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Abstract
This perspective highlights recent applications and techno
logical progress in dipolar electron paramagnetic resonance 
(EPR) spectroscopy, including double electron – electron 
resonance (DEER) spectroscopy. These methods provide 
nanoscale distance distributions between site-specific spin 
labels in biomacromolecules. The resulting data are particu
larly well suited for quantifying the structure and energetics of 
conformational ensembles of multi-state and flexible proteins. 
Recent applications span a wide range of systems and are 
accompanied by innovations in spin labeling, deuteration, in- 
cell measurements, integrative multi-technique approaches, 
and novel computational modeling methods combined with 
structure prediction tools.
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Introduction
Pulse dipolar electron paramagnetic resonance (EPR) 

spectroscopy techniques, particularly double 

electron—electron resonance (DEER), serve as powerful 

tools for exploring the structural dynamics of small-to 

medium-sized and highly dynamic biological macro

molecules in diverse physiologically relevant environ

ments [1—3]. These techniques measure the 

distribution of distances between site-specific spin 

labels in an ensemble of biomacromolecules, with an 

accessible range of about 15—80 Å. They provide unique 

structural and energetic insights into disordered, dy

namic, multi-conformational proteins, low-symmetry 

large complexes, and transient protein—protein in

teractions. Dipolar EPR is increasingly integrated with 

other structural techniques, such as cryo-electron mi

croscopy, Förster resonance energy transfer (FRET), 

nuclear magnetic resonance (NMR), and small-angle 

scattering, and combined with computational structure 

prediction tools to characterize mechanistically relevant 

conformational states. This perspective highlights 

recent applications of dipolar EPR to study protein 

conformational transitions and ensembles (Fig. 1), 

summarizes experimental and computational advances 

(Fig. 2), and discusses future opportunities and chal

lenges in the field.

Recent applications
Dipolar EPR spectroscopy continues to reveal detailed 

mechanistic insights into protein conformational dy

namics across diverse systems. For example, the func

tional dynamics of the APC transporter GadC was 

studied by DEER combined with computational 

modeling, revealing proton-induced transitions between 

inward- and outward-facing conformations (Fig. 1a) [4]. 

In an ABC transporter, DEER spectroscopy was recently 

combined with extensive cryo-EM studies to elucidate 

its coupled cargo protein export mechanism, capturing a 

snapshot of a high-energy, outward-facing conformation 

essential for substrate release (Fig. 1b) [5]. Similarly, 

studies on the E. coli lipopolysaccharide (LPS) transport 

protein complex LptB2FGC demonstrated, through 

DEER distance measurements in detergent and lipo

somes and continuous-wave (CW) EPR spin label 

mobility analysis, how ATP binding and hydrolysis 

regulate the dynamics of lateral gates and structurally 

unresolved periplasmic domains (Fig. 1c), underscoring 

the importance of LptC in regulating directional LPS 

transport across the periplasm [6,7].

In the human μ-opioid receptor system, a combination 

of DEER and single-molecule FRET identified multiple 

conformational states, including a pre-activated confor

mation primed for G-protein engagement and a fully 

active state that modulates GDP affinity within the 

ternary complex (Fig. 1d) [8]. A novel approach 
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combining DEER spectroscopy between spin-labeled 

non-canonical amino acids and semi-reduced flavin and 

molecular dynamics (MD) resolved conformational 

heterogeneity in the one-electron-reduced state of 

cytochrome P450 reductase, revealing open-state 

ensembles [9]. Studies on the β-barrel assembly ma

chinery (BAM complex) in native E. coli cells demon

strated the power of in-cell DEER combined with cryo- 

EM to capture substrate-bound conformations (Fig. 1e) 

[10]. Using an integrated approach in lipid membranes, 

Figure 1 

Capturing conformational intermediates using pulsed dipolar EPR spectroscopy. (a) Distance distributions P(r) at low and neutral pH of the 
bundle domain of the APC transporter GadC [4]. The spin label pair used for the DEER distance measurement (bundle domain, across the membrane) is 
represented by purple spheres. Confidence bands (2σ) are shown around the best-fit lines. These bands, which depict the estimated uncertainty in P(r), 
reflect errors associated with the fitting of the primary DEER trace. The protonated GadC adopts an outward-facing (OF) conformation, as predicted by 
the AlphaFold model. In all panels, predicted distributions from models and structures are shaded in light colors. 
(b) A distinct conformation (population indicated by a star) of the core protease-containing ABC transporter (PCAT) in the nucleotide-bound state, 
compared to its cryo-EM structure (PDB: 8VP1) in lipid nanodiscs [5]. (c) DEER spectroscopy on the vanadate-trapped intermediate of the structurally 
unresolved periplasmic domains (PDB: 6MHZ, apo state) of the E. coli LptB2FG LPS transporter [6]. (d) Capturing the ternary complex of the human μ- 
opioid receptor (μOR) bound to its ligand lofentanil and G protein Gi, consistent with the cryo-EM structure of this state (PDB: 7T2H) [8]. (e) E. coli BAM 
complex bound to darobactin B (DAR-B) in its native environment, compared to its compatible cryo-EM structure (PDB: 8BVQ) [10]. (f) Proton- 
dependent conformational changes of the gating helices 2 and 11 on the intracellular side of a bacterial Spns transporter [11]. Modeling of the protonated 
conformation using DEER spectroscopy distance constraints indicated an occluded state. Tunnels (green) were calculated using MOLEonline 2.5 
software.

Figure 2 

Areas of recent methodology advances in dipolar EPR spectroscopy. From left to right: novel copper, gadolinium and nitroxide spin labels; 
innovative methods for dipolar EPR of spin-labeled proteins inside cells; deuteration of proteins to improve sensitivity; integrative use of EPR with other 
experimental biostructural approaches including FRET, hydrogen – deuterium exchange and crosslinking mass spectrometry (HDX, XLMS), small angle 
X-ray and neutron scattering (SAS), X-ray diffraction (XRD), cryo-electron microscopy (EM), and NMR; short-distance measurements using fluorine-19 
ENDOR; structural modeling combining EPR/DEER data with biomolecular structure prediction tools.
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extensive DEER spectroscopy was combined with 

enhanced-sampling MD simulations to identify a pre

viously unknown, mechanistically relevant occluded 

conformation of a bacterial membrane transporter 

(Fig. 1f) [11]. Despite numerous structures reported in 

the past decade, DEER spectroscopy uniquely captures 

the functionally relevant asymmetric conformation of 

nucleotide-binding sites in the mammalian multidrug 

transporter P-glycoprotein, offering a mechanism to 

distinguish substrates from inhibitors [12]. DEER has 

also been instrumental in understanding how membrane 

potential affects conformational and functional dy

namics in the sodium-dependent glucose transporter 

(SGLT1), providing quantitative distance constraints 

that define functionally coupled states [13]. Multi-state 

de novo designed hinge-like proteins that switch be

tween distinct conformations upon ligand binding have 

been characterized by combining DEER to capture 

conformational equilibria with measurements of binding 

kinetics and structural determination [14]. The appli

cation of dipolar EPR extends beyond proteins. EPR 

studies on riboswitch RNAs captured conformational 

flexibility that remains challenging for other methods 

[15]. Finally, integrative approaches combining DEER 

with mass spectrometry, small-angle scattering, and 

ensemble modeling have proven especially effective for 

resolving complex conformational landscapes [16—22].

Collectively, these studies demonstrate how dipolar 

EPR, particularly when integrated with complementary 

techniques, enables the characterization of elusive, 

functionally relevant intermediate states in biolog

ical macromolecules.

Novel spin labels
While cysteine-ligated nitroxide spin labels such as R1 

remain widely used, they are limited by long side 

chains, labile ligation chemistry, and reduction sensi

tivity in cellular environments. In cell lysates, nitro

xides are prone to enzymatic reduction by NADPH/ 

NADH-dependent enzymes. This reduction can be 

mitigated through protective maleimide derivatization, 

improving nitroxide stability in E. coli, HeLa, and 

HEK293T lysates [23]. Nitroxide stability has also been 

improved through spirocyclic modifications, enhancing 

resistance to cellular reducing agents and allowing 

measurements at elevated temperatures (up to 120 K) 

[24]. Thioester-based cysteine-reactive rigid nitroxide 

radicals offer improved distance precision and chemical 

stability [25]. Gd(III)-based labels are gaining popu

larity due to their exceptional stability in intracellular 

environments [2]. New nucleic acid labeling strategies 

are also emerging [26].

Non-covalent Cu(II)-based spin labels, particularly the 

one coordinated by two histidines (dHis) and capped 

with nitrilotriacetate (NTA), offer distinct advantages 

by preserving native cysteines and minimizing label 

flexibility, resulting in narrower distance distributions 

that more accurately reflect protein backbone confor

mations (Fig. 2). Notably, removal of native histidines is 

unnecessary [27]. In silico labeling tools now support 

labeling with dHis-Cu(II)-NTA and other bifunctional 

labels [28,29]. Additionally, these Cu(II) labels enable 

room-temperature measurements of side chain dy

namics [30]. Another Cu(II) labeling strategy based on 

the genetically encoded noncanonical amino acid 2,2′- 

bipyridin-5-yl alanine has also emerged [31].

Bioorthogonal labeling strategies offer crucial advan

tages for intracellular labeling, particularly by preserving 

native cysteines [32]. For instance, aldehyde- 

functionalized pyrrolidine and 3-pyrroline-1-oxyl radi

cals can react with an added N-terminal cysteine, 

enabling in-cell measurements without perturbing 

native disulfides [33]. This method was used to show 

that the trigger factor protein predominantly exists in 

the monomeric state in E. coli lysate. Genetic encoding 

of tetrazine-functionalized amino acids followed by re

action with strained trans-cyclooctene (sTCO)-modi

fied nitroxides enables direct in-cell spin labeling in 

mammalian cells [34]. Cyclooctyne-based spin labeling 

using non-canonical amino acid p-azidophenylalanine 

has been used for distance measurements to native 

flavin radicals in human cytochrome P450 reduc

tase [35].

These diverse spin-labeling chemistries collectively 

expand the versatility of dipolar EPR, allowing tailored 

labeling approaches for different biological contexts.

In-cell measurements
Expanding EPR into native intracellular environments 

remains a major frontier [2,36,37]. While cell-surface 

proteins are readily labeled, intracellular targets typi

cally require ex situ labeling followed by delivery via 

microinjection, electroporation, osmotic or heat shock. 

However, strategies for direct in-cell labeling are rapidly 

advancing (Fig. 2). For example, Cu(II)-NTA complexes 

can be delivered directly to intracellular overexpressed 

proteins containing genetically encoded dHis motifs to 

form dHis-Cu(II)-NTA spin labels [38—40]. As 

mentioned, tetrazine-sTCO labeling allows site-specific 

spin labeling during intracellular protein expression in 

mammalian systems [34]. Nanodiscs-mediated delivery 

has enabled insertion of spin-labeled membrane pro

teins into intact bacterial membranes [41]. Metal-based 

spin labels, particularly Gd(III), provide robust intra

cellular stability, while newer nitroxide derivatives (e.g., 

ethyl or spirohexyl-substituted) offer partial resistance 

to reduction [24,34]. Continued progress in intracellular 

labeling will be critical for fully realizing EPR’s potential 

to study biomolecular conformations in native 

cellular environments.
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Deuteration
Deuteration of the spin label environment extends spin 

phase memory time (Tm), improving sensitivity and 

accessible distance range (Fig. 2). Solvent deuteration is 

now routine, while protein deuteration―though 

powerful―remains underutilized [42]. Deuteration has 

enabled DEER measurements at distances up to 160 Å 

in proteins and 100 Å in nucleic acids [43,44]. Recent 

advances include selective methyl protonation in 

otherwise deuterated proteins to resolve multimodal 

distributions [45], perdeuterated spin-labelled affinity 

proteins for non-covalent labeling of undeuterated tar

gets [46], and complete deuteration in cells to extend 

intracellular Tm [47]. Lipid deuteration remains chal

lenging to extend phase memory time for spin-labelled 

membrane proteins in liposomes or nanodiscs. Deuter

ation will likely be a key tool for maximizing the sensi

tivity and accuracy of future dipolar EPR studies.

Integration with FRET and other methods
FRET and dipolar EPR offer complementary strengths 

for probing site-specific distances in biomacromolecules 

(Fig. 2). FRET enables room temperature, single- 

molecule sensitivity, whereas dipolar EPR provides a 

broader distance range and more accurate distance dis

tributions due to its significantly smaller labels and 

highly localized unpaired electrons. Also, the distance 

axis in dipolar EPR is absolute and unlike FRET does 

not need calibration. Comparative studies reveal excel

lent overall agreement between FRET and EPR, though 

differences of ∼5 Å often arise due to label size and 

protein interactions [48]. Integrative EPR/FRET ap

proaches have recently illuminated conformational dy

namics in GPCRs, such as μ-opioid (Fig. 1d) [8] and β2- 

adrenergic receptors [49]. Beyond FRET, dipolar EPR 

has been combined with techniques such as anomalous 

X-ray scattering [50]. EPR has been combined with 

NMR, mass spectrometry and small angle scattering to 

map conformational ensembles of complex RNA- 

binding proteins (Fig. 2) [16]. Integration with 

emerging computational structure prediction methods 

(e.g., AlphaFold) further enhances structural interpre

tation [51]. These integrated multipronged approaches 

offer powerful new avenues for dissecting conforma

tional landscapes inaccessible to individual 

methods alone.

19F ENDOR
At short distances (<15 Å), conventional dipolar EPR is 

limited by excitation bandwidth. Another EPR method, 
19F electron—nuclear double resonance (ENDOR) ad

dresses this regime (Fig. 2) [52—54]. 19F ENDOR 

measures distances between unpaired electrons (nitro

xide, trityl, Gd(III), Cu(II), etc.) and nearby 19F nuclei 

introduced via fluorinated amino acids such as p- 

trifluoromethyl-phenylalanine or nucleotides such as 2′- 

fluororibose [55]. Operating at high fields (ca. 94 GHz, 

3.4 T), 19F ENDOR has enabled in-cell measurements 

[54] and structural studies on flexible fluoride-binding 

riboswitches [15]. Recent work has clarified the influ

ence of spin label identity and spectral broadening on 

the accessible distance range [56,57]. Selective 19F la

beling also enhances conformational studies by NMR 

[58,59]. The growing adoption of 19F ENDOR expands 

the dynamic range of distance measurements, comple

menting conventional DEER spectroscopy.

Data analysis and modeling
Extracting distance distributions from dipolar EPR data 

relies on approaches ranging from neural networks 

trained on simulated data [60] to regularized least- 

squares fitting [61]. The results can be ambiguous if 

the dipolar EPR data are truncated and noisy, but they 

can be stabilized by introducing additional distribution 

constraints (e.g., smoothness, number of Gaussians, 

compactness) or fitting globally across a variety of 

biochemical conditions. In all cases, it is essential to 

quantify the uncertainty in the obtained distance dis

tributions, as this directly impacts the reliability of 

structural inferences. Bayesian methods are increasingly 

used to quantify uncertainty in distance estimates [62].

DEER-derived constraints are now routinely integrated 

into protein conformational modeling pipelines [63,64]. 

Software platforms such as MMMx, a platform for 

modeling biomacromolecular ensembles [65], and 

chiLife, a Python library for modeling non-canonical 

amino acids including spin labels [66] support spin- 

label modeling and ensemble refinement [67,68]. Ad

vances in combining MD simulations with DEER data 

for membrane proteins have improved accuracy [69]. 

Several promising approaches have emerged that 

combine DEER constraints with AlphaFold modeling 

[4,70] or directly embed DEER constraints into 

AlphaFold training [51]. Efforts are ongoing to assess 

how well AlphaFold-predicted contact maps reflect 

conformational distributions [71].

These advances in data analysis and modeling continue 

to improve the resolution and reliability of distance 

constraints obtained by dipolar EPR spectroscopy, ulti

mately enabling more accurate structural and energetic 

characterizations of biomolecular ensembles.

Outlook
Dipolar EPR spectroscopy has emerged as a versatile 

tool to study the conformational landscapes of dynamic 

proteins and nucleic acids under physiologically relevant 

conditions. Continued innovations in spin-label chem

istry, in-cell methodologies, deuteration, advanced pulse 

sequences, computational modeling, and integration 

with other techniques will further broaden its impact. 

As the field evolves, the combination of EPR with 

complementary biophysical, computational, and cellular 

4 Biophysical Methods (2025)

Current Opinion in Structural Biology 2025, 94:103139 www.sciencedirect.com



approaches will enable increasingly sophisticated 

dissection of protein conformational energy landscapes 

and the elucidation of allosteric mechanisms in complex 

biomolecular systems.
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