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STRUCTURAL APPROACHES ALLOW FOR THE IDENTIFICATION OF INDIVIDUAL STATES

• Single particle cryo-EM

• X-ray crystallography

• Cryo-electron tomography

• Single molecule FRET

• hsAFM

• MD simulations

• Electron paramagnetic resonance spectroscopy (EPR)
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Coupling of the magnetic moment of an unpaired electron with the external magnetic field B0 => Zeeman effect

Coupling leads to a 
splitting of the energy 
level with ΔE according 
to the spin orientationsms= -1/2

ms= +1/2
ΔE

ΔE= hν

Inducing of transition if 
the resonance condition 

ΔE= hν is fulfilled 
H.-J. Steinhoff

EPR SPECTROSCOPY

ΔE=hν=geµBB0
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Hyperfine-term: Coupling of the magnetic moment 
of the electron with the magnetic moment of the 
nucleus

Nuclear spin I induces a magnetic moment as well

Coupling of the magnetic moments of the electron 
and nucleus lead to (2I+1) hyperfine splitting 
(here 14N: I=1)

Diss. C. Beier, 2008

ΔmS=1

ΔmI=0

Mostly, MTSSL is attached to site-specific cysteines 
via disulfide bond

CWEPR: SITE-DIRECTED SPIN LABELING AND HYPERFINE-TERM
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Buried
Tertiary interaction
Helix surface

Loop

[1
/m
T]

residues

H.-J. Steinhoff

• The higher the viscosity of a liquid or the stronger the interactions 
with the micro-environment the stronger the spectral broadening

• ΔHpp
-1: the inverse of the central resonance line as mobility 

parameter - the lower ΔHpp
-1 the lower the mobility

Wunnicke & Hänelt Crystals 2017

CWEPR: ROTATION CORRELATION TIME AND RESULTING SPECTRA
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• Depending on the orientation 
of the p-orbital to the 
magnetic field the hyperfine 
splitting differs

• Addition of all possible spectra 
results in a powder spectrum

• Spectra always recorded as 
first derivative

Diss. C. Beier, 2008

CWEPR: HYPERFINE-TERM, FORMATION OF A POWDER SPECTRUM
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Polarity profile of helix F of bacteriorhodopsin, 
Savitsky et al. 2004

• The hyperfine splitting AZZ reflects the 
polarity of the environment:
High water accessibility,  π-electron 
density shifted towards the N-atom, 
strong hyperfine coupling, high AZZ

• 2Azz is the distance between the outer 
extrema in a powder spectrum

CWEPR: POLARITY EFFECTS HYPERFINE SPLITTING

Owenius et al. J Phys Chem 2001
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• cw EPR at 160 K: Distances 
between 0.8 and 1.8 nm can be 
determined based on dipolar 
broadened EPR spectra

• Below 0.8 nm: Heisenberg 
interactions, difficult to fit

• Pulsed EPR: Distances between 
1.5 and 8 nm

EPR: DISTANCE DETERMINATION
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Klose, 2014
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a direct approximation of the distance (29,31), or more elaborately, a calibration curve was obtained 
to determine an average distance from the relative intensities of the half field transition and the 
main (single quantum) spectrum, using extrapolation to a spin concentration of zero to separate out 
the influence of concentration-dependent dipolar broadening. (29,31) Both approaches yield a mean 
distance as an approximation to the distribution present in the frozen sample. 

In the intermediate regime from ~1.0 to ~2.0 nm the dipolar coupling between two electron spins is 
sufficiently strong to cause spectral broadening of cw EPR spectra under conditions where the 
dipolar interaction, that depends on the angle between the spin-spin vector and the external 
magnetic field, is not averaged out due to molecular motions. (4,32) Hence quantifying this 
broadening of the powder- or powder-like cw EPR spectra with respect to an unbroadened reference 
sample allows one to determine inter spin distances and their distributions by spectral fitting. (4,13) 

In the long distance regime from ~1.6 to ~10 nm the spectral broadening due to the dipolar 
interaction becomes smaller and above ~2.0 nm eventually unresolvable. Here pulsed-EPR can be 
applied that takes advantage of coherent control of the spins, and pulse sequences can be applied 
that are designed to determine smaller dipolar couplings, such as the widely applied four-pulse 
DEER/PELDOR sequence (5,14,33) developed from the three-pulse ELDOR sequence (34,35), as well 
as DQC (36), SIFTER (37) or RIDME (38), see (39) for an overview. 

The DEER experiment (5) uses two frequencies to carry out a pump-probe experiment (see Fig. 2) and 
thereby it modulates the amplitude of the final refocused stimulated echo with all dipolar coupling 
frequencies of spin pairs excited in the sample. Since the dipolar coupling that has a     dependency 
on the distance   leads to an interaction between all spins present in the sample, the resulting signal 
     carries both the desired intra-molecular contributions      as well as a background contribution 

Figure 2 A. Four-pulse DEER sequence with pulses at observer- and pump frequencies. Echo integration as function of t 
yields the DEER raw data modulated by the frequency of dipolar spin-spin interaction. Subsequent correction by the 
background decay (red) and Tikhonov regularization (40) allow calculation of a distance distribution. B. Echo-detected 
field sweep (black) and excitation scheme for the four-pulse DEER experiment. Pump- and observer excitation profiles 
are shown in blue and red, respectively. For distance determination a single frequency offset between pump and 
observer pulses of 65 MHz (green) is commonly used, while multiple frequency offsets, e.g. from 40 to 80 MHz (gray to 
black) are used to resolve distributions of mutal spin-spin orientations. 

46 
 

a direct approximation of the distance (29,31), or more elaborately, a calibration curve was obtained 
to determine an average distance from the relative intensities of the half field transition and the 
main (single quantum) spectrum, using extrapolation to a spin concentration of zero to separate out 
the influence of concentration-dependent dipolar broadening. (29,31) Both approaches yield a mean 
distance as an approximation to the distribution present in the frozen sample. 

In the intermediate regime from ~1.0 to ~2.0 nm the dipolar coupling between two electron spins is 
sufficiently strong to cause spectral broadening of cw EPR spectra under conditions where the 
dipolar interaction, that depends on the angle between the spin-spin vector and the external 
magnetic field, is not averaged out due to molecular motions. (4,32) Hence quantifying this 
broadening of the powder- or powder-like cw EPR spectra with respect to an unbroadened reference 
sample allows one to determine inter spin distances and their distributions by spectral fitting. (4,13) 

In the long distance regime from ~1.6 to ~10 nm the spectral broadening due to the dipolar 
interaction becomes smaller and above ~2.0 nm eventually unresolvable. Here pulsed-EPR can be 
applied that takes advantage of coherent control of the spins, and pulse sequences can be applied 
that are designed to determine smaller dipolar couplings, such as the widely applied four-pulse 
DEER/PELDOR sequence (5,14,33) developed from the three-pulse ELDOR sequence (34,35), as well 
as DQC (36), SIFTER (37) or RIDME (38), see (39) for an overview. 

The DEER experiment (5) uses two frequencies to carry out a pump-probe experiment (see Fig. 2) and 
thereby it modulates the amplitude of the final refocused stimulated echo with all dipolar coupling 
frequencies of spin pairs excited in the sample. Since the dipolar coupling that has a     dependency 
on the distance   leads to an interaction between all spins present in the sample, the resulting signal 
     carries both the desired intra-molecular contributions      as well as a background contribution 

Figure 2 A. Four-pulse DEER sequence with pulses at observer- and pump frequencies. Echo integration as function of t 
yields the DEER raw data modulated by the frequency of dipolar spin-spin interaction. Subsequent correction by the 
background decay (red) and Tikhonov regularization (40) allow calculation of a distance distribution. B. Echo-detected 
field sweep (black) and excitation scheme for the four-pulse DEER experiment. Pump- and observer excitation profiles 
are shown in blue and red, respectively. For distance determination a single frequency offset between pump and 
observer pulses of 65 MHz (green) is commonly used, while multiple frequency offsets, e.g. from 40 to 80 MHz (gray to 
black) are used to resolve distributions of mutal spin-spin orientations. 

By Gavin W Morley

PULSED EPR

• ‘DEER Analysis’ for Tikhonov regularization and fitting
• ‘MMMx’ for Rotamer Library analysis and distance prediction
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CASE STUDY IRE1

• Unfolded protein response (UPR) is a conserved homeostatic 
program activated by misfolded proteins in the lumen of the 
endoplasmic reticulum (ER)

• Aberrant lipid compositions of the ER membrane, referred to as
lipid bilayer stress, equally potent in activating the UPR

• Physiological studies revealed impaired UPR in the presence of 
mutations F531R or V535R disrupting the amphipathic helix

ER

cytosol

Halbleib et al. Mol Cell 2017
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SAMPLE PREPARATION

Halbleib et al. Mol Cell 2017

Lipid compositions 1-7: 
PC-based for minimal complexity in the lipid headgroup region, differed only in their cholesterol content and the 
proportion of saturated lipid acyl chains
Lipid composition 8: 
Increased degree of lipid saturation, increased sterol level, and increased PE:PC ratio mimicking lipid bilayer stress

C- Laurdan: 
fluorescence reporter 
determining generalized 
polarization (GP)
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THE MORE ORDERED THE LIPID COMPOSITION, THE MORE THE TMHS INTERACT

Halbleib et al. Mol Cell 2017
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PROPOSED MECHANISM OF LIPID SENSING

Halbleib et al. Mol Cell 2017
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CASE STUDY KDPFABC
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• SKT channel-like selectivity filter

• Intramembrane loop

KdpA

ARCHITECTURE OF KDPFABC - KDPA

Huang et al. Nature
2017
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• Smallest P-type ATPase

• Responsible for ATP hydrolysis

ARCHITECTURE OF KDPFABC - KDPB

A Domain

TM Domain

N Domain

P Domain

Huang et al. Nature
2017
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• KdpF: lipid-like stabilizer

• KdpC: unknown function

KdpF

KdpC

ARCHITECTURE OF KDPFABC – KDPC & KDPF

Huang et al. Nature
2017
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STRICT COUPLING OF K+ TRANSPORT AND ATP HYDROLYSIS
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Huang et al. Nature 
2017
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KDPFABC – COUPLING MECHANISM
KdpC

P

C

KdpB

KdpA

A
P

N

Huang et al. Nature 2017

Aiming for E2-P by inhibiting KdpFABC
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AIMING FOR E2-P

~ 30 Å

KtrBG150C A407C

N

P

A
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E1 AND E2 STATE RESULTING FROM ONE SAMPLE

State 1: E1 conformation State 2: E2 conformation

Stock, Hielkema, Tascon et al. Nat Comm 2018
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VALIDATION OF CONFORMATIONAL STATES

E1

E2P

E1PE2

ATP

ADP

H2O

Pi

PA

N

K+

K+

State 1 State 2
~4 nm ~2 nm

Stock, Hielkema, Tascon et al. Nat Comm 2018
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Nedergaard et al. NRN2002

Trimerization domain

Transport  domain

CASE STUDY: GLUTAMATE TRANSPORTER HOMOLOGE GLTPH
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substrate-loadedsubstrate-free
outward-facing

inward-facing

3 Na+
Asp

no structure 
available

3 Na+
Asp

Yernool et al. Nature 2004 
Reyes et al. Nature 2009
Verdon et al. NSMB 2012
Jensen et al. NSMB 2013

Verdon et al. Elife 2014

X-RAY CRYSTALLOGRAPHY
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AN AMAZING ELEVATOR!

Reyes et al. Nature 2009
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V176C-Spin label
i: 2.2 nm
o: 2.3 nm

apo
+ NaCl
+ NaCl/Asp

Hänelt et al. NSMB 2013

p (d)

PULSED EPR : TRIMERIZATION DOMAIN
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i: 4.7 nm
o: 7.3 nm

S331C-Spin label

apo
+ NaCl
+ NaCl/Asp

p (d)

• Multiple conformational states consistent with equilibrium constants close to unity between the observed 
transporter conformations

• The transporting domain undergoes an elevator-type movement, which is facilitated by the rigid scaffold of the 
trimerization domain      

Hänelt et al. NSMB 2013

PULSED EPR : TRANSPORT DOMAIN
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364

55

364

55

55R1364R1

apoprotein
+ NaCl
+ NaCl/Asp

• The transporting domain undergoes an elevator-type movement,  which is facilitated by the rigid 
scaffold of the trimerization domain      

CWEPR : INTRAMOLECULAR DISTANCES
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• Membrane environment favored conformations different from those observed in detergent micelles, but the 
transport domain remained structurally heterogeneous 

apoprotein
+ NaCl
+ NaCl/Asp

So
lub
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ed
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tit

ut
ed

EPR STUDY: SOLUBILIZED VS. RECONSTITUTED

outside (Na+ and Asp)

inside

Na+

Asp

Hänelt et al. NSMB 2013
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AF555

AF647

no Na+

Na+ + Asp

100 nm

Biotin-streptavidin 
anchor

i: 4.70 nm ~ FRET 0.9
o: 7.34 nm ~ FRET 0.4

S331C

TRANSPORT CYCLE ON A SINGLE MOLECULE LEVEL

Erkens et al. Nature 2013
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outside

inside

Inside in

outside

inside

Inside out

0                   60                 120                180                240

0                   60                 120                180                240

0.6/0.9

i o

TRANSPORT CYCLE ON A SINGLE MOLECULE LEVEL – DYNAMICS OF APO GLTPH

Erkens et al. Nature 2013
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Erkens et al. Nature 2013

outside (Na+)

inside

Inside in outside (Na+)

inside

Inside outNa+

0.6/0.90.4/0.6

i o

TRANSPORT CYCLE ON A SINGLE MOLECULE LEVEL – DYNAMICS OF NA+-BOUND GLTPH
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Na+

Asp
outside (Na+ and Asp)

inside

• The intermediate conformation appears to be 
essential and may hinder the dissipation of the 
Na+ gradient in the absence of Asp 

0.4/0.6/0.9

i o

TRANSPORT CYCLE ON A SINGLE MOLECULE LEVEL – DYNAMICS OF NA+-BOUND GLTPH

Erkens et al. Nature 2013
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• Multiple FRET states proposed non-synchronized subunit dynamics within a trimer

• All three subunits move independent of each!

AF555
AF647

+ NaCl + Aspartate + ΔΨ

TRANSPORT CYCLE ON A SINGLE MOLECULE LEVEL – NO SUBUNIT COORDINATION

Erkens et al. Nature 2013
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FRET = 0.9 FRET = 0.6 FRET = 0.4

2.0 s 2.3 s 1.7 sCalc.
• Dwell times of the different FRET levels as determined from single exponential fits agree to those calculated for

independent movement

• The dwell time distribution following a single-exponential decay instead of a rise-and-decay function excludes a
coordinated e.g. rotary model

è All three subunits move independent of each other!

DWELL TIMES OF DIFFERENT FRET LEVELS

Erkens et al. Nature 2013
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SINGLE-MOLECULE TRANSPORT KINETICS

Ciftci et al. Science Adv 2020
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DIRECT VISUALIZATION OF GLTPH ELEVATOR DOMAIN MOVEMENTS BY HS-AFM

Ruan et al. PNAS 2017
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DIRECT VISUALIZATION OF GLTPH ELEVATOR DOMAIN MOVEMENTS BY HS-AFM

Ruan et al. PNAS 2017
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DIRECT VISUALIZATION OF GLTPH ELEVATOR DOMAIN MOVEMENTS BY HS-AFM

Ruan et al. PNAS 2017
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QUANTIFICATION OF THE ELEVATOR DOMAIN DYNAMICS

Ruan et al. PNAS 2017
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LACK OF COOPERATIVITY BETWEEN ELEVATOR DOMAINS WITHIN GLTPH TRIMERS

Ruan et al. PNAS 2017
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