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ABSTRACT: This work demonstrates, for the first time,
the feasibility of applying pulsed electron−electron double
resonance (PELDOR/DEER) to determine the interspin
distance between a photoexcited porphyrin triplet state
(S = 1) and a nitroxide spin label chemically incorporated
into a small helical peptide. The PELDOR trace shows
deep envelope modulation induced by electron−electron
dipole interaction between the partners in the pair,
providing an accurate distance measurement. This new
labeling approach has a high potential for measuring
nanometer distances in more complex biological systems
due to the sensitivity acquired from the spin polarization of
the photoexcited triplet state spectrum.

Pulsed electron−electron double resonance (PELDOR/
DEER) is a powerful and well-established methodology for

measuring nanometer distances in spin-labeled systems.1−5

PELDOR spectroscopy can probe, from measurements of the
electron−electron dipolar interaction between the two para-
magnetic centers, their separation and relative orientation
according to eq 1, in which g1 and g2 are the g-factors for the
two spin systems, r is the interspin distance, and θ is the angle
between the spin−spin vector and the external magnetic field.

Conventionally, PELDOR measurements are performed
between two nitroxide spin labels which have been attached
to biological molecules either by site-directed spin labeling or
by chemical modification.6 In recent years, numerous efforts
have been devoted to the development of alternative spin
labels, featuring more attractive properties than conventional
nitroxide radicals, despite their widespread employment for
distance measurements.
The orthogonal labeling approach, based on the use of

spectroscopically nonidentical labels, which can be addressed
selectively in the electron paramagnetic resonance (EPR)
experiment, has proved to be very promising for the Gd(III)−
nitroxide pair, inserted in both model systems and proteins and
featuring a high sensitivity at high-field EPR.7−9

Also promising are the recent technological advances in high-
field PELDOR, which enable orientationally selective experi-
ments, thus providing the possibility to unravel the relative
orientation of spin labels and yielding considerably more

structural information.10,11 For this reason and in order to
exploit endogenous probes, PELDOR spectroscopy using
paramagnetic metal cofactors has been tentatively performed
not only on model systems but also on various classes of
metalloproteins and proteins with metal-based spin tags at
specific sites. A limited number of examples has been reported
to date, restricted to metal centers exhibiting small anisotropy
of the g-tensor and relatively slow relaxation times. These are S
= 1/2 systems or high-spin systems for which mainly the Δm =
±1/2 transition can be selected, i.e., Cu(II), iron−sulfur
centers, the above-mentioned Gd(III), Mn(II), and Mn
clusters.12−23 Recently, the feasibility of PELDOR experiments
between nitroxide spin labels and low-spin ferric heme centers
has been demonstrated.24

Further development of orthogonal labeling approaches is
thus essential to broaden the applicability of this powerful
spectroscopic technique. In this work, we explore the possible
advantage of using a photoexcited triplet state (S = 1), localized
on a porphyrin moiety, as an orthogonal spin label to be
coupled to the nitroxide radical.
The triplet state has distinctive properties compared to metal

centers, since the large anisotropy due, in the specific case, to
the zero-field splitting (ZFS) tensor is accompanied by a strong
spin polarization of the spectrum,25 resulting from a non-
Boltzmann population of the triplet-state sublevels by
intersystem crossing from the corresponding excited singlet
state. Among organic chromophores, porphyrins have been
widely studied by EPR spectroscopy, due to their high triplet
yields, strong spin polarization, nonextreme relaxation times,
and moderate spectral anisotropy caused by the ZFS
interaction.26

To verify the feasibility of measuring nitroxide−porphyrin
triplet state interspin distances, we have designed a bis-labeled
model peptide with well-defined, predictable separations
between the paramagnetic sites (Figure 1). The 15-residue
peptide is labeled at the N-terminal end with 5-(4-
carboxyphenyl)-10,15,20-triphenylporphyrin (TPP) and at
position 10 with 4-amino-1-oxyl-2,2,6,6-tetramethylpiperidine-
4-carboxylic acid (TOAC).
The peptide bridge connecting the paramagnetic probes

consists of alternating L-alanine (Ala) and α-aminoisobutyric
acid (Aib) residues, known to promote the α-helix
conformation and consequently a well-defined geometry in
terms of distance, relative orientation, and restricted conforma-
tional flexibility.27
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Syntheses of the (Ala-Aib)n sequence and its TOAC-
containing analogue were performed by standard solid-phase
synthesis, following a protocol previously optimized for spin-
label-containing peptides.28 5-(4-Carboxyphenyl)-10,15,20-tri-
phenylporphyrin was covalently linked to the N-terminus of the
TOAC-containing peptide, still attached to the solid support, in
the presence of N,N′-diisopropylcarbodiimide/1-hydroxyben-
zotriazole in CH2Cl2/DMF. Cleavage of the porphyrin−
peptide conjugate from the resin was achieved by a mild acidic
treatment that prevents the loss of the spin label by
protonation. TPP-(Ala-Aib)4-Ala-TOAC-Ala-(Aib-Ala)2-OH
was characterized by analytical HPLC, UV−Vis and FT-IR
spectroscopies, and ESI-MS. Circular dichroism (CD) was used
to assess that, in methanol, the solvent used for the EPR
measurements, the labeled peptide retains the α-helical
structure of the parent peptide (see Figure S1 in the Supporting
Information (SI)). From CD, self-aggregation was also
excluded.
The pulsed EPR measurements were carried out at X-band

with a wide-bandwidth split-ring resonator on a glassy frozen
solution (20 K) of the compound in perdeuterated methanol at
a concentration of ∼200 μM. A laser flash at 532 nm, used to
populate the TPP triplet state, is followed by the microwave
pulse sequences corresponding to the electro-spin echo and
four-pulse PELDOR experiments (experimental details in SI).
In Figure 2, top panel, the photoexcited field-swept electron-

spin echo spectrum of the TPP-conjugated model peptide is
depicted, which shows the narrow central absorption signal due
to the nitroxide spin label (enlargement of the corresponding
spectral region is reported in the inset, detected in the absence
of laser photoexcitation) and the broad contribution, extending
between 300 and 380 mT, due to TPP triplet state.
The triplet state spectrum displays turning points corre-

sponding to the canonical orientations of the anisotropic ZFS
tensor and a specific spin-polarization pattern composed by
enhanced absorptive (A) and emissive (E) lines, as a result of a
non-Boltzmann population of the triplet-state sublevels. The
detailed spectroscopic characterization of the TPP triplet state
is reported in the SI (see Figure S2 and Table S1).
Figure 2, bottom panel, depicts the four-pulse PELDOR time

trace, obtained by applying the pump pulse at the maximum of
the nitroxide spectrum, in order to optimize the pump
efficiency, and the observer sequence in correspondence to
the most intense emissive ZFS canonical transition of the
polarized TPP triplet state spectrum, generated via pulsed laser
excitation. The PELDOR trace reveals a well-resolved and
pronounced dipolar modulation and a weak damping, up to at
least five complete periods. The modulation stems from dipolar
coupling of spin pairs with a single dominating distance. This
behavior is characteristic of restricted conformational flexibility
and distance distribution of the spin probes.

Optimization of the time trace in terms of signal-to-noise
ratio was achieved by reducing by 100 times the number of
scans compared to typical measurements in nitroxide−nitroxide
PELDOR experiments. The significantly increased sensitivity is
due to the intrinsic spin polarization, which is only partially lost
in the broad features of the triplet-state spectrum. Moreover,
the phase memory time of the triplet state at cryogenic
temperatures is comparable to that of nitroxide spin labels in
the conditions commonly adopted for PELDOR measurements
(see Figure S3 for data recorded to assess phase memory time).
To verify that the detected modulation originates from

electron−electron dipole interaction between the S = 1/2 and S
= 1 partners, we performed control PELDOR experiments with
different settings of the pump and observer frequency. Indeed,
by choosing both the pump field and the observer field within
the nitroxide or the porphyrin spectrum, we observed no
modulation but only an exponential decay corresponding to the
homogeneous distribution of peptides in the glassy frozen
solution (data not shown).

Figure 1. Chemical structure of the bis-labeled peptide TPP-(Ala-
Aib)4-Ala-TOAC-Ala-(Aib-Ala)2-OH.

Figure 2. Top panel: X-band field-swept electron-spin echo spectrum
of TPP-(Ala-Aib)4-Ala-TOAC-Ala-(Aib-Ala)2-OH (∼200 μM) re-
corded under photoexcitation at 20 K. A two-pulse echo sequence
(π/2−τ−π) was used with a 16 ns π/2 pulse and τ = 300 ns. The inset
depicts the spectrum of the nitroxide label in the absence of laser
photoexcitation. The arrows indicate the positions of pumping
(nitroxide) and detection (TPP triplet state) in the PELDOR
experiment shown in the bottom panel. A = enhanced absorption, E
= enhanced emission. Bottom panel: X-band four-pulse PELDOR
trace recorded under photoexcitation at 20 K. Observer pulses 16/32/
32 ns, pump pulse 12 ns, Δν = 240 MHz, shots per point = 50, and
single scan.
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After removal of the background decay from the envelope
modulation, Fourier transformation of the signal provides the
frequency spectrum reported in Figure 3, in which the
maximum intensity is observed at the dipolar frequency νDD
= 4.8 MHz. Although a significant extent of orientation
selection is expected in the relatively broad porphyrin triplet
spectrum, the effect is not visible on the PELDOR spectrum,
showing the shape of a pake pattern. This is because at the
observer position almost all the possible molecular orientations
with the tetrapyrrole plane parallel to the magnetic field are
detected. The orientation selection is further compromised by
the lack of collinearity between the ZFS principal axes and the
spin−spin distance vector, according to the structural model,
and to a lesser extent by the small degree of rotational freedom
of the para-substituted benzoyl group with respect to the
C1

phenyl−CO and the C4
phenyl−tetrapyrrole ring bonds (struc-

tural details reported in Figure S4).

An interspin distance of 22.4 Å was derived from eq 1,
applicable to the triplet state according to ref 29, in the high-
field approximation and neglecting any contribution from the
exchange interaction at this large distance between the spin
systems. Small deviations from this value might derive also from
the ZFS contribution to the spin Hamiltonian.18,30,31 Despite
these limits, the estimated distance is consistent with the one
obtained in the point-dipole approximation from the structural
model of TPP-(Ala-Aib)4-Ala-TOAC-Ala-(Aib-Ala)2-OH, con-
sidering the spin label positions with the center of the
porphyrin macrocycle and the midpoint of the nitroxide N−O
bond as reference points in the calculation (reported in Figure
S4 together with the distance distribution obtained with
DeerAnalysis2013 software32).
This result demonstrates the feasibility of using PELDOR

spectroscopy to determine the interspin distance between
nitroxide spin labels and porphyrin triplet states and opens new
possibilities for investigating the structure of biomolecules
exploiting the triplet state. This is the first example of PELDOR
based on a photoexcited S > 1/2 spin label.
Porphyrin triplet states have a potential for application as

novel spin labels. They feature high sensitivity, exceeding that
of the nitroxide−nitroxide PELDOR, due to the high spin

polarization while displaying phase and spin−lattice relaxation
times comparable to those nitroxides.
Porphyrin triplet states work very efficiently as orthogonal

labels, adding to the spectroscopic selectivity to nitroxide the
advantage of behaving as photoinduced spin probes. This
feature reveals intermolecular interactions and oligomerization
states, in the same sample, by performing PELDOR in the
absence of light excitation to measure intermolecular nitro-
xide−nitroxide distances. Moreover, the well-characterized
optical properties of the porphyrin chromophore can be
exploited to combine PELDOR to the complementary Förster
resonance energy transfer (FRET) spectroscopic method using
a common label, i.e., the porphyrin, which is fluorescent and
paramagnetic at the same time, while replacing the nitroxide by
a suitable FRET partner.
This study opens new promising possibilities for investigating

the structure of biomolecular assemblies. Application to
proteins containing heme groups, which can be Zn-substituted
in order to populate the Zn(II) protoporphyrin IX triplet
state,33 can be foreseen. For a more general purpose, site-
specific spin-labeling of proteins using developed protocols can
be extended to bind the porphyrin moiety in selected sites
suitably chosen.6 In addition, this type of orthogonal approach
can be extended to other chromophores whose triplet state is
highly polarized and well-characterized by EPR spectroscopy,
like porphyrin derivatives, fullerenes, and flavins.34−37 In
particular, chlorophylls and flavins can be exploited as
endogenous probes because of their presence in several classes
of proteins. Furthermore, the strong anisotropy of the triplet-
state ZFS tensor, which produces a spectral width similar to
that of high-spin metal centers, can be potentially exploited to
perform orientation selection taking advantage of the
compensating effect of the spin polarization signal enhance-
ment.
We are currently exploring the practical limits of the four-

pulse PELDOR experiment for the determination of distance
distributions on the nitroxide−photoexcited triplet state spin
label pair using a porphyrin-based peptide molecular ruler.
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