10.1021/acs.jpclett.6b00765
https://doi.org/10.1021/acs.jpclett.6b00765
https://doi.org/10.1016/j.jmr.2018.08.006
https://doi.org/10.1002/cphc.201900139
https://doi.org/10.1080/00268976.2018.1503749
https://doi.org/10.1016/bs.mie.2022.02.012
https://doi.org/10.1016/0927-0248(94)00219-3
https://doi.org/10.1002/chem.201603666
https://doi.org/10.1016/j.bbabio.2016.09.&QJ;008
https://doi.org/10.1016/j.bbabio.2016.09.&QJ;008
https://doi.org/10.1016/j.jphotobiol.2020.112008
https://doi.org/10.1002/ange.201904152
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp03454b

Open Access Article. Published on 03 January 2024. Downloaded on 6/5/2026 10:33:00 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

22

23

24

25

26

27

28

29

30

31

32

L. Williams, S. Tischlik, A. Scherer, J. W. A. Fischer and
M. Drescher, Site-Directed Attachment of Photoexcitable
Spin Labels for Light-Induced Pulsed Dipolar Spectroscopy,
Chem. Commun., 2020, 56, 14669-14672, DOI: 10.1039/
dOcc03101a.

I. O. Timofeev, L. V. Politanskaya, E. V. Tretyakov, Y. F.
Polienko, V. M. Tormyshev, E. Bagryanskaya, O. A.
Krumkacheva and M. V. Fedin, Fullerene-Based Triplet Spin
Labels: Methodology Aspects for Pulsed Dipolar EPR Spectro-
scopy, Phys. Chem. Chem. Phys., 2022, 24, 4475-4484, DOL
10.1039/d1cp05545c.

A. Bertran, L. Morbiato, S. Aquilia, L. Gabbatore, M. De Zotti,
C. R. Timmel, M. Di Valentin and A. M. Bowen, Erythrosin B as
a New Photoswitchable Spin Label for Light-Induced Pulsed
EPR Dipolar Spectroscopy, Molecules, 2022, 27(21), 7526.

A. M. Bowen, A. Bertran, K. B. Henbest, M. Gobbo, C. R.
Timmel and M. Di Valentin, Orientation-Selective and
Frequency-Correlated  Light-Induced Pulsed Dipolar
Spectroscopy, J. Phys. Chem. Lett., 2021, 12, 3819-3826,
DOI: 10.1021/acs.jpclett.1c00595.

A. M. Bowen; C. E. Tait; C. R. Timmel and J. R. Harmer,
Orientation-Selective DEER Using Rigid Spin Labels, Cofac-
tors, Metals, and Clusters, in Structural Information
from Spin-Labels and Intrinsic Paramagnetic Centres in the
Biosciences, ed. C. R. Timmel and J. R. Harmer, Springer,
Berlin, Heidelberg, 2013, pp.283-328, DOIL: 10.1007/
430_2013_115.

A. Giannoulis, C. L. Motion, M. Oranges, M. Biihl, G. M.
Smith and B. E. Bode, Orientation Selection in High-Field
RIDME and PELDOR Experiments Involving Low-Spin Coll
Ions, Phys. Chem. Chem. Phys., 2018, 20(4), 2151-2154, DOL:
10.1039/c7cp07248a.

A. Gamble Jarvi, K. Ranguelova, S. Ghosh, R. T. Weber and
S. Saxena, On the Use of Q-Band Double Electron-Electron
Resonance to Resolve the Relative Orientations of Two
Double Histidine-Bound Cu®* Ions in a Protein, J. Phys.
Chem. B, 2018, 122(47), 10669-10677, DOI: 10.1021/
acs.jpcb.8b07727.

A. Savitsky, J. Niklas, J. H. Golbeck, K. Mobius and
W. Lubitz, Orientation Resolving Dipolar High-Field EPR
Spectroscopy on Disordered Solids: II. Structure of Spin-
Correlated Radical Pairs in Photosystem 1, J. Phys. Chem. B,
2013, 117(38), 11184-11199, DOI: 10.1021/jp401573z.

D. Goldfarb, Metal-Based Spin Labeling for Distance Deter-
mination, in Structural Information from Spin-Labels and
Intrinsic Paramagnetic Centres in the Biosciences, ed.
C. R. Timmel and J. R. Harmer, Springer-Verlag, Berlin
Heidelberg, 2013, pp.163-204.

D. Abdullin, H. Matsuoka, M. Yulikov, N. Fleck, C. Klein,
S. Spicher, G. Hagelueken, S. Grimme, A. Liitzen and
O. Schiemann, Pulsed EPR Dipolar Spectroscopy under
the Breakdown of the High-Field Approximation: The
High-Spin Iron(m) Case, Chem. - Eur. J., 2019, 25(37),
8820-8828, DOI: 10.1002/chem.201900977.

D. Abdullin, P. Brehm, N. Fleck, S. Spicher, S. Grimme and
O. Schiemann, Pulsed EPR Dipolar Spectroscopy on Spin

This journal is © the Owner Societies 2024

33

34

35

36

37

38

39

40

41

42

43

View Article Online

Paper

Pairs with One Highly Anisotropic Spin Center: The Low-
Spin Felll Case, Chem. — Eur. J, 2019, 25(63), 14388-14398,
DOI: 10.1002/chem.201902908.

A. M. Bowen, N. Erlenbach, P. van Os, L. S. Stelzl,
S. T. Sigurdsson and T. F. Prisner, Orientation Selective
2D-SIFTER Experiments at X-Band Frequencies, Appl. Magn.
Reson., 2018, 49(12), 1355-1368, DOI: 10.1007/s00723-018-
1057-3.

A. Bertran, K. B. Henbest, M. De Zotti, M. Gobbo,
C. R. Timmel, M. Di Valentin and A. M. Bowen, Light-
Induced Triplet—Triplet Electron Resonance Spectroscopy,
J. Phys. Chem. Lett., 2021, 12(1), 80-85, DOIL: 10.1021/
acs.jpclett.0c02884.

A. P. Jagtap, I. Krstic, N. C. Kunjir, R. Hénsel, T. F. Prisner
and S. T. Sigurdsson, Sterically Shielded Spin Labels for In-
Cell EPR Spectroscopy: Analysis of Stability in Reducing
Environment, Free Radical Res., 2015, 49(1), 78-85, DOIL
10.3109/10715762.2014.979409.

K. Singewald, M. J. Lawless and S. Saxena, Increasing
Nitroxide Lifetime in Cells to Enable In-Cell Protein Struc-
ture and Dynamics Measurements by Electron Spin Reso-
nance Spectroscopy, /. Magn. Reson., 2019, 299, 21-27, DOI:
10.1016/j.jmr.2018.12.005.

S. Oancea, F. Formaggio, S. Campestrini, Q. B. Broxterman,
B. Kaptein and C. Toniolo, Distance Dependency of Exciton
Coupled Circular Dichroism Using Turn and Helical Pep-
tide Spacers, Biopolymers, 2003, 72(2), 105-115, DOL:
10.1002/bip.10315.

I. Guryanov, A. Moretto, S. Campestrini, Q. B. Broxterman,
B. Kaptein, C. Peggion, F. Formannio and C. Toniolo, Turn
and Helical Peptide Spacers: Combined Distance and
Angular Dependencies in the Exciton-Coupled Circular
Dichroism of Intramolecularly Interacting Bis-Porphyrins,
Biopolymers, 2006, 82, 482-490, DOI: 10.1002/bip.

S. Stoll and A. Schweiger, EasySpin, a comprehensive soft-
ware package for spectral simulation and analysis in EPR,
J. Magn. Reson., 2006, 178(1), 42-55, DOI: 10.1016/
jjmr.2005.08.013, 16188474.

X. Bogetti, Z. Hasanbasri, H. R. Hunter and S. Saxena, An
Optimal Acquisition Scheme for Q-Band EPR Distance
Measurements Using Cu”-Based Protein Labels, Phys.
Chem. Chem. Phys., 2022, 24(24), 14727-14739, DOL
10.1039/d2cp01032a.

J. E. Lovett, A. M. Bowen, C. R. Timmel, M. W. Jones,
J. R. Dilworth, D. Caprotti, S. G. Bell, L. L. Wong and
J. Harmer, Structural Information from Orientationally
Selective DEER Spectroscopy, Phys. Chem. Chem. Phys.,
2009, 11, 6840-6848, DOIL: 10.1039/b913085n.

E. F. Pettersen, T. D. Goddard, C. C. Huang, G. S. Couch,
D. M. Greenblatt, E. C. Meng and T. E. Ferrin, UCSF
Chimera—a visualization system for exploratory research
and analysis, J. Comput. Chem., 2004, 25, 1605, DOI:
10.1002/jcc.20084.

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, G. A.
Petersson, H. Nakatsuji, X. Li, M. Caricato, A. V. Marenich,

Phys. Chem. Chem. Phys., 2024, 26, 2589-2602 | 2601


https://doi.org/10.1039/d0cc03101a
https://doi.org/10.1039/d0cc03101a
https://doi.org/10.1039/d1cp05545c
https://doi.org/10.1021/acs.jpclett.1c00595
https://doi.org/10.1007/430_2013_115
https://doi.org/10.1007/430_2013_115
https://doi.org/10.1039/c7cp07248a
https://doi.org/10.1021/acs.jpcb.8b07727
https://doi.org/10.1021/acs.jpcb.8b07727
https://doi.org/10.1021/jp401573z
https://doi.org/10.1002/chem.201900977
https://doi.org/10.1002/chem.201902908
https://doi.org/10.1007/s00723-018-1057-3
https://doi.org/10.1007/s00723-018-1057-3
https://doi.org/10.1021/acs.jpclett.0c02884
https://doi.org/10.1021/acs.jpclett.0c02884
https://doi.org/10.3109/10715762.2014.979409
https://doi.org/10.1016/j.jmr.2018.12.005
https://doi.org/10.1002/bip.10315
https://doi.org/10.1002/bip
https://doi.org/10.1016/j.jmr.2005.08.013
https://doi.org/10.1016/j.jmr.2005.08.013
https://doi.org/10.1039/d2cp01032a
https://doi.org/10.1039/b913085n
https://doi.org/10.1002/jcc.20084
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp03454b

Open Access Article. Published on 03 January 2024. Downloaded on 6/5/2026 10:33:00 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

44

45

46

47

48

J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P.
Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L. Sonnenberg,
Williams-Young, F. Ding, F. Lipparini, F. Egidi,
Goings, B. Peng, A. Petrone, T. Henderson,
Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega,
Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota,
Fukuda, J. Hasegawa, M. Ishida, T. Nakajima,
Honda, O. Kitao, H. Nakai, T. Vreven, K. Throssell,
Montgomery, Jr., J. E. Peralta, F. Ogliaro,
. Bearpark, J. J. Heyd, E. N. Brothers, K. N. Kudin,
. Staroverov, T. A. Keith, R. Kobayashi, J. Normand,
K. Raghavachari, A. P. Rendell, J. C. Burant, S. S. Iyengar,
J. Tomasi, M. Cossi, J. M. Millam, M. Klene, C. Adamo,
R. Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma,
O. Farkas, J. B. Foresman and D. J. Fox, Gaussian 16,
Revision A.03, Gaussian, Inc., Wallingford CT, 2016.

F. Neese, F. Wennmohs, U. Becker and C. Riplinger, The
ORCA quantum chemistry program package, . Chem. Phys.,
2020, 152(22), 224108, DOI: 10.1063/5.0004608, 32534543.
S. Sinnecker and F. Neese, Spin-spin contributions to the
zero-field splitting tensor in organic triplets, carbenes
and biradicals-a density functional and ab initio study.,
J. Phys. Chem. A, 2006, 110(44), 1226712275, DOI: 10.1021/
jp0643303, 17078624.

A. Barbon, M. G. Dal Farra, S. Ciuti, M. Albertini,
L. Bolzonello, L. Orian and M. Di Valentin, Comprehensive
investigation of the triplet state electronic structure of free-
base 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin by a
combined advanced EPR and theoretical approach,
J. Chem. Phys., 2020, 152, 034201, DOI: 10.1063/1.5131753.
A. Marko and T. F. Prisner, An Algorithm to Analyze
PELDOR Data of Rigid Spin Label Pairs, Phys. Chem. Chem.
Phys., 2013, 15(2), 619-627, DOI: 10.1039/c2cp42942j.

C. L. Motion, J. E. Lovett, S. Bell, S. L. Cassidy, P. A. S.
Cruickshank, D. R. Bolton, R. I. Hunter, H. El Mkami, S. Van
Doorslaer and G. M. Smith, DEER Sensitivity between Iron
Centers and Nitroxides in Heme-Containing Proteins
Improves Dramatically Using Broadband, High-Field EPR,
J. Phys. Chem. Lett., 2016, 7(8), 1411-1415, DOIL: 10.1021/
acs.jpclett.6b00456.

RS <®@ouTyU
>

Z —

<

2602 | Phys. Chem. Chem. Phys., 2024, 26, 2589-2602

49

50

51

52

53

54

55

56

View Article Online

PCCP

Z. Hasanbasri, N. A. Moriglioni and S. Saxena, Efficient
Sampling of Molecular Orientations for Cu(u)-Based DEER
on Protein Labels, Phys. Chem. Chem. Phys., 2023, 25(19),
13275-13288, DOI: 10.1039/d3¢cp00404;.

P. E. Spindler, I. Waclawska, B. Endeward, J. Plackmeyer,
C. Ziegler and T. F. Prisner, Carr-Purcell Pulsed Electron
Double Resonance with Shaped Inversion Pulses, J. Phys.
Chem. Lett., 2015, 6(21), 4331-4335, DOI: 10.1021/acs.jpc
lett.5b01933.

G. Jeschke, V. Chechik, P. Ionita, A. Godt, H. Zimmermann,
J. Banham, C. R. Timmel, D. Hilger and H. Jung, DeerAna-
lysis2006 - A Comprehensive Software Package for Analyz-
ing Pulsed ELDOR Data, Appl. Magn. Reson., 2006, 30(3-4),
473-498, DOIL: 10.1007/BF03166213.

D. Abdullin, G. Hagelueken, R. I. Hunter, G. M. Smith and
O. Schiemann, Geometric Model-Based Fitting Algorithm
for Orientation-Selective PELDOR Data, Mol. Phys., 2015,
113(6), 544-560, DOIL: 10.1080/00268976.2014.960494.

A. M. Bowen, M. W. Jones, J. E. Lovett, T. G. Gaule, M. J.
McPherson, J. R. Dilworth, C. R. Timmel and J. R. Harmer,
Exploiting orientation-selective DEER: determining molecu-
lar structure in systems containing Cu(ii) centres, Phys.
Chem. Chem. Phys., 2016, 18(8), 5981-5994, DOI: 10.1039/
¢5cp06096f, 26837391.

O. Schiemann, C. A. Heubach, D. Abdullin, K. Ackermann,
M. Azarkh, E. G. Bagryanskaya, M. Drescher, B. Endeward,
J. H. Freed and L. Galazzo, et al., Benchmark Test and
Guidelines for DEER/PELDOR Experiments on Nitroxide-
Labeled Biomolecules, J. Am. Chem. Soc., 2021, 143(43),
17875-17890, DOI: 10.1021/jacs.1c07371.

M. Tramier and M. Coppey-Moisan, Fluorescence Aniso-
tropy Imaging Microscopy for Homo-FRET in Living Cells,
Methods Cell Biol., 2008, 85(8), 395-414, DOI: 10.1016/
$0091-679X(08)85017-0.

M. Geissbuehler, T. Spielmann, A. Formey, 1. Mairki,
M. Leutenegger, B. Hinz, K. Johnsson, D. Van De Ville and
T. Lasser, Triplet Imaging of Oxygen Consumption during
the Contraction of a Single Smooth Muscle Cell (A7r5),
Biophys. J., 2010, 98(2), 339-349, DOI: 10.1016/j.bp;j.2009.
10.006.

This journal is © the Owner Societies 2024


https://doi.org/10.1063/5.0004608
https://doi.org/10.1021/&QJ;jp0643303
https://doi.org/10.1021/&QJ;jp0643303
https://doi.org/10.1063/1.5131753
https://doi.org/10.1039/c2cp42942j
https://doi.org/10.1021/acs.jpclett.6b00456
https://doi.org/10.1021/acs.jpclett.6b00456
https://doi.org/10.1039/d3cp00404j
https://doi.org/10.1021/acs.jpc&QJ;lett.5b01933
https://doi.org/10.1021/acs.jpc&QJ;lett.5b01933
https://doi.org/10.1007/BF03166213
https://doi.org/10.1080/00268976.2014.960494
https://doi.org/10.1039/c5cp06096f
https://doi.org/10.1039/c5cp06096f
https://doi.org/10.1021/jacs.1c07371
https://doi.org/10.1016/S0091-679X(08)85017-0
https://doi.org/10.1016/S0091-679X(08)85017-0
https://doi.org/10.1016/j.bpj.2009.&QJ;10.006
https://doi.org/10.1016/j.bpj.2009.&QJ;10.006
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp03454b



