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ABSTRACT: To carry out reliable and comprehensive structural investigations, the exploitation of different complementary
techniques is required. Here, we report that dual triplet-spin/fluorescent labels enable the first parallel distance measurements by
electron spin resonance (ESR) and Förster resonance energy transfer (FRET) on exactly the same molecules with orthogonal
chromophores, allowing for direct comparison. An improved light-induced triplet−triplet electron resonance method with 2-color
excitation is used, improving the signal-to-noise ratio of the data and yielding a distance distribution that provides greater insight
than the single distance resulting from FRET.

Comparison between different methods in structural
biology can be important to identify structural changes

or prevent the interpretation of structural artifacts related to
sample conditions or preparation. Electron spin resonance
(ESR) pulsed dipolar spectroscopy (PDS) is a set of
techniques for the study of conformational flexibility and
disorder in complex biological macromolecular systems.1−4

Microwave (MW) pulses are used to measure the electron−
electron magnetic dipolar interaction between two para-
magnetic centers. PDS encompasses a range of techniques
including double electron−electron resonance (DEER),5−7

relaxation induced dipolar modulation enhancement,8,9 double
quantum coherence,10 and the single frequency technique for
refocusing interactions11 that allow distance distributions
between spin-bearing moieties to be measured from modu-
lation of the signal intensity,12 giving direct information on the
structure of the system.13 DEER, with nitroxide spin labels, is
the most commonly used,2 accessing distances between 1.4
and 8 nm,2,14 sometimes extendable up to 14 nm.15−17 A
similar range is accessible by Förster resonance energy transfer
(FRET).18,19 Parallel DEER and FRET studies, including
single-molecule FRET, have been performed on both chemical
model systems and protein complexes; however, different
labels are required, and direct distance comparison was not
possible.20−24 Examples of dual spin-fluorescence labels have
previously been reported using nitroxides chemically linked to
fluorescent species; however, the presence of the nitroxide
usually quenches the fluorescence, and it is necessary to
chemically silence the nitroxide, e.g., by transforming the N−
O• radical into a N-OMe moiety to restore the fluores-
cence.25−28 While such species could be used for parallel
DEER and FRET studies, the chemical modification required
and the fact that the nitroxide is often not located close to the
center of the fluorescent moiety introduce both additional
synthetic steps and uncertainty in comparison with distances
measured. Additionally, the nitroxide spin density, responsible
for the dipolar interaction in PDS EPR methods, is shifted in

space with respect to the excited state transition dipole
moment, used in FRET; hence, distances measured by the two
techniques cannot be expected to be the same in those cases, a
previous caveat that the presented study overcomes.
Light-induced PDS methods have been developed based on

the photogenerated triplet state of a 5(4′-carboxyphenyl)-
10,15,20-triphenylporphyrin (TPP) moiety as photoswitchable
spin-label,29−31 allowing measurement of its dipolar interaction
with permanent paramagnetic centers, e.g., nitroxide, in
synthetic model peptides29,30,32−36 and heme-containing
proteins.33,37−39 The triplet can be used for detection and
the permanent paramagnetic center pumped, as in light
induced DEER,29 or the triplet state generated during the
pulse sequence and the permanent paramagnetic center
detected, as in laser-induced magnetic dipole spectroscopy.33

Subsequent studies replaced TPP with other chromo-
phores.40−44 The photogenerated triplet is advantageous over
permanent paramagnetic centers due to its strong spin
polarization.45 Distances up to ca. 8 nm have been measured
for nitroxide and TPP-containing systems,32 and orientation
information can be extracted.31,35

The light-induced triplet−triplet electron resonance (LIT-
TER) technique (Figure 1a)46 enables the measurement of the
dipolar interaction between two photogenerated triplets in
chromophore-containing molecules, which are ESR silent in
their ground state, eliminating the need for permanent spin
centers, as usually required for PDS including the use of metal
ions.47−50 Electron spin-echo detection is performed on a
triplet formed by a laser pulse preceding the MW pulse
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sequence, while the second “pump” triplet is generated by a
time-variant laser pulse, changing the dipolar interaction
between the two paramagnetic centers.33 The laser pump
pulse, depolarized due to the use of a fiber optic in the light
path, initiates the formation of an excited singlet state, which
undergoes intersystem crossing to a triplet state. Formation of
the T+ or T− states results in a change of Ms, ΔMs = ±1,
equivalent to the application of a microwave π-pulse, but
exciting all orientations of the chromophore. Indeed, a MW
pulse will only have a limited bandwidth on the order of MHz,
exciting only a small portion of the triplet EPR spectrum,
corresponding to a limited range of orientations of the triplet
chromophore with respect to the external magnetic field.
Conversely, the unpolarized laser pump pulse in LITTER,
exciting all orientations of the chromophore, provides an
effectively unlimited excitation bandwidth of the EPR triplet
spectrum compared to MW pulses. The simple Hahn-echo
detection sequence used for LITTER yields maximum signal
intensity without the dead time associated with Hahn-echo
detection 3-pulse DEER5−7 or 4-pulse relaxation induced
dipolar modulation enhancement (RIDME),8,9 as the pumping
laser pulse can occur concurrently with MW pulses and
detected spin echo. The fixed position of all of the MW pulses
means that the LITTER experiment is not sensitive to electron
spin echo envelope modulations (ESEEM); therefore, no τ-
averaging procedures are required unlike other PDS
methods,2,51 and no complex phase cycles are required to
remove unwanted echoes.52 The non-Boltzmann population of

the triplet state enhances the signal intensity compared to
permanent paragenetic centers rendering the LITTER method
frequency independent as no gains are made from larger
population differences at higher field/frequency,53 and the
spectral width of the spectrum is controlled by the anisotropy
of the zero-field splitting tensor.54

In LITTER using homogeneous chromophores, the lack of
photoexcitation selectivity limited the modulation depth
(Section S2.5) and the dipolar modulation-to-noise ratio
(MNR, Section S1.3).46

Here, we demonstrate that LITTER enables the first direct
comparison between ESR PDS and FRET distance measure-
ments using the same labels acting as both triplet spin centers
and fluorophores. We show that LITTER can be performed
using commercially available, porphyrin and nonporphyrin
chromophores.55

Bis-labeled model peptides [1] and [2] containing
orthogonal chromophore pairs, TPP with Zn(II) TPP
(ZnTPP) and TPP with erythrosine B (EB), respectively,
were synthesized to have a rigid α-helical structure resulting
from alternating L-leucine−α-aminoisobutyric acid (Leu-Aib)
residues (Figures 1b and S15). A sarcosine (Sar) linker was
used to attach the labels to the N-terminus, avoiding the
formation of colorless EB spirolactam.31,43 This is advanta-
geous over previous strategies as it uses the more affordable
nonderivatized chromophore and introduces a shorter linker.42

Zn(II) complexation was achieved directly with resin-bound
TPP peptide, reducing the number of purification steps.56

A 2-color version of LITTER is shown in Figure 1a. Due to
the longer Tm of the TPP triplet formed by photoexcitation at
512 nm (Figures 2a and 3a) at the measurement temperature

compared to the triplets of EB and ZnTPP (Figures S11 and
S14b), this signal was used for detection. The selective
formation of triplets at 512 nm was studied by transient ESR
(trESR) in 1:1 molar mixtures of free chromophores (Figure
S12) and in [1] and [2] (Figure S13). This showed enhanced
TPP triplet formation in labeled peptides; 65% TPP triplet
signal was observed with a 35% EB or ZnTPP triplet signal for
pairs of free chromophores. In [1] and [2], the proportion of
TPP triplet signal increased to 85% and 100%, respectively.
This suggests that energy transfer between the photoexcited
ZnTPP or EB and the TPP quenches their excited states such

Figure 1. (a) LITTER pulse sequence: π/2 and π MW detection
pulses (black) preceded by laser 1 (green) form a primary spin-echo
(PE). The intensity is modulated by the formation of the second
triplet by time-variant laser 2 (pump, red). (b) Amino acid sequences
of [1] and [2], indicating the chromophore center-to-center distances
determined by in vacuo DFT optimization (Figure S15) and chemical
structures. Aib, α-aminoisobutyric acid; Eda, ethylenediamine. Other
DFT optimized structures yielding higher energy local minima are
presented in Figures S16 and S17 and Table S4.

Figure 2. (a) Room temperature optical absorption spectrum of [1]
(black), with reference spectra of TPP (red) and ZnTPP (blue),
normalized to the maximum of the Soret band. (b) Background-
corrected and normalized 1-color (512/512 nm, τ = 960 ns, scans =
200, blue) and 2-color (512/556 nm, τ = 1730 ns, scans = 7580, red)
LITTER traces of 40 μM [1] with modulation depths of 5% and 27%,
acquired on the most intense feature of the TPP triplet spectrum and
not orientationally averaged. The modulation-to-noise ratio (MNR)
corrected for the number of scans for the two experiments is red:blue
= 0.75:0.50.
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that there is less or no observable signal from the triplet states
of these moieties after excitation by laser 1 compared to the
mixtures of free dyes. Laser 2 was set to 556 and 532 nm for
[1] and [2], respectively, close to the maximum absorption of
the pump chromophore (ZnTPP and EB) and at an absorption
minimum of TPP (Figures 2a and 3a). Experimentally, it was
determined that sample concentrations of 40 and 12 μM for
[1] and [2], respectively, were optimal, giving an absorbance
of approximately 0.7 at the second wavelength of the 2-color
experiment, avoiding excessive attenuation of laser 2. A
polynomial background correction was applied on LITTER
data sets. The effect of different forms of background
correction is explored in Section S2.4. The background form
of LITTER includes contributions from both intermolecular
dipolar interactions, as seen in the DEER experiment,31 and
relaxation, as seen in RIDME,57 since the number of spin
active species in the sample changes when laser 2 generates
triplets.
The 2-color LITTER trace (512/556 nm) for 40 μM [1]

yielded a modulation depth of 27% (Figure 2b), an
approximately 2-fold improvement in modulation depth
compared to previous 1-color LITTER experiments measured
on bis-porphyrin model systems.46 For experiments measured
on samples at the same concentration yielding similar
detection echo intensities, this would result in a 4-fold
reduction in acquisition time to yield the same MNR. This
improvement is a direct result of better triplet formation
selectivity in the 2-color experiment. When the experiment was
repeated at 40 μM [1] with both lasers at 512 nm (512/512
nm), the modulation depth was reduced to 5% (Figure 2b)
due to the low absorbance of ZnTPP at 512 nm (Figure 2a),
demonstrating the importance of careful selection of the
excitation wavelength of the LITTER experiment.
To investigate the suitability of nonporphyrin chromophores

for LITTER, the 2-color experiment was repeated with 12 μM
[2] using 512/532 nm for lasers 1 and 2, respectively. A
maximum modulation depth of 23% was observed (Figure 3b)
with a MNR similar to that obtained with [1] (Section S1.3).
The smaller modulation observed for [2] compared to [1] may
be attributed to a higher energy-transfer efficiency in the EB/
TPP pair, which may diminish the formation of the EB triplet
and the pump chromophore in the LITTER experiment,
reducing the modulation depth. Evidence of a higher energy-
transfer efficiency is seen in the results of the FRET
experiments, where EB is the donor, and the degree of EB

fluorescence quenching is significant. In the FRET experiment
on system [1], TPP is the donor, and in the LITTER
experiment, the TPP triplet is used for detection. Therefore, in
system [1], a reduction in the number of TPP triplets due to
resonant energy transfer from the excited singlet state would
lead to a reduction in the detected echo intensity in the
LITTER experiment rather than a reduction in the modulation
depth. A hypothetical pair of labels where the quenching of the
donor chromophore fluorescence is complete would likely not
be suitable for the LITTER experiment, as there would be
either no modulation or no signal to detect.
The large modulation depths obtained with 2-color LITTER

constitute a significant improvement on previous 1-color
experiments.46 However, energy transfer between chromo-
phores quenches the excited state population, as observed by
relative loss of the EB and ZnTPP triplet signal in trESR
experiments (Figures S12 and S13). This prevents idealized
modulation depth values from being realized experimentally
(Section S2.5). According to our analytical expression (eq 1 in
the Supporting Information; see Section S2.5 for derivation),
the modulation depth of an ideal LITTER experiment is
proportional to the efficiency of pump triplet formation by the
second laser, and it decreases with increasing efficiency of
pump triplet formation by the first laser. For the optimal 2-
color experiments on [1] and [2], the maximum achievable
modulation depths in the absence of energy transfer are
predicted to be 0.60 and 0.55, respectively.
The singlet−singlet energy transfer and fluorescence proper-

ties of the chromophore pairs chosen for this study also allow
for FRET measurements, and these were performed on both
systems with 510 nm excitation and fluorescence detection
between 525 and 750 nm. In [1], TPP acts as the donor and
ZnTPP acts as the acceptor due to the higher absorbance of
TPP at 510 nm. The relatively low fluorescence intensity
(brightness) of TPP at 561 nm, the wavelength used for FRET
analysis, meant that drift from the baseline comprised a non-
negligible signal intensity (ca. 8%) and consequently a
background correction was required for the determination of
the distance (Section S2.8). The form of this background
correction provides the main source of error in the
interchromophore distance for [1]. Reported values of the
quantum fluorescence yields (Φfl) for unbound TPP are highly
consistent in the literature at 0.13.61 The fluorescence
quantum yield of TPP bound to a peptide (system [3], see
Table S1 for the peptide sequence) was calculated relative to
the TPP standard at 0.128 (see Sections S1.5 and S2.6 for
details). Consequently, this value was used in the calculation of
distances from the FRET data for system [1]. In Figure 4e, the
dark blue region represents the possible interchromophore
distances using different background corrections and the cyan
region represents an error of ±5% in the calculation of R0 using
the approximation κ2 = 2/3 for a system with low fluorescence
anisotropy (see Sections S1.6 and S2.7).62

TPP behaves as the FRET acceptor in [2] (Figure 4d) and
EB is the donor, as EB exhibits higher absorption at 510 nm.
The observed intensity for fluorescence emission was
significantly higher for system [2] compared to system [1],
and consequently, uncertainty in baseline drift has a much
smaller effect on the data recorded for system [2], ca. 0.1% of
the signal compared to 8% of the signal for system [1]. This
indicates that the TPP−EB pair is better suited to FRET
measurements than the TPP−ZnTPP in terms of the
achievable signal-to-noise ratio of the fluorescence emission

Figure 3. (a) Room temperature absorption spectrum of [2] (black),
TPP (red), and EB (blue). (b) Background-corrected and normalized
2-color (512/532 nm) LITTER traces at 40 μM (τ = 1730 ns, scans =
7410, blue) and 12 μM (τ = 1730 ns, scans = 4820, red) [2] with
modulation depths of 8% and 23%, acquired on the most intense
feature of the TPP triplet spectrum and not orientationally averaged.
The modulation-to-noise ratio (MNR) corrected for the number of
scans for the two experiments is red:blue = 0.55:0.40.
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spectra. Reported values of Φfl for EB vary between 0.02 for
the free dye and 0.17 for EB adsorbed onto a protein surface.63

Consequently, it was necessary to determine the fluorescence
quantum yield for the EB dye attached to a peptide (system
[5]; see Table S1 for peptide sequence), and this was achieved
by comparison to a Rhodamine 6G standard and yielded a
value of Φfl = 0.095 (see Sections S1.5 and S2.6 for details).
This value was used in the determination of the inter-
chromophore distance by FRET for [2]. The determined
FRET distance is shown as a dark blue line in Figure 4f. A cyan
region of uncertainty, ±10% of the calculated value, is also
depicted to reflect the use of the κ2 = 2/3 approximation on a
system with higher fluorescence anisotropy.64

This work shows that FRET distances can be directly
compared to LITTER distance distributions using dual spin/
fluorescent labels, which was impossible in conventional
DEER.20−23 Spin−spin distance distributions were extracted
using orientationally averaged LITTER traces and analyzed by
a Comparative DEER analyzer in DEERAnaylsis2022 with an
orientation-independent kernel58−60 (Figure 4, Section S2.4,
Figure S16). The main features of the LITTER distance
distributions are consistent with the density functional theory

(DFT) optimized geometries of [1] and [2] (Figure S15). The
distribution widths suggest a significant degree of conforma-
tional flexibility in solution, which could originate from
different conformations of the chromophores with respect to
the α-helix; a second conformation of [2] could be responsible
for the peak at 3.5 nm. Good agreement is seen with the
FRET-determined distance ranges (Figure 4e,f). Ensemble
FRET is not able to determine different populations; a second
population with a longer interchromophore distance in [2]
would explain the offset of the FRET distance range from the
main feature seen in the LITTER distribution. Distance
distributions could be determined using single-molecule FRET
provided that a suitably large number of molecules were
analyzed.22

In conclusion, we have reported the first LITTER experi-
ments with optically orthogonal chromophores and 2-color
photoexcitation, obtaining larger modulation depths corre-
sponding to a 4-fold shortening of the acquisition time with
respect to previous 1-color measurements. LITTER can also
exploit nonporphyrin chromophores including some com-
monly used as biological labels; examples include EB43 and
other fluorophores used in light induced PDS methods such as
ATTO Thio 12, Rose Bengal, Eyosin Y, and C60.

31,41,42,65,66

This makes the technique directly transferable to structural
biology applications. Our dual spin/fluorescent labels enabled
the first parallel distance measurements by ESR and FRET on
exactly the same molecules, allowing for direct comparison and
exploiting the complementarity of the two techniques, with
LITTER yielding distance distributions and FRET providing
information in the room-temperature liquid state.
The 2-color LITTER represents a dramatic step forward in

biological structural determination in systems where FRET
labels can be added or innate chromophores used. The choice
of orthogonal chromophores provides a significant improve-
ment in data quality compared to the initial homo-LITTER
experiments. Furthermore, the selective optical addressability
of each chromophore has the potential to enable unambiguous
determination of the PDS distance in systems with more than
two labels, without the interference of multispin effects.67,68

Optical orthogonality is easier to achieve and allows a wider
choice of labels than spin-label orthogonality.69−71 Therefore,
2-color LITTER offers a promising route to controlling
complexity in PDS of multispin systems. There is also the
potential for increasing the modulation depth by further
reducing the spectral overlap and unwanted excitations by
choosing different chromophore pairs and excitation wave-
lengths.
LITTER requires low concentrations and is likely suitable

for in-cell ESR studies, where conventional nitroxide labels
degrade rapidly.72,73 When combined with fluorescence
microscopy, LITTER could provide location-specific structural
information for labeled biomolecules inside cells.

■ ASSOCIATED CONTENT
Data Availability Statement
The raw data and processing information are available online
under the following DOIs: README ESR file 10.48420/
22177202, trESR data 10.48420/22177199, LITTER data
10.48420/22177196, and FRET data 10.48420/21961571.
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.3c04685.
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[2] (b) (512/532 nm) at 40 μM (red) with fits obtained using the
Comparative DEER Analyzer in DEERAnalysis202258−60 (black) with
regularization parameter α of 0.22 and 0.31, respectively. (c, d)
Concentration-normalized fluorescence spectra of [1] (c) and [2] (d)
(black) and of singly labeled TPP peptide [3] (red), ZnTPP peptide
[4] (c, blue), and EB peptide [5] (d, blue); see Table S1 for peptide
sequences of [3], [4], and [5]. (e, f) Comparison of the distances
determined for [1] (e) and [2] (f) by FRET (blue) with error bounds
(cyan), LITTER (solid black line) with 95% confidence intervals
(gray), which include analysis of the uncertainty in the background
correction, and DFT (dotted black line).

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.3c04685
J. Am. Chem. Soc. 2023, 145, 22859−22865

22862

https://pubs.acs.org/doi/suppl/10.1021/jacs.3c04685/suppl_file/ja3c04685_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c04685/suppl_file/ja3c04685_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c04685/suppl_file/ja3c04685_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c04685/suppl_file/ja3c04685_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c04685/suppl_file/ja3c04685_si_001.pdf
https://figshare.manchester.ac.uk/articles/dataset/README_file_for_ESR_data_for_manuscript_Light-Induced_Triplet-Triplet_Electron_Resonance_Spectroscopy_with_Orthogonal_Chromophores_allows_Pulsed_ESR_Distance_Measurements_between_FRET_Labels_/22177202
https://figshare.manchester.ac.uk/articles/dataset/README_file_for_ESR_data_for_manuscript_Light-Induced_Triplet-Triplet_Electron_Resonance_Spectroscopy_with_Orthogonal_Chromophores_allows_Pulsed_ESR_Distance_Measurements_between_FRET_Labels_/22177202
https://figshare.manchester.ac.uk/articles/dataset/trESR_data_for_manuscript_Light-Induced_Triplet-Triplet_Electron_Resonance_Spectroscopy_with_Orthogonal_Chromophores_allows_Pulsed_ESR_Distance_Measurements_between_FRET_Labels_/22177199
https://figshare.manchester.ac.uk/articles/dataset/LITTER_data_for_manuscript_Light-Induced_Triplet-Triplet_Electron_Resonance_Spectroscopy_with_Orthogonal_Chromophores_allows_Pulsed_ESR_Distance_Measurements_between_FRET_Labels_/22177196
https://figshare.manchester.ac.uk/articles/dataset/FRET_data_for_manuscript_Light-Induced_Triplet_Triplet_Electron_Resonance_Spectroscopy_with_Orthogonal_Chromophores_allows_Pulsed_ESR_Distance_Measurements_between_FRET_Labels_/21961571
https://pubs.acs.org/doi/10.1021/jacs.3c04685?goto=supporting-info
https://pubs.acs.org/doi/10.1021/jacs.3c04685?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c04685?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c04685?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c04685/suppl_file/ja3c04685_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c04685?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c04685?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Methods: synthesis, sample preparation, ESR spectros-
copy, FRET, quantum yield measurements, fluorescence
anisotropy, and DFT calculations; results: purification
and analysis, characterization of free chromophores,
characterization of [1] and [2], LITTER analysis,
LITTER modulation depth prediction, and quantum
yield measurement, fluorescence anisotropy, and FRET
analyses (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Marta De Zotti − Department of Chemical Sciences, University
of Padova, 35131 Padova, Italy; Centro Interdipartimentale
di Ricerca “Centro Studi di Economia e Tecnica dell’energia
Giorgio Levi Cases”, 35131 Padova, Italy; orcid.org/
0000-0002-3302-6499; Email: marta.dezotti@unipd.it

Alice M. Bowen − The National Research Facility for Electron
Paramagnetic Resonance, Department of Chemistry,
Manchester Institute of Biotechnology and Photon Science
Institute, The University of Manchester, Manchester M13
9PL, United Kingdom; orcid.org/0000-0002-6413-2841;
Email: alice.bowen@manchester.ac.uk

Authors
Arnau Bertran − Centre for Advanced Electron Spin

Resonance and Inorganic Chemistry Laboratory, Department
of Chemistry, University of Oxford, Oxford OX1 3QR,
United Kingdom; orcid.org/0000-0002-3882-5927

Laura Morbiato − Department of Chemical Sciences,
University of Padova, 35131 Padova, Italy; orcid.org/
0009-0006-7670-0638

Jack Sawyer − The National Research Facility for Electron
Paramagnetic Resonance, Department of Chemistry,
Manchester Institute of Biotechnology and Photon Science
Institute, The University of Manchester, Manchester M13
9PL, United Kingdom

Chiara Dalla Torre − Department of Chemical Sciences,
University of Padova, 35131 Padova, Italy

Derren J. Heyes − The National Research Facility for Electron
Paramagnetic Resonance, Department of Chemistry,
Manchester Institute of Biotechnology and Photon Science
Institute, The University of Manchester, Manchester M13
9PL, United Kingdom; orcid.org/0000-0002-7453-1571

Sam Hay − The National Research Facility for Electron
Paramagnetic Resonance, Department of Chemistry,
Manchester Institute of Biotechnology and Photon Science
Institute, The University of Manchester, Manchester M13
9PL, United Kingdom; orcid.org/0000-0003-3274-0938

Christiane R. Timmel − Centre for Advanced Electron Spin
Resonance and Inorganic Chemistry Laboratory, Department
of Chemistry, University of Oxford, Oxford OX1 3QR,
United Kingdom; orcid.org/0000-0003-1828-7700

Marilena Di Valentin − Department of Chemical Sciences,
University of Padova, 35131 Padova, Italy; Centro
Interdipartimentale di Ricerca “Centro Studi di Economia e
Tecnica dell’energia Giorgio Levi Cases”, 35131 Padova,
Italy; orcid.org/0000-0002-2915-8704

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.3c04685

Author Contributions
∇L.M., J.S., and C.D.T. contributed equally.

Funding
We thank (i) the Royal Society and the EPSRC for a Dorothy
Hodgkin fellowship (DH160004) and The University of
Manchester for a Dame Kathleen Ollerenshaw Fellowship to
A.M.B, (ii) the Royal Society for research grant RGF/R1/
180099 and enhancement award RGF/EA/201050 to A.M.B.
and A.B., (iii) The University of Manchester and the EPSRC
for a PhD DTP studentship to J.S., (iv) the Royal Society of
Chemistry, the Analytical Chemistry Trust Fund and the
Community for Analytical and Measurement Science fellow-
ship (CAMS Fellowship 2020 ACTF ref 600310/09) to
A.M.B., (v) the Center for Advanced Electron Spin Resonance
at Oxford University (funded by UK EPSRC grant EP/
L011972/1) for access, (vi) the EPSRC EPR National
Research facility at The University of Manchester (EP/
W014521/1, NS/A000055/1, EP/V035231/1, and EP/
S033181/1) for support, (vii) the University of Padova
(Projects 08SIDID2017, P-DiSC #11NEXUS2018-UNIPD
and P-DiSC#04BIRD2019-UNIPD), Centro Studi ‘Giorgio
Levi Cases’ (Project: Biomolecular DSSCs) and the Italian
MUR (PRIN Projects 20173LBZM2, 2020833Y75, and
2022NMSFHN) for financial support to M.D.V. and M.D.Z.
Molecular graphics were plotted with UCSF Chimera,
developed by the Resource for Biocomputing, Visualization
and Informatics at the University of California, San Francisco,
with the support of the National Institute of Health Grant P41-
GM103311.
Notes
The authors declare no competing financial interest.
For the purpose of open access, the author has applied a
Creative Commons Attribution (CC BY) license (where
permitted by UKRI, the ‘Open Government License’ or
‘Creative Commons Attribution No-derivatives’ (CC BY-ND)
license may be stated instead) to any Author Accepted
Manuscript version arising.

■ ACKNOWLEDGMENTS
The authors thank Dr. William Myers and Dr. Kevin Henbest
for their help with ESR and laser instrumentation and Prof.
David Collison and Prof. Eric McInnes for proofreading the
manuscript.

■ ABBREVIATIONS
ESEEM, electron spin echo envelope modulation; ESR,
electron spin resonance; PDS, pulsed dipolar spectroscopy;
MW, microwave; DEER, double electron−electron resonance;
FRET, Förster resonance energy transfer; LITTER, light-
induced triplet−triplet electron resonance; MNR, modulation-
to-noise ratio; ZnTPP, TPP with Zn(II); EB, erythrosin B;
RIDME, relaxation induced dipolar modulation enhancement;
trESR, transient ESR; TPP, 5(4′-carboxyphenyl)-10,15,20-
triphenylporphyrin; DFT, density functional theory

■ REFERENCES
(1) Jeschke, G. The Contribution of Modern EPR to Structural
Biology. Emerg. Top. Life Sci. 2018, 2 (1), 9−18.
(2) Schiemann, O.; Heubach, C. A.; Abdullin, D.; Ackermann, K.;
Azarkh, M.; Bagryanskaya, E. G.; Drescher, M.; Endeward, B.; Freed,
J. H.; Galazzo, L.; et al. Benchmark Test and Guidelines for DEER/
PELDOR Experiments on Nitroxide-Labeled Biomolecules. J. Am.
Chem. Soc. 2021, 143 (43), 17875−17890.
(3) Joseph, B.; Jaumann, E. A.; Sikora, A.; Barth, K.; Prisner, T. F.;
Cafiso, D. S. In Situ Observation of Conformational Dynamics and

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.3c04685
J. Am. Chem. Soc. 2023, 145, 22859−22865

22863

https://pubs.acs.org/doi/suppl/10.1021/jacs.3c04685/suppl_file/ja3c04685_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marta+De+Zotti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3302-6499
https://orcid.org/0000-0002-3302-6499
mailto:marta.dezotti@unipd.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alice+M.+Bowen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6413-2841
mailto:alice.bowen@manchester.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arnau+Bertran"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3882-5927
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laura+Morbiato"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0006-7670-0638
https://orcid.org/0009-0006-7670-0638
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jack+Sawyer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chiara+Dalla+Torre"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Derren+J.+Heyes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7453-1571
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sam+Hay"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3274-0938
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christiane+R.+Timmel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1828-7700
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marilena+Di+Valentin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2915-8704
https://pubs.acs.org/doi/10.1021/jacs.3c04685?ref=pdf
https://doi.org/10.1042/ETLS20170143
https://doi.org/10.1042/ETLS20170143
https://doi.org/10.1021/jacs.1c07371?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c07371?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41596-019-0182-2
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c04685?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Protein Ligand−Substrate Interactions in Outer-Membrane Proteins
with DEER/PELDOR Spectroscopy. Nat. Protoc. 2019, 14 (8),
2344−2369.
(4) Galazzo, L.; Bordignon, E. Electron Paramagnetic Resonance
Spectroscopy in Structural-Dynamic Studies of Large Protein
Complexes. Prog. Nucl. Magn. Reson. Spectrosc. 2023, 134−135, 1−19.
(5) Milov, A. D.; Ponomarev, A. B.; Tsvetkov, Y. D. Electron-
Electron Double Resonance in Electron Spin Echo: Model Biradical
Systems and the Sensitized Photolysis of Decalin. Chem. Phys. Lett.
1984, 110 (1), 67−72.
(6) Larsen, R. G.; Singel, D. J. Double Electron-Electron Resonance
Spin-Echo Modulation: Spectroscopic Measurement of Electron Spin
Pair Separations in Orientationally Disordered Solids. J. Chem. Phys.
1993, 98 (7), 5134−5146.
(7) Pannier, M.; Veit, S.; Godt, A.; Jeschke, G.; Spiess, H. W. Dead-
Time Free Measurement of Dipole−Dipole Interactions between
Electron Spins. J. Magn. Reson. 2000, 142, 331−340.
(8) Milikisyants, S.; Scarpelli, F.; Finiguerra, M. G.; Ubbink, M.;
Huber, M. A Pulsed EPR Method to Determine Distances between
Paramagnetic Centers with Strong Spectral Anisotropy and Radicals:
The Dead-Time Free RIDME Sequence. J. Magn. Reson. 2009, 201
(1), 48−56.
(9) Kulik, L. V.; Dzuba, S. A.; Grigoryev, I. A.; Tsvetkov, Y. D.
Electron Dipole-Dipole Interaction in ESEEM of Nitroxide Biradicals.
Chem. Phys. Lett. 2001, 343 (3−4), 315−324.
(10) Borbat, P. P.; Freed, J. H. Multiple-Quantum ESR and Distance
Measurements. Chem. Phys. Lett. 1999, 313, 145−154.
(11) Jeschke, G.; Pannier, M.; Godt, A.; Spiess, H. W. Dipolar
Spectroscopy and Spin Alignment in Electron Paramagnetic
Resonance. Chem. Phys. Lett. 2000, 331, 243−252.
(12) Schiemann, O.; Prisner, T. F. Long-Range Distance
Determinations in Biomacromolecules by EPR Spectroscopy. Q.
Rev. Biophys. 2007, 40 (1), 1−53.
(13) Bowen, A. M.; Johnson, E. O. D.; Mercuri, F.; Hoskins, N. J.;
Qiao, R.; McCullagh, J. S. O.; Lovett, J. E.; Bell, S. G.; Zhou, W.;
Timmel, C. R.; et al. A Structural Model of a P450-Ferredoxin
Complex from Orientation-Selective Double Electron-Electron
Resonance Spectroscopy. J. Am. Chem. Soc. 2018, 140 (7), 2514−
2527.
(14) Jeschke, G. DEER Distance Measurements on Proteins. Annu.

Rev. Phys. Chem. 2012, 63 (1), 419−446.
(15) Spindler, P. E.; Glaser, S. J.; Skinner, T. E.; Prisner, T. F.
Broadband Inversion PELDOR Spectroscopy with Partially Adiabatic
Shaped Pulses. Angew. Chemie - Int. Ed. 2013, 52 (12), 3425−3429.
(16) El Mkami, H.; Norman, D. G. EPR Distance Measurements in
Deuterated Proteins. Methods Enzymol. 2015, 564, 125−152.
(17) Endeward, B.; Hu, Y.; Bai, G.; Liu, G.; Prisner, T. F. Long-
Range Distance Determination in Fully Deuterated RNA with Pulsed
EPR Spectroscopy. Biophys. J. 2022, 121 (1), 37−43.
(18) Heyduk, T. Measuring Protein Conformational Changes by
FRET/LRET. Curr. Opin. Chem. Biol. 2002, 13, 292−296.
(19) Sekar, R. B.; Periasamy, A. Fluorescence Resonance Energy
Transfer (FRET) Microscopy Imaging of Live Cell Protein Local-
izations. J. Cell Biol. 2003, 160 (5), 629−633.
(20) Grohmann, D.; Klose, D.; Klare, J. P.; Kay, C. W. M.; Steinhoff,
H. J.; Werner, F. RNA-Binding to Archaeal RNA Polymerase Subunits
F/E: A DEER and FRET Study. J. Am. Chem. Soc. 2010, 132 (17),
5954−5955.
(21) Klose, D.; Klare, J. P.; Grohmann, D.; Kay, C. W. M.; Werner,
F.; Steinhoff, H. J. Simulation vs. Reality: A Comparison of in Silico
Distance Predictions with DEER and FRET Measurements. PLoS One
2012, 7 (6), e39492.
(22) Klose, D.; Holla, A.; Gmeiner, C.; Nettels, D.; Ritsch, I.; Bross,
N.; Yulikov, M.; Allain, F. H. T.; Schuler, B.; Jeschke, G. Resolving
Distance Variations by Single-Molecule FRET and EPR Spectroscopy
Using Rotamer Libraries. Biophys. J. 2021, 120 (21), 4842−4858.
(23) Peter, M. F.; Gebhardt, C.; Mächtel, R.; Muñoz, G. G. M.;
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(34) Bieber, A.; Bücker, D.; Drescher, M. Light-Induced Dipolar
Spectroscopy − A Quantitative Comparison between LiDEER and
LaserIMD. J. Magn. Reson. 2018, 296, 29−35.
(35) Bowen, A. M.; Bertran, A.; Henbest, K. B.; Gobbo, M.; Timmel,
C. R.; Di Valentin, M. Orientation-Selective and Frequency-
Correlated Light-Induced Pulsed Dipolar Spectroscopy. J. Phys.
Chem. Lett. 2021, 12, 3819−3826.
(36) Scherer, A.; Yao, X.; Qi, M.; Wiedmaier, M.; Godt, A.;
Drescher, M. Increasing the Modulation Depth of GdIII-Based Pulsed
Dipolar EPR Spectroscopy (PDS) with Porphyrin−GdIII Laser-
Induced Magnetic Dipole Spectroscopy. J. Phys. Chem. Lett. 2022, 13,
10958−10964.
(37) Di Valentin, M.; Dal Farra, M. G.; Galazzo, L.; Albertini, M.;
Schulte, T.; Hofmann, E.; Carbonera, D. Distance Measurements in
Peridinin-Chlorophyll a-Protein by Light-Induced PELDOR Spec-
troscopy. Analysis of Triplet State Localization. Biochim. Biophys. Acta
- Bioenerg. 2016, 1857 (12), 1909−1916.
(38) Dal Farra, M. G.; Richert, S.; Martin, C.; Larminie, C.; Gobbo,
M.; Bergantino, E.; Timmel, C. R.; Bowen, A. M.; Di Valentin, M.
Light-Induced Pulsed EPR Dipolar Spectroscopy on a Paradigmatic
Hemeprotein. ChemPhysChem 2019, 20 (7), 931−935.
(39) Sannikova, N. E.; Timofeev, I. O.; Chubarov, A. S.; Lebedeva,
N. S.; Semeikin, A. S.; Kirilyuk, I. A.; Tsentalovich, Y. P.; Fedin, M.
V.; Bagryanskaya, E. G.; Krumkacheva, O. A. Application of EPR to
Porphyrin-Protein Agents for Photodynamic Therapy. J. Photochem.
Photobiol. B Biol. 2020, 211, No. 112008.
(40) Krumkacheva, O. A.; Timofeev, I. O.; Politanskaya, L. V.;
Polienko, Y. F.; Tretyakov, E. V.; Rogozhnikova, O. Y.; Trukhin, D.
V.; Tormyshev, V. M.; Chubarov, A. S.; Bagryanskaya, E. G.; et al.
Triplet Fullerenes as Prospective Spin Labels for Nanoscale Distance

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.3c04685
J. Am. Chem. Soc. 2023, 145, 22859−22865

22864

https://doi.org/10.1038/s41596-019-0182-2
https://doi.org/10.1038/s41596-019-0182-2
https://doi.org/10.1016/j.pnmrs.2022.11.001
https://doi.org/10.1016/j.pnmrs.2022.11.001
https://doi.org/10.1016/j.pnmrs.2022.11.001
https://doi.org/10.1016/0009-2614(84)80148-7
https://doi.org/10.1016/0009-2614(84)80148-7
https://doi.org/10.1016/0009-2614(84)80148-7
https://doi.org/10.1063/1.464916
https://doi.org/10.1063/1.464916
https://doi.org/10.1063/1.464916
https://doi.org/10.1006/jmre.1999.1944
https://doi.org/10.1006/jmre.1999.1944
https://doi.org/10.1006/jmre.1999.1944
https://doi.org/10.1016/j.jmr.2009.08.008
https://doi.org/10.1016/j.jmr.2009.08.008
https://doi.org/10.1016/j.jmr.2009.08.008
https://doi.org/10.1016/S0009-2614(01)00721-7
https://doi.org/10.1016/S0009-2614(99)00972-0
https://doi.org/10.1016/S0009-2614(99)00972-0
https://doi.org/10.1016/S0009-2614(00)01171-4
https://doi.org/10.1016/S0009-2614(00)01171-4
https://doi.org/10.1016/S0009-2614(00)01171-4
https://doi.org/10.1017/S003358350700460X
https://doi.org/10.1017/S003358350700460X
https://doi.org/10.1021/jacs.7b11056?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b11056?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b11056?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1146/annurev-physchem-032511-143716
https://doi.org/10.1002/anie.201207777
https://doi.org/10.1002/anie.201207777
https://doi.org/10.1016/bs.mie.2015.05.027
https://doi.org/10.1016/bs.mie.2015.05.027
https://doi.org/10.1016/j.bpj.2021.12.007
https://doi.org/10.1016/j.bpj.2021.12.007
https://doi.org/10.1016/j.bpj.2021.12.007
https://doi.org/10.1016/s0958-1669(02)00332-4
https://doi.org/10.1016/s0958-1669(02)00332-4
https://doi.org/10.1083/jcb.200210140
https://doi.org/10.1083/jcb.200210140
https://doi.org/10.1083/jcb.200210140
https://doi.org/10.1021/ja101663d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja101663d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1371/journal.pone.0039492
https://doi.org/10.1371/journal.pone.0039492
https://doi.org/10.1016/j.bpj.2021.09.021
https://doi.org/10.1016/j.bpj.2021.09.021
https://doi.org/10.1016/j.bpj.2021.09.021
https://doi.org/10.1038/s41467-022-31945-6
https://doi.org/10.1038/s41467-022-31945-6
https://doi.org/10.1021/acs.jpclett.9b02621?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.9b02621?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.9b02621?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200603993
https://doi.org/10.1002/anie.200603993
https://doi.org/10.1002/anie.200603993
https://doi.org/10.1021/jo200613r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo200613r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.snb.2016.09.104
https://doi.org/10.1016/j.snb.2016.09.104
https://doi.org/10.3390/antibiotics8010019
https://doi.org/10.3390/antibiotics8010019
https://doi.org/10.1021/ja502615n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja502615n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/00268976.2018.1503749
https://doi.org/10.1080/00268976.2018.1503749
https://doi.org/10.1016/bs.mie.2022.02.012
https://doi.org/10.1016/bs.mie.2022.02.012
https://doi.org/10.1016/bs.mie.2022.02.012
https://doi.org/10.1002/chem.201603666
https://doi.org/10.1002/chem.201603666
https://doi.org/10.1002/chem.201603666
https://doi.org/10.1021/acs.jpclett.6b00765?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jmr.2018.08.006
https://doi.org/10.1016/j.jmr.2018.08.006
https://doi.org/10.1016/j.jmr.2018.08.006
https://doi.org/10.1021/acs.jpclett.1c00595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.1c00595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c02138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c02138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c02138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bbabio.2016.09.008
https://doi.org/10.1016/j.bbabio.2016.09.008
https://doi.org/10.1016/j.bbabio.2016.09.008
https://doi.org/10.1002/cphc.201900139
https://doi.org/10.1002/cphc.201900139
https://doi.org/10.1016/j.jphotobiol.2020.112008
https://doi.org/10.1016/j.jphotobiol.2020.112008
https://doi.org/10.1002/anie.201904152
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c04685?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Measurements by Pulsed Dipolar EPR Spectroscopy. Angew. Chemie -
Int. Ed. 2019, 58 (38), 13271−13275.
(41) Timofeev, I. O.; Politanskaya, L. V.; Tretyakov, E. V.; Polienko,
Y. F.; Tormyshev, V. M.; Bagryanskaya, E.; Krumkacheva, O. A.;
Fedin, M. V. Fullerene-Based Triplet Spin Labels: Methodology
Aspects for Pulsed Dipolar EPR Spectroscopy. Phys. Chem. Chem.
Phys. 2022, 24, 4475−4484.
(42) Williams, L.; Tischlik, S.; Scherer, A.; Fischer, J. W. A.;
Drescher, M. Site-Directed Attachment of Photoexcitable Spin Labels
for Light-Induced Pulsed Dipolar Spectroscopy. Chem. Commun.
2020, 56, 14669−14672.
(43) Bertran, A.; Morbiato, L.; Aquilia, S.; Gabbatore, L.; De Zotti,
M.; Timmel, C. R.; Di Valentin, M.; Bowen, A. M. Erythrosin B as a
New Photoswitchable Spin Label for Light-Induced Pulsed EPR
Dipolar Spectroscopy. Molecules 2022, 27 (21), 7526.
(44) Sannikova, N. E.; Melnikov, A. R.; Veber, S. L.; Krumkacheva,
O. A.; Fedin, M. V. Sensitivity Optimization in Pulse EPR
Experiments with Photo-Labels by Multiple-Echo-Integrated Dynam-
ical Decoupling. Phys. Chem. Chem. Phys. 2023, 25 (17), 11971−
11980.
(45) Barbon, A.; Dal Farra, M. G.; Ciuti, S.; Albertini, M.;
Bolzonello, L.; Orian, L.; Di Valentin, M. 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, No. 034201.
(46) Bertran, A.; Henbest, K. B.; De Zotti, M.; Gobbo, M.; Timmel,
C. R.; Di Valentin, M.; Bowen, A. M. Light-Induced Triplet−Triplet
Electron Resonance Spectroscopy. J. Phys. Chem. Lett. 2021, 12 (1),
80−85.
(47) Ji, M.; Ruthstein, S.; Saxena, S. Paramagnetic Metal Ions in
Pulsed ESR Distance Distribution Measurements. Acc. Chem. Res.
2014, 47 (2), 688−695.
(48) Ackermann, K.; Wort, J. L.; Bode, B. E. Nanomolar Pulse
Dipolar EPR Spectroscopy in Proteins: CuII-CuIIand Nitroxide-
Nitroxide Cases. J. Phys. Chem. B 2021, 125 (20), 5358−5364.
(49) Abdullin, D.; Schiemann, O. Localization of Metal Ions in
Biomolecules by Means of Pulsed Dipolar EPR Spectroscopy. Dalt.
Trans. 2021, 50, 808−815.
(50) Goldfarb, D. Gd3+ Spin Labeling for Distance Measurements
by Pulse EPR Spectroscopy. Phys. Chem. Chem. Phys. 2014, 16 (21),
9685−9699.
(51) Keller, K.; Doll, A.; Qi, M.; Godt, A.; Jeschke, G.; Yulikov, M.
Averaging of Nuclear Modulation Artefacts in RIDME Experiments. J.
Magn. Reson. 2016, 272, 108−113.
(52) Tait, C. E.; Stoll, S. Coherent Pump Pulses in Double Electron
Electron Resonance Spectroscopy. Phys. Chem. Chem. Phys. 2016, 18
(27), 18470−18485.
(53) Tkach, I.; Halbmair, K.; Höbartner, C.; Bennati, M. High-
Frequency 263 GHz PELDOR. Appl. Magn. Reson. 2014, 45 (10),
969−979.
(54) Richert, S.; Tait, C. E.; Timmel, C. R. Delocalisation of
Photoexcited Triplet States Probed by Transient EPR and Hyperfine
Spectroscopy. J. Magn. Reson. 2017, 280, 103−116.
(55) Lavis, L. D.; Raines, R. T. Bright Building Blocks for Chemical
Biology. ACS Chem. Biol. 2014, 9 (4), 855−866.
(56) Sibrian-Vazquez, M.; Jensen, T. J.; Fronczek, F. R.; Hammer, R.
P.; Vicente, M. G. H. Synthesis and Characterization of Positively
Charged Porphyrin-Pep Tide Conjugates. Bioconjugate Chem. 2005,
16 (4), 852−863.
(57) Keller, K.; Qi, M.; Gmeiner, C.; Ritsch, I.; Godt, A.; Jeschke,
G.; Savitsky, A.; Yulikov, M. Intermolecular Background Decay in
RIDME Experiments. Phys. Chem. Chem. Phys. 2019, 21 (16), 8228−
8245.
(58) Jeschke, G.; Chechik, V.; Ionita, P.; Godt, A.; Zimmermann, H.;
Banham, J.; Timmel, C. R.; Hilger, D.; Jung, H. DeerAnalysis2006 - A
Comprehensive Software Package for Analyzing Pulsed ELDOR Data.
Appl. Magn. Reson. 2006, 30 (3−4), 473−498.

(59) Worswick, S. G.; Spencer, J. A.; Jeschke, G.; Kuprov, I. Deep
Neural Network Processing of DEER Data. Sci. Adv. 2018, 4 (8), 1−
18.
(60) Fabregas Ibanez, L.; Jeschke, G.; Stoll, S. DeerLab: A
Comprehensive Software Package for Analyzing Dipolar Electron
Paramagnetic Resonance Spectroscopy Data. Magn. Reson. 2020, 1
(2), 209−224.
(61) Taniguchi, M.; Lindsey, J. S.; Bocian, D. F.; Holten, D.
Comprehensive Review of Photophysical Parameters (ε, Φf, Τs) of
Tetraphenylporphyrin (H2TPP) and Zinc Tetraphenylporphyrin
(ZnTPP) − Critical Benchmark Molecules in Photochemistry and
Photosynthesis. J. Photochem. Photobiol. C Photochem. Rev. 2021, 46,
No. 100401.
(62) Hellenkamp, B.; Schmid, S.; Doroshenko, O.; Opanasyuk, O.;
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