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Biological Applications of EPR Spectroscopy

In biological systems we often rely on
following intrinsic paramagnetic centres,
such as:

 organic « Organic radicals (semiquinones,
Radicals " chlorophylls, tyrosines)
* Photoexcited states (triplets, radical

" Defects
in solids

‘Conducting
materials

.g. semiconduc-

systems

tors, metals 8. diamond pa | I’S)
 Transition  Excited  Transition metals (Cu?*, Fe3*, Mn?*,
Metals States
e.g. catalysis, e.g. triplet states, C02+)

etalloprotein pin chemist

We can often introduce paramagnetic
centres, extrinsic paramagnets, or find
ways to ‘catch’ short-lived intermediates:

o N
EPR Imaging
cf. MRI; e.g. [0,],
pH during
turnover

7. .
" Dosimetry
Dating
e.g. radiation
damage

« Spin labels (nitroxides, Gd?3*)
« Spin trapping (e.g. superoxide)
* Rapid freeze quench

EPR has many ‘non-bio’ applications too ...



Spin Hamiltonian and Magnetic Interactions
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The work flow in EPR:

Instrumentation Measurement Magnetic interactions: Information on
CW, pulse of molecule(s) Interpretation EZ, NZ, HF, NQ, NN, ZFS structure &
(var;able T) as (g), (1), () of spectra Relaxation: bonding,

AN e —environment dynamics
by simulations I
by computation
The spin
Hamiltonian: Ho = Hgz + Hnz + Hyp + Hyq + Hyn + Hzps
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Pulse EPR enables to single out different interactions to gain a much more detailed
understanding about a given spin system

High Field EPR enables resolve tensor components



Advanced EPR Techniques
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Interlude on Photosynthesis

Reaction center of purple bacteria

Photosynthetic Process from Rhodobacter sphaeroides

Cofactor arrangement

h
2HA + COZ%(CHZO) +H,0 +2A

‘sugar’

LHC 1+2

light harvesting
complexes
phospholipid
reaction bilayer
Sylplasm:  eanter

The photosynthetic machinery



Paramagnetic Species in the Photosynthetic Proteins

Primary reactions in Photosynthesis

PIQ,Fe'Q, = P*IQ,Fe'Q, — PTI"Q,Fe'Q, = P'IQ; Fe'Q,— P'IQ,Fe'Q;

Radical Pairs
PTI7
P'Q”

— ~/ Biradicals

FeQ
FeS Heme
Mn,

3Tri Plet §tates
P, "Chl, "Bchl Photosynthesis:
the garden of Eden for EPR spectroscopy!




A Plethora of Radicals

Identification of radical species, light-induced or chemically oxidized
in Photosystem I, by CW-EPR and High-Field EPR
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4PS Il dimers/unit cell
space group P2, 2, 2,

2.008 2.004 2.008 2.004
| 1 1 1
9x 9y 9; 9 9y 9
v v v v v
frozen :
solution

180°

Laborat

g 150°
120°

H A H
H\_"a 1 2 y 3 ‘_.H/ 9Q°
Ree ¢ /X . q.
47
H Hoe Sy 60°
Tyrosyl Y, 30°
gx =2.00767 g,=2.00438 g, =2.00219
OQ
I I I 1 I I
3345 3350 3385 3345 3350 2380
Bo [mT] By [mT]

) % Orientation of the phenoxyl group of Y with respect to the
% membrane normal as derived from the single-crystal EPR spectra

Hofbauer et al., Proc. Natl. Acad. Sci. 2001, 98, 6623
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94 GHz EPR on Quinone Radicals in Bacterial Reaction Centers
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Reaction Centers from Rhodobacter sphaeroides
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ENDOR on Radical lons in the Bacterial Reaction Centers
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Reaction center of Rhodobacter sphaeroides
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Lubitz W. and Lendzian F. (1996) ENDOR Spectroscopy. Venpor/ MHz
In: Amesz J., Hoff A.J. (eds) Biophysical Techniques in Photosynthesis.

Advances in Photosynthesis and Respiration, vol 3. Springer, Dordrecht VENDOR = | VH oE A/2 |



Hyperfine Couplings: ENDOR and TRIPLE in Solution
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Lubitz et al. Appl. Magn. Reson. 1997, 13, 631



monomer

Norris et al. Proc. Natl. Acad. Sci. 1971, 68, 625 ,

Comparison between experimental
and calculated spin densities

] -.005 T=237K

+.005
O O I A A e B
Theory —— 5 7 9 11 13 15 17 19 21 23 MHz
(RHF-INDO/SP)
Experiment Lubitz et al. Appl. Magn. Reson. 1997, 13, 531
(ENDOR) «sssseees

1

n=2 — sym. dimer

Adimer = _Amonomer
n n#2 — asym.dimer

Plato et al. in "Chlorophylls," H. Scheer, ed., CRC Press, Boca Raton (1991)



Ligation on the ENDOR spectrum of the Primary Donor

Midpoint Potentials

system/ donor midpoint potential pt spin density
mutant EZ/ mv PL
wild type 504 +5 0.68
HE(M202) 673 £ 10 ~1
BChl a 660 £ 10 1

Special TRIPLE amplitude (1st derivative)

Nabedryk et al. Photchem. Photobiol. 2000,-71,
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X-band TRIPLE ENDOR spectra in solution
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Relation midpoint potential and spin distribution

; Phe M197
on = on _ / e
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(Pu/ pU"* Effects of Hydrogen Bonding
Electronic Structure to the acetyl and keto groups:
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All mutants perform ET, tuning of the electronic properties
by the protein surroundings Miih et al. Phys. Chem. B 2002, 106 ,3226
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Photoexcited Triplet States and Radical Pairs
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Time-Resolved EPR Techniques coupled to Photoexcitation
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hv ® decay
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Lendzian et al., Biochim. Biophys. Acta 2003, 1605,35
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sphaeroides Reaction Center

3p T=10K
865
v =33.9GHz

1.18 | 1.20 | 1.22 | 1.24
Magnetic Field [T]

Triplet Zero Field Splitting parameters

BChl a dimer 3Pggs D =+0.0188 cm™! The D and E parameters
in Rb. sphaeroides indicate triplet

= 4 -1
2.4.1 E 0.0031 cm delocalization in the

_ . dimer for bacterial
D =+0.0238 cm reaction center

E =+0.0069 cm™!

3SBChl a monomer

Marchanka et al. Photosynth Res 2014,120, 99.



Comparison between the Recombination Triplets by Pulse ENDOR
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Triplet ENDOR: Information on the Electronic Structure

Marchanka et al. J. Phys. Chem. B 2009, 113, 6917 Marchanka et al. Photosynth Res 2014,120, 99.
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purple bacteria

Echo Modulation:
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Remote nuclei:

ENDOR, ESEEM, HYSCORE
hyperfine coupling and
nuclear quadrupolar tensors -

H61

Directly coordinated nuclei:
ENDOR /
hyperfine couplingand
nuclear quadrupolar tensérs

Transition metal io’ﬁs:
EPR, ENDOR, ELDOR-detected NMR
g tensor

metal hyperfine coupling Type 2 Copper site
and zero field splitting tensors

A
, Metal Cofactors and Metal Clusters

Water splitting
catalyst of Photosystem II:
tetramanganese-calcium
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: cluster
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wi'

Umena et al. Nature 2011, 473, 55

Ni—Fe active
center

of Desulfovibrio
Hydrogenase

Pro478

Fe Alad77

Gly82 Y04
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C Leu482

His88
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Higuchi et al. Structure1997, 5, 1971



Strong spin coupling of Mn electrons leading to an So S=1/2
effective spin state of the whole Mn,O5Ca cluster Wﬂf’m\" ) a
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ELDOR-detected NMR of the S; State of the Mn,0O5Ca Cluster

=
ELDOR-detected NMR =1 n,off / moft o
v EER 0N / m;0n
S=355Mn |=5/2 ey N/ 0
B — > 40
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detect T T

Two classes of °°Mn hfcs: strongly and weakly coupled.
Two of the Mn ions must have a small contribution to the
ground spin state, whereas the other two ions have a large
contribution.

S, state

S=3

3.0-

2.5-

3.5*C
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A dimer of dimers coupling topology: an open cubane
including a substrate water in the form of hydroxyl group.

Cox et al., Science 2014, 345,804
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Evidence for a Hydride Bridge via ?H ENDOR and ?H HYSCORE

Hydride Bridge ?
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Brecht et al. JACS 2003, 125, 13075 H/D Exchanged NiFe-Hydrogenase RH of R. eutropha



M B Nitroxide Spin Labels
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Mostcommon nitroxide spin labels
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Orthogonal Labeling Approach

- NO° Radical
. spin labels

- Trytil | P
- Gd(lI)

4 Metal-based

istance between

electron spins wdd - = - Mn(”) tagS
- Cu(ll 1 Spin label
- Fe-S cluster | Endogenous
probes

- Fe(lll)

ORTHOGONAL LABELING

Gd-based labels: most common spectroscopically orthogonal labels to nitroxide

Gd(lI)-maleimido-DOTA

o

Goldfarb et al. Phys.Chem.Chem.Phys., 2014, 16,9685
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This ABC transporter switches from the inward-facing state (distance between
spin labels at positions 231 and 304 3.5 nm) to the outward-facing state
(distance betweenlabels decreases to 2.5 nm)

ABC transporter TM287/288

In responseto ATP
binding, the protein
undergoes spontaneous
conformational
transition from the
inward-facing state via
an occluded
intermediate to an
outward-facing state.

Periplasm

Inward-facing Occluded Outward-facing

Hutter et al. Nature Comm. 2019, 10, 2260



Orientation-Selective DEER Spectroscopy
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Orthogonal labelling and endogenous probe: X-band DEER on [Fe,S,]* - NO*
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The structural model was refined minimizing the
difference betweenthe simulated and experimental
DEER traces
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Light-Induced DEER in Heme Proteins
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EPR has a wide range of biological applications, even for samples that are not paramagnetic to begin with.
Advanced EPR techniques in combination with state-of-art computational methods provide detailed
information on the structure and the electronic properties of biomolecules.



