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In the last decade joint efforts of biologists, chemists, and physicists
were made to understand the dominant factors determining specificity and
directionality of transmembrane transfer processes in proteins. Character-
istic examples of such factors are time varying specific H-bonding patterns
and/or polarity effects of the microenvironment. In this overview, a few large
paradigm biosystems are surveyed which have been explored lately in our lab-
oratory. Taking advantage of the improved spectral and temporal resolution
of high-frequency/high-field EPR at 95 GHz/3.4 T and 360 GHz/12.9 T,
as compared to conventional X-band EPR (9.5 GHz/0.34 T), three trans-
fer proteins in action are characterized with respect to structure and dy-
namics: (1) light-induced electron-transfer intermediates in wild-type and
mutant reaction-centre proteins from photosynthetic bacteria Rhodobacter
sphaeroides, (2) light-driven proton-transfer intermediates of site-specifically
nitroxide spin-labelled mutants of bacteriorhodopsin proteins from Halobac-
tertum salinarium, (3) refolding intermediates of site-specifically nitroxide
spin-labelled mutants of the channel-forming protein domain of Colicin A
bacterial toxin produced in FEscherichia coli. The information obtained is
complementary to that of protein crystallography, solid-state NMR, infrared
and optical spectroscopy techniques. A unique strength of high-field EPR
is particularly noteworthy: it can provide detailed information on transient
intermediates of proteins in biological action. They can be observed and
characterized while staying in their working states on biologically relevant
time scales.
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1. Introduction

Most biologists, and many chemists and physicists, are familiar with elec-
tron paramagnetic resonance (EPR) only in its conventional continuous-wave (cw)
X-band version, operating at a microwave frequency of about 9.5 GHz. In con-
trast to EPR, nuclear magnetic resonance (NMR) has been established over the
last 20 years as a multi-frequency tool in life sciences for spectacular applications in
structure determination and imaging. Not surprisingly, therefore, as many as four
Nobel prizes for NMR methodology and applications have been awarded within the
last 13 years (to R.R. Ernst in Chemistry in 1991, to K. Wiithrich in Chemistry in
2002, to P.C. Lauterbur and P. Mansfield in Physiology and Medicine in 2003). It
is only during the last decade that the chemistry, biology, and physics communities
witness a dramatic catching up of EPR because of technological breakthroughs in
pulsed microwave, sweepable cryomagnet, and fast data acquisition instrumenta-
tion. In fact, modern EPR is boosting now rather similar to what had happened
with NMR 10 years earlier.

The time scales of the NMR and EPR experiments are determined by the nu-
clear and electron resonance frequencies (in the rf and mw domains, respectively),
the characteristic frequency separations in the respective spectra (Hz versus MHz)
and the relaxation times T, T» (ms versus ps). Because of the long nuclear Ty
and 75 times in diamagnetic molecules, NMR pulses need not be shorter than
1 ps, which to coherently generate and detect does not pose technical problems.
The electronic relaxation times are typically in the us range or shorter (73) and,
consequently, in EPR the mw pulses have to be as short as a few ns. To gener-
ate them poses great technical problems even today in terms of mw sources and
fast computers to detect and handle the transient signals in the ns time scale.
Thus, the instrumental requirements for Fourier-transform (FT) EPR are much
tougher to fulfil than for FT-NMR, and this explains why pulse EPR has become
popular only since the late 80’s. The pioneering work in pulse EPR was done
by J.H. Freed [1] at Cornell and A. Schweiger [2] at ETH Zurich and represents
milestone progress in modern EPR spectroscopy.

For radicals with unpaired electron spins with S = 1/2 coupled by hyperfine
interaction with nuclear spins I; the static spin Hamiltonian, H 0, that describes
the time-independent spin-interaction energies in an external “Zeeman” field By,
consists of three terms

f{o/h:%-Bo'Q'g—Z:gm:K'BO'ji+Zi:S'Ai'ji7 (1)

i.e., the field-dependent electron and nuclear Zeeman interactions and the
field-independent electron-nuclear hyperfine interactions (h — Planck constant;
uB, g — Bohr and nuclear magnetons; g, — nuclear g-factors; S, I — electron
and nuclear spin vector operators; the summation is over all nuclei).
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The interaction tensors § and A; are probing the electronic structure (wave
function) of the molecule either globally (g tensor) or locally (hyperfine tensors).
The tensors contain isotropic and anisotropic contributions. In isotropic fluid
solution, only the scalar values, (1/3)Tr(§) and (1/3)Tr(A), are observed. In
frozen solutions, powders or single crystals, on the other hand, also anisotropic
tensor contributions become observable provided appropriate resolution conditions
prevail.

In the strong-field approximation, the energy eigenvalues of Eq. (1) are clas-
sified by the magnetic spin quantum numbers, mg and my, and are given, to the
first order, by

/
Emsmf /h = g ;;B BQ’ITLS — XZ: gnl}i”( Bom]i + ; A;msm]i, (2)
where the scalar quantities ¢’ and A’ contain the desired information about mag-
nitude and orientation of the interaction tensors.

For single-crystal samples, the complete tensor information can be extracted
from the angular dependence of the resonance lines when the crystal is rotated in its
three symmetry planes (“rotation patterns”). Well below room temperature, the
overall rotation of the protein complex becomes so slow that powder-type spectra
are obtained. Nevertheless, under certain circumstances which depend on the mag-
nitude of the anisotropy of the interactions in the spin Hamiltonian in comparison
to the inhomogeneous linewidth, even from disordered powder-type EPR spectra
single-crystal like information can be extracted by applying orientation-selective
electron nuclear double resonance (ENDOR) [3, 4]. In the case of transition-metal
complexes the hyperfine anisotropy may provide this orientation selectivity from
the entire orientational distribution of the molecules [3]. In the case of organic
radicals with small hyperfine interactions one has to resort to the anisotropy of
the Zeeman interaction which can become large enough at high By fields to provide
the desired orientation selectivity for ENDOR experiments [4]. The best approach
for elucidating molecular structure and orientation in detail is, of course, to study
single-crystal samples. Unfortunately, to prepare them is often difficult or even
impossible for large biological complexes.

2. Why high-field EPR and ENDOR?

From the spin Hamiltonian (Eq. (1)) one sees that some interactions are
magnetic field-dependent (the Zeeman interactions), while others are not (the
hyperfine interactions). Obviously, in complex biological systems it will be nec-
essary to measure at various field/frequency settings in order to separate these
interactions from each other. Up to now, cw and time-resolved (tr) EPR stud-
ies on biological samples have been concentrated on standard X-band frequencies
(9.5 GHz), extensions to lower (S-band, 4 GHz) and higher microwave frequencies
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(K-band, 24 GHz; Q-band, 35 GHz; W-band, 95 GHz, or even higher frequencies)
are exceptions.

For low-symmetry systems, particularly in frozen solution samples, standard
EPR suffers from strong inhomogeneous line broadening, i.e., from low spectral
resolution. Such problems arise, for instance, because several radical species or
different magnetic sites of rather similar g-values are present or a small g-tensor
anisotropy of the paramagnetic system does not allow canonical orientations of the
powder EPR spectrum to be observed. In such a case, even X-band ENDOR may
not be sufficiently orientation-selective to provide single-crystal type information
of the hyperfine structure. For improving the spectral resolution by high-field
EPR, a true high-field experiment must fulfil the following condition:

Ag

Giso
i.e., the anisotropic electron Zeeman interaction must exceed the inhomogeneous
line broadening, AB‘l‘;Q. For example, for deuterated samples, Q-band EPR might
already fulfil this condition in the case of semiquinone radicals with rather large
g-anisotropy, whereas for protonated samples with inherently larger linewidths, it
does not. On the other hand, in the case of chlorophyll ion radicals, due to their
small g-anisotropy, even W-band EPR might not meet the high-field condition for
protonated samples. Then deuteration of the sample will be necessary or, as an
alternative, to further increase the mw frequency and By field, for instance by
resorting to 360 GHz EPR (see below).

Over the last 20 years a small number of dedicated laboratories has met the
technological challenge to construct mm and sub-mm high-field EPR and ENDOR
spectrometers, thereby opening a promising new research area. The physical prin-

By > AB{I}Q’ (3)

ciples and technical aspects have been published by the laboratories involved. The
pioneering high-field EPR work was done by Lebedev [5] in Moscow. Appropri-
ate references to these laboratories are included in recent overview articles, for
instance [6]. Details of the laboratory-built 95 GHz and 360 GHz EPR/ENDOR
spectrometers at FU Berlin have been published elsewhere (see Refs. [7-10]).

3. Application of high-field EPR to paradigmatic protein systems

In this overview we focus on a selection of protein systems that were previ-
ously crystallized and for which high-resolution X-ray structures have been made
available by now: bacterial photosynthetic reaction centres (RCs) for light-induced
electron transfer across the membrane; bacteriorhodopsin (BR), the light-driven
transmembrane proton pump; Colicin A, the transmembrane ion-channel forming
bacterial toxin. These proteins have been characterized in detail over the last
years by powerful spectroscopic techniques including ultra-fast laser spectroscopy,
FT-IR, solid-state NMR, and multifrequency EPR. In addition, sophisticated the-
oretical studies had been performed to elucidate their light-induced electron and
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proton transfer characteristics. Hence, these proteins represent paradigm systems
of general interest. They are well suited for new multifrequency high-field EPR
experiments to study functionally important transient states during biological ac-
tion. We prefer EPR as the method of choice because of the accessibility of func-
tionally important time windows for the transient states. These states are either
directly detectable by EPR by their transient paramagnetism as, for instance, the
radical-ion and radical-pair states of cofactors involved in photosynthetic electron
transfer in RCs or, more indirectly, by site-specific nitroxide spin-labelling of the
protein as, for instance, in site-directed mutants of BR and Colicin A. It will be
shown that high-field EPR experiments allow specific protein regions to be identi-
fied and characterized as molecular switches for vectorial transfer processes across
membranes. Such switches are envisaged to function by controlling the electronic
structure of cofactors, for example by invoking weak cofactor-protein interactions
via H-bonds, by polarity gradients or even by substantial cofactor and/or helix
displacements.

The high-field EPR work on the RC, BR, and Colicin A was performed in
collaboration with the research groups of W. Lubitz (Miilheim) for the RC studies
and of H.-J. Steinhoff (Osnabriick) for the BR and Colicin A studies.

3.1. Bacterial photosynthetic reaction centres of Rb. Sphaeroides

Photosynthesis is the most important process that enables life on Earth by
converting the energy of sunlight into electrochemical energy needed by higher
organisms for synthesis, growth, and replication. The so-called primary pro-
cesses of photosynthesis are those in which the incoming light quanta, after be-
ing harvested by “antenna” pigment/protein complexes and channelled to the
RC complexes by ultra-fast energy transfer, initiate electron-transfer (ET) reac-
tions between protein-bound donor and acceptor pigments across the cytoplasmic
membrane. The successive charge-separating ET steps between the various redox
partners in the transmembrane RC have very different reaction rates, kgp. The
lifetimes, t; /5 = (kgr)~!, of the transient charge-separated states range from less
than 1 ps for neighbouring donor—acceptor pigments to more than 1 ms for large
donor—acceptor separations on opposite sides of the membrane (ca. 40 A). The cas-
cade of charge-separating ET steps of primary photosynthesis competes extremely
favourable with wasteful charge-recombination ET steps thereby providing almost
100% quantum yield. The largest impact of photosynthesis on life is due to green
plants and certain algae in whose RCs a reversible catalytic ET photocycle occurs
for which water serves as electron donor. Carbon dioxide is fixed in the form of
carbohydrates, and oxygen gas is released as a by-product thereby stabilizing the
composition of the Earth’s atmosphere.

Three billion years before green plants evolved, photosynthetic energy con-
version could be achieved by certain bacteria, for instance the purple bacterium
Rhodobacter (Rb.) sphaeroides. These early photosynthetic organisms are simple,
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one-cellular protein-bound donor—acceptor complexes that contain only one RC for
light-induced charge-separation. They cannot split water, but rather use hydrogen
sulfide or organic compounds as electron donors to reduce COs to carbohydrates
with the help of sunlight and bacteriochlorophyll as biocatalyst.

In Fig. 1 the structural arrangement of the RC of Rb. sphaeroides is shown
according to the high-resolution X-ray structure (3 A) [11]. The cofactors are
embedded in the L, M, H protein domains forming two ET branches, A and B. The
RC of the carotinoid-less strain R26 of Rb. sphaeroides contains nine cofactors:
the primary donor Pggs “special pair” (a bacteriochlorophyll @ (BChl) dimer),
two accessory BChls (B, Bg), two bacteriopheophytins a (BPhe: Hy, Hgp), two
ubiquinones (Qa, Qg), one non-heme iron (Fe?*).

Fig. 1. X-ray structural model of the RC from Rb. Sphaeroides [11] with the protein
subunits and the cofactors Psgs, B, H, Q, and Fe. Light-induced electron transfer pro-
ceeds predominantly along the A branch of the cofactors (“unidirectionality” enigma)
despite the approximate C2 symmetry of the cofactor arrangement. The ET time con-

stants range from 2 ps to 100 us in the cascade of transmembrane.

As a dominant motif in the evolution of photosynthetic bacteria, an approx-
imate Cy symmetry prevails of the cofactor arrangement in the RC. It is intriguing
that, despite the apparent two-fold local symmetry of the cofactor arrangement,
the primary ET pathway is one-sided along the A branch, as indicated by the
arrows in Fig. 1. The origin of this “unidirectionality” enigma of bacterial ET
is not yet fully understood despite the numerous elaborate studies, both experi-
mentally and theoretically, performed over the last 10 years. The high-resolution
X-ray structure reveals that Cy symmetry does not hold for the protein environ-
ment of the cofactors, but is broken by different amino acids along the two ET
branches. Thereby, the relative energetics and H-bond properties of the cofac-
tors along the two branches will be different. They control the participation of
cofactors as intermediate states in the ET cascade.



High-Field EPR Spectroscopy on Transfer Proteins ... 221

It has been only recently demonstrated that specific double-site mutations in
the vicinity of the primary donor and an accessory BChl can significantly change
the partition of ET between the A and B branches [12, 13]. This is a strong indi-
cation that in the wild-type system the breakage of symmetry in the ET pathways
is largely due to the finely tuned energetics and electronic couplings of the primary
donor and the intermediary acceptors. The unidirectional nature of the primary
ET route is probably not determined by a single structural feature, but rather by
the concerted effects of small contributions of several different optimized factors.
Both the wave functions and the energetics of the cofactors involved can be sys-
tematically changed by selectively exchanging neighbouring amino-acid residues
of the protein environment by means of site-specific mutation. This can be ac-
complished, for instance, by introducing or disrupting H-bonds of the cofactors or
by changing the ligation of the Mg in the chlorophyll macrocycles of P. In this
context, it is particularly interesting to systematically study the influence of the
environment of the primary donor P, since P is generally considered to play a key
role in the origin of the unidirectionality of the primary charge-separation steps.
The effect on the electronic structure caused by such mutations can be measured,
for example via characteristic shifts of g-tensor and hyperfine-tensor components
measured by high-field EPR [14-16] and ENDOR [17-21], respectively.

To gain further insight into the origins and consequences of this asymmetry
in the electronic structure, various site-directed mutants of the RC are being in-
vestigated in our laboratory by 360 GHz high-field EPR. In some of these mutants
the ligands to the magnesium of the bacteriochlorophylls were altered. Figure 2
shows the exchange of the histidine His(M202) by leucine (L) or glutamic acid (E)
to generate the mutants HL(M202) and HE(M202), respectively. In the symmetry-
-related heterodimer mutants HL(M202) and HL(L173) [18], the His that ligates
the Mg in the BCHhl is exchanged for a Leu that does not ligate to the metal
centre, resulting in a BChl:BPhe heterodimer [11]. In HL(M202), the unpaired
electron in PT* was shown to reside on the BChl(L) [17, 18], in HL(L173) on the
BChl(M) dimer half [18]. A promising approach to obtain information on the sym-
metry properties of the electronic structure is offered by g-tensor measurements
since the g-tensor represents a global probe of the electronic wave function of the
unpaired electron. P** in photosynthetic RCs exhibits extremely small g-tensor
anisotropies of ~ 1073, It is, therefore, a prime example of a situation where even
high-field EPR at 3.4 T/95 GHz (W-band) can only partially resolve the powder
pattern of the isotropically disordered samples [14, 15, 22-24].

The further increase of EPR frequency and field to 360 GHz and 12.9 T,
however, provides the spectral resolution necessary to both fully resolve all three
principal g-tensor components of P™® randomly oriented in frozen solution [25]
and to measure their mutation-induced shifts [16] with a high precision. Figure 2
shows the 360 GHz EPR spectra of P™® of R26 in comparison with those of the
HL(M202) and HE(M202) mutants. Minimum least-squares fits to a model spin
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Fig. 2. X-ray structure of the primary-donor special pair Pggs and its immediate amino-
-acid environment in RCs from Rb. Sphaeroides [11]. In the site-directed mutants HL
(M202) and HE (M202) the histidine His M202 is replaced by a leucine and by a glutamic
acid, respectively. On the right hand side 360 GHz cw EPR spectra of P** in RCs from
Rb. sphaeroides mutants at 160 K are depicted. The most prominent shifts of the
g-tensor components g, and g.. due to the mutation at M202 are indicated with solid
arrows. Minimum least-squares fits for each spectrum are overlaid with dashed lines
(see Ref. [16]).

Hamiltonian including only the Zeeman interaction of radicals with an isotropic
orientation distribution are overlaid as dashed lines over the measured spectra.
The g-values obtained from these fits and the small shifts in the order of 1074,
that are induced by the mutations of the protein environment of P**, can be
detected with high significance (see Ref. [16]).

The g-component shifts observed in our 360 GHz EPR experiments are
very surprising: While for PT* of HL(M202), the overall g-tensor anisotropy
Ag = (gzz — g22) becomes smaller (more like that of the monomer), for HE(M202)
Ag increases to a value considerably larger than for R26.

This unexpected behaviour of Ag strongly suggests a local structural change
of BChI(L) as a consequence of the M202 ligand mutations. This conclusion is also
supported by the observation of considerable rearrangements in the spin density
distributions on BChl(L) in the two mutants, as was shown previously by previous
ENDOR/TRIPLE studies [26]. This observation urged us to perform theoretical
calculations of the g-tensors of the three PT® species as a function of different
torsional angles of the acetyl group at BChl(L). We have applied advanced rela-
tivistic density functional theory (DFT) methods for the calculation of magnetic
resonance parameters (see Ref. [16]). The essential conclusion from the current
computational results is that our model predicts a range of increasing torsional
angles between 0° and 143.35° in the two mutants, and the calculated shifts Ag
are qualitatively in accordance with our experimental results.
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3.2. Bacteriorhodopsin

Nature has invented photosynthesis twice, i.e., the strategy to use sunlight
as an energy source to synthesize adenosine triphosphate (ATP): In the photo-
synthetic reaction centre protein complex of purple bacteria this is initiated by
light-induced primary electron transfer between bacteriochlorophyll and quinone
cofactors, mediated by the protein microenvironment. In the bacteriorhodopsin
protein complex this is set going by light-initiated primary proton transfer between
amino-acid residues, mediated by conformational changes of the only cofactor, the
retinal.

BR is a 26 kDa protein complex located in the cell membrane of halophilic
archer-bacteria such as Halobacterium salinarium. High-resolution (1.6 A) X-ray
crystallography coordinates are available for the ground state structure [27] (see
Fig. 3). Seven transmembrane helices (A—G) enclose the chromophore retinal
which is covalently attached to the amino-acid lysine, K216, on helix G via a pro-
tonated Schiff base. Absorption of 570 nm photons initiates the all trans to 13 cis
photoisomerization of the retinal. The Schiff base then releases a proton to the
extracellular medium and is subsequently reprotonated from the cytoplasm. Tran-
sient intermediates of this catalytic photocycle can be distinguished by the different
absorption properties of the retinal, and a sequence of intermediates J, K, L, M,
N, and O has been characterized by time-resolved absorption spectroscopy [28].
Double-flash experiments revealed that the M intermediate is divided into two
substates, M; and My [29, 30]. During this photocycle conformational changes
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Fig. 3. Left: Experimental W-band cw EPR spectra for a set of BR mutants spin-
-labelled with the nitroxide side-chain (R1). Middle: Structural model of BR. The
C, atom of the spin-labelled residues, the chromophore retinal, and D96 and D85
participating in the HT transfer are indicated. Right: Plot of gz vs. A, of the
nitroxide side-chains for various spin-label positions in BR (see the text). The “protic”

and “aprotic” limiting cases are placed with reference to the theory, see Ref. [36].
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of the protein (and the retinal) occur, as has been detected by a variety of ex-
perimental techniques (for a review see, e.g., Ref. [31]). The physiological role
of such changes is discussed to ensure that release and uptake of protons do not
occur from the same side of the membrane, but rather enable BR to work as a
vectorial transmembrane proton pump. To this end, in wild-type BR conforma-
tional changes associated with the M1 to M2 transition are suggested to function
as a “reprotonation switch” required for the vectorial proton transport. Hence, it
is believed that during the lifetime of the M state the accessibility of the Schiff
base for protons is switched from the extracellular to the cytoplasmic side of the
membrane. Detailed analyses of the nature of the conformational changes include
neutron diffraction, electron microscopy, X-ray diffraction, solid-state NMR or
EPR spectroscopy. They reveal the major changes to be localized at the cyto-
plasmic moieties of helices F and G. These helix movements in wild-type BR have
been shown to provide an “opening” of the protein to protons on the cytoplas-
mic end of the transmembrane proton channel [32] and, thus, should allow proton
transfer to occur from the internal aspartic-acid proton donor, D96, to the Schiff
base during the M to N transition. The reprotonation of D96 from the cytoplasm
occurs during the recovery of the BR initial state. A detailed inspection of the
structure of the unilluminated state of the protein reveals that certain amino-acid
side chains block the proton pathway from the cytoplasm to D96 [32]. The region
between D96 and the Schiff base is largely nonpolar, packed with bulky amino-acid
residues. Hence, in this unilluminated state the Schiff base is effectively inacces-
sible to protons from the cytoplasm. In the light-driven M; to My transition, this
region is opened for access of protons to the Schiff-base nitrogen atom. However,
the question remains whether the large conformational changes observed in the
photocycle of the wild-type and many BR mutants are a prerequisite for vectorial
proton transport, i.e., really represent the proposed reprotonation switch.

Obviously, additional spectroscopic experiments are needed on wild-type and
strategically constructed BR mutants to follow also small conformational changes
of protein and cofactor during the photocycle. In this respect the combination
of site-directed mutagenesis for spin labelling and high-field EPR for resolving
structural changes of proteins at work is particularly powerful.

8.2.1. Site-directed spin labelling

During the photocycle of BR no paramagnetic intermediates occur, i.e.,
neither radicals, radical pairs nor triplet states. To enable the application of
EPR, doublet-state spin labels (S = 1/2) have to be introduced to the protein
(in contrast to NMR which probes S = 0 (singlet states)). The site-directed
spin-labelling (SDSL) technique in combination with X-band EPR, spectroscopy
was pioneered by Hubbell et al. [33]. The recent extension to SDSL/high-field
EPR has opened new perspectives for studying structure and dynamics of large
NO¢*-labelled proteins during biological action [9, 34-37]. Figure 4 demonstrates
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Fig. 4. Cw EPR spectra of a nitroxide radical (OH-TEMPO) in frozen water solution
at different microwave frequency/By settings [38]. The spectra are plotted relative to
the fixed g.. value.

the remarkable gain in resolution of nitroxide-radical spectra, i.e., the separa-
tion of the gie, gyy, g-» components in relation to the A,, hyperfine splitting,
when increasing the Zeeman field from X-band EPR to 95 GHz and 360 GHz
EPR. The SDSL technique requires selective cysteine-substitution mutagenesis of
the protein with subsequent modification of the unique sulfhydryl group of cys-
teine with a nitroxide reagent, for example (1-oxil-2,2,5,5-tetramethylpyrroline-
-3-methyl)methanethiosulfonate, commonly abbreviated as MTS spin label. For
systematic studies, a set of SDSL mutants is constructed, each containing a sin-
gle nitroxide-containing amino-acid side chain, differing by position in the protein
sequence. The photocycle of all spin-labelled mutants was checked to ensure that
the overall function of the BR protein is retained [9, 34, 35].

3.2.2. Hydrophobic barrier of the BR proton-transfer channel

By 95 GHz (W-band) high-field EPR details of the polarity profile along the
putative proton channel were probed by g- and hyperfine-tensor components from
a series of 10 site-specifically nitroxide spin-labelled BR mutants, with MTS spin
label as the reporter side chain R1 [34]. Previous studies of a large number of
spin-labelled proteins have shown that the A,, component of the hyperfine tensor
and the g,, component of the g-tensor are particularly sensitive probes of the
microenvironment of the NO® side chain R1. They allow one to measure changes
in polarity and proticity, i.e., g, and A, probe the local electric fields and the
availability of H-bond forming partners of nearby amino-acid residues or water
molecules [34-36]. Moreover, the dynamic properties of the NO® side chain and,
thus, the EPR spectral lineshape have been shown to contain direct information
about constraints to motion that are introduced by the secondary and tertiary
structures of the protein in the vicinity of the nitroxide binding site [34, 35].

For measuring the polarity changes, W-band EPR spectra were recorded at
temperatures below 200 K to avoid motional averaging of the anisotropic magnetic



226 K. Moébius et al.

tensors. At these temperatures, R1 can be considered as immobilized on the EPR,
time scale. The spectra of selected mutants are shown in Fig. 3. They exhibit the
typical nitroxide powder-pattern lineshape expected for an isotropic distribution
of diluted radicals. The variations of g,, and A,, with the nitroxide binding site
can be measured with high precision and plots of g,, and A,, vs. Rl position
along the proton channel directly reflect the hydrophobic barrier which the proton
has to overcome on its way through the protein channel.

The analysis of both tensor components, ¢,, and A,., allows one to char-
acterize the R1 environment in terms of protic and aprotic surroundings. Theo-
retically, both g¢,, and A,, are expected to be linearly dependent on the m-spin
density p° at the oxygen atom of the nitroxide group. For g,., however, apart
from a direct proportionality to p°, there is an additional dependence on specific
properties of the oxygen lone-pair orbitals. The lone-pair orbital energy E,, affects
gz via the excitation energy AFE, .~ = E .« — F, and is known to be sensitive to
the polarity of the environment. It is particularly sensitive to H-bonding of the
lone pairs to water or to polar amino-acid residues. Thus, the plot of g,, vs. A,
should indicate the presence or absence of H-bonds in the spin-label environment,
i.e., its proticity. This dependence is plotted in Fig. 3 for various spin-label po-
sitions in BR [34]. Obviously, two straight-line correlations can be deduced. The
points corresponding to positions 46, 171, and 167 belong to a line whose slope is
different from that for the remaining points. These three positions can be classi-
fied to be exposed to an aprotic environment [39, 40], the other ones to a protic
environment. This allows one to characterize the hydrophobic barrier of the BR
proton channel in terms of different accessibilities of the respective protein regions
to water molecules. The sensitivity of the resolved g, and A,, tensor components
of nitroxide spin labels to the polarity of their micro-environment was recognized
also by other high-field EPR research groups, for example in frozen solution [41]
and phospholipid membranes [37, 42, 43].

8.2.3. Conformational changes during the BR photocycle

The BR triple mutant D96G/F171C/F219L reveals a remarkable conforma-
tion of the dark state: It has been shown recently to resemble that of the late M
intermediate (preceding N in the photocycle) in wild-type BR with a conforma-
tion that is retained upon illumination [32, 35, 44, 45]. The triple mutant was
spin-labelled and studied by W-band high-field EPR without and with light irra-
diation [35]. The goal was to test the sensitivity of selectively spin-labelled helix
segments in singly, doubly, and triply mutated BR towards changes of the mi-
croenvironment in the cytoplasmic proton entrance region during the photocycle.
In these studies, we chose position 171 at the cytoplasmic end of helix F in the
single mutant F171C, in the double mutant D96G/F171C, and in the triple mu-
tant D96G /F171C/F219L and attached an MTS spin label to the unique cysteine
to form the side chain R1. The R1 probe is used to measure the polarity changes
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in this region via light-induced shifts of the g,, and A,, tensor components. The
results nicely show that upon light excitation of the single mutant to its M state,
the NO® residue at position 171 experiences the same non-polar microenvironment
as the triple mutant with its pseudo-M state open for proton uptake already in
the dark [35].

Pronounced conformational changes of wild-type BR during the photocycle
were also observed in the high-field EPR spectra of selectively spin-labelled double
mutants V167R1/D96N and V101R1/D96N in their ground states recorded in the
dark, and under light illumination. The dark-minus-light spectra clearly show an
increased reorientation mobility of the nitroxide side-chain R1 in the M interme-
diate of the V161R1/D96N mutant, but a decreased mobility for V1I01R1/D96N.
Obviously, the residual anisotropy of the nitroxide motion changes during the
photocycle owing to changing space restrictions within the binding site. Label
V167R1 is located at the cytoplasmatic moiety of helix F and oriented towards
helix C. Thus, an increase of the interhelical distance, caused by motion of he-
lix F or helix C, would account for the experimental data — in accordance with
neutron-diffraction and FT-IR results (for details see [34]).

3.3. Colicin A bacterial toxin

Colicin A is a member of a family of bacterial toxins that form transmem-
brane ion channels [46-48]. They are water-soluble proteins, mostly about 70 kD
in size, and have varying homology among themselves. Colicin A kills unprotected
cells of attacked organisms by inserting specific portions of protein sub-domains
into the cytoplasmic membrane forming a voltage-gated ion channel. The open
channel leads to electrical depolarization of the membrane and depletion of in-
tracellular ion pools, which ultimately leads to cell death. To understand these
mechanisms on the molecular level is currently also of biomedical interest, since
insertion of proteins into membranes and subsequent channel formation are com-
mon to many toxic proteins of bacterial pathogens found in organisms ranging from
bacteria to humans, such as the diphtheria, tetanus, and cholera toxins [47-51].

The colicin toxins have to overcome the protecting barriers of the attacked
cell [46, 52]. Accordingly, Colicin A consists of three functional protein domains:
the central receptor domain, R, the N-terminal translocation domain, T, to pen-
etrate the outer membrane and to traverse the periplasm, and the C-terminal
channel-forming domain, C, to penetrate the inner membrane which protects the
cytoplasm of the cell [48, 53]. These distinct functions of the colicins are re-
flected by their three-dimensional shape. The X-ray crystal structure of a complete
(T-R-C) Colicin Ia protein was recently determined to 3.0 A resolution [54] now
refined to 2.3 A [48], and reveals a harpoon-shaped molecule, 210 A long, with the
three-functional domains well separated from each other thereby overcoming the
protection barriers of the attacked cell.

The isolated C-domain retains its channel-forming ability in aqueous solu-
tions of artificial membranes [55, 56], such as lipid vesicles. Hence, details of
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refolding processes of the C-domain can be studied by in vitro experiments (see
below). The X-ray crystal structure of the 204 residue (21 kD) channel-forming
C-domain of Colicin A in its water-soluble conformation is available to 2.4 A res-
olution [57]. Ten a-helices, eight amphiphilic, two hydrophobic are arranged in
such a way that the amphiphilic helices surround the hydrophobic hairpin (helices
8 and 9) deeply buried in the centre of the protein. Thereby the 8, 9 hairpin is
shielded from the contact with the water solvent.

In view of the difficulties encountered with determining X-ray structures of
transient proteins in action, numerous spectroscopic techniques are being used to
study colicins on the molecular level. Despite many years of work including EPR
[52, 58, 59| the details of the refolding processes upon membrane association and
channel formation are not yet known. Since Colicin A is now so well characterized,
it may serve as a paradigm system to answer an intriguing question of general
interest in molecular biology and medicine: What is the mechanism to switch
on the insertion of water-soluble pore-forming proteins into the nonpolar lipid
environment of a membrane?

3.8.1. Models of transmembrane ion-channel formation

The C-domain of Colicin A (and other members of the colicin family) can
adopt two conformations, the water-soluble form and the transmembrane form.
The transition between these conformations requires massive refolding of the ter-
tiary structure. To date, two alternative models are being discussed to explain
how the C-domain turns itself inside out to form the membrane-associated state
with pore formation, the “umbrella” model [57] and the “penknife” model [60]
(see Fig. 5). Conceptually, they differ in the description of the relatively slow
(100 ms—s range) membrane-insertion step to be either spontaneous or voltage de-
pendent. After docking to the membrane surface, a slow, still voltage-independent,

hydrophobic helices 8, 9
y 4, deeply buried in C-domain
water-soluble / Py

28 i
QOOOOOOOOOOOOOOQO
"Umbrella" model "Penknife" model

Fig. 5. The “umbrella” model [57] and the “penknife” model [60] of the membrane-

associated state of the channel-forming C-domain of Colicin A.
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refolding of the C-domain occurs to bring the hydrophobic helices 8 and 9 to the
outside of the protein complex. In the umbrella model the hydrophobic hairpin
8, 9 spontaneously traverses the membrane, whereas in the penknife model the
refolding leaves the 8, 9 hairpin close to the membrane surface, but a change of
the electric transmembrane potential is required to trigger insertion of the 8, 9
hairpin into the membrane and, ultimately, to open the channel for ion flow.

3.3.2. 95 GHz EPR on membrane-insertion mechanisms

In our work on Colicin A transient states we applied high-field EPR at
95 GHz in conjunction with site-directed spin-labelling techniques using MTS as
the nitroxide spin label [9]. Owing to the high spectral resolution achieved by
95 GHz EPR we could use both the A,, hyperfine-tensor component of the *N
nucleus and the g,, tensor component as sensitive probes for the polarity and
proticity of the microenvironment of the nitroxide side chain R1 and for its mo-
tional characteristics in three-dimensional space under the local constraints of the
protein [34-36].

In Fig. 6, by numbered spheres the five individual amino-acid residues of
helix 9 of the C-domain are indicated, which have been replaced by cysteines via
exchange mutagenesis [60, 61] at residue positions 169, 176, 181, 183, and 184,
respectively. The single cysteines were spin labelled with the nitroxide label M'TS
providing a nitroxide side chain R1. Our experimental strategy for detecting the

nonpolar€«————— polar
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Fig. 6. Left: X-ray structure of the channel-forming C-domain of Colicin A. The
positions of cysteine replacements in helix 9 by site-directed exchange mutagenesis are
indicated by numbered spheres (169, 176, 181, 183, 184). The a-helices are labelled 1
(N-terminus) to 10 (C-terminus). The hydrophobic helices are 8 and 9. For details,
see Refs. [57, 60, 61]. Right: Polarity plot of gz vs. A.. for the various nitroxide
spin-label positions in helix 9 of site-directed Colicin A mutants. The measured tensor
components with addition of lipid vesicles and without lipid addition are marked by
full and open squares, respectively. The dashed lines define the limits between the
non-hydrogen bonded (short dashes) and the fully hydrogen bonded (long dashes)
cases. For details, see Refs. [9, 34, 36].
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refolding of the C-domain under membrane association was to compare the EPR
spectra of Colicin A in buffered aqueous solution under physiological conditions
(pH 8) with those after adding lipids to the sample to form vesicles as artificial
membranes [9]. To this end, small unilamellar vesicles were made by sonification
of DMPG (1,2-dimyristoyl-sn-glycero-3-phospho-rac-(1-glycerol)) in water.

The "N hyperfine-tensor components A,, and the g, tensor components
were measured for the five mutants. In the water-soluble conformation (no lipid
added) the A,, and g,, values reveal high polarity at both ends of helix 9 (posi-
tions 184, 169), and a lower polarity in the centre (position 176). This finding is
consistent with the amino-acid arrangement according to the X-ray crystal struc-
ture [57]. After addition of lipid a rather uniform, high-polarity character of the
nitroxide microenvironment of all mutants results. The highest polarity change is
experienced by the NO® side chain attached to position 176 in the central part of
the helix.

In Fig. 3 the W-band measurements of g,, and A,, are summarized. Both
probes show that the central-region position 176 experiences a strong change in
polarity of the microenvironment towards more polar character, whereas in the
vicinity of the end-region positions 169, 184 only weak polarity changes occur
upon adding lipids. This different behaviour of polarity changes upon membrane
association for position 176 and positions 169, 184 is especially evident from this
plot g.. vs. A...

In the case that the umbrella model is valid, helices 8, 9 should penetrate
spontaneously the membrane so that their central part, as probed by the nitroxide
side chain 176 in helix 9, would be placed into the membrane’s interior, i.e., in a
highly nonpolar region. This means that in the umbrella model one would expect
for spin label 176 no large changes of g, and A,, upon adding lipid to the aque-
ous sample because in both states, water-soluble and membrane-associated, the
microenvironment would remain nonpolar. In the case that the penknife model is
valid, however, helix 9 should remain for some time in a transient state close to the
membrane surface — until an electric potential change initiates helix insertion and
pore formation in the membrane. In this situation, position 176 would experience a
drastic change of the microenvironment from nonpolar to polar in the membrane-
-associated state. This is exactly what we observe via the polarity probes g¢..
and A,, when adding vesicle-forming lipids to the aqueous sample. Hence, our
data are not consistent with the umbrella model, but validate the penknife model
for membrane association of the Colicin A channel-forming domain. This con-
clusion is in agreement with experiments on Colicin A double mutants with
site-specifically attached fluorescence labels described in Ref. [60] (for more de-
tails, see [9]).

4. Conclusions and outlook

In this overview it is shown that modern multifrequency EPR spectroscopy
at high magnetic fields provides detailed information about structure and dynam-
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ics of transient radicals and radical pairs occurring in biological electron- and
ion-transfer processes. Thereby our understanding of the relation between struc-
ture, dynamics, and function of molecular switches is considerably improved. This
holds with respect to the fine-tuning of electronic properties of donor and acceptor
cofactors by means of weak interactions with their protein and lipid environment,
such as H-bonding to specific amino-acid residues. This also holds with respect to
the massive protein refolding in the course of transmembrane ion-channel forma-
tion.

As summarising conclusions relevant to biological systems it is pointed out
that:

— by high-field/high-frequency EPR even on disordered samples orientation-
-selective hydrogen bonding and polar interactions in the protein binding
sites can be traced. This is important information complementary to what
is available from high-resolution X-ray diffraction of protein single crystals;

— in electron-transfer processes often several organic radical species are gener-
ated as transient intermediates. To distinguish them by the small differences
in their g-factor and hyperfine interactions, high-field /high-frequency EPR
becomes the method of choice;

— high-field/high-frequency cw EPR generally provides, by lineshape analysis,
shorter time windows down into the ps range for studying correlation times
and fluctuating local fields over a wide temperature range. They are associ-
ated with characteristic dynamic processes, such as protein, cofactor or lipid
motion and protein folding;

— pulsed high-field/high-frequency EPR provides real-time access to specific
cofactor and/or protein motions in the ns time scale. Motional anisotropy
can be resolved which is governed by anisotropic interactions, such as hydro-
gen bonding along specific molecular axes within the binding site;

— ENDOR at high Zeeman fields takes additional advantage of the orientation
selection of molecular sub-ensembles in powder or frozen-solution samples.
Thereby, even in the case of small g-anisotropies, ENDOR on cofactors can
provide single-crystal like information about hyperfine interactions, including
anisotropic hydrogen bonding to the protein.

Hence, high-field EPR adds substantially to the capability of “classical” spec-
troscopic and diffraction techniques for determining structure-dynamics-function
relations of biosystems, since transient intermediates can be observed in real time
while they are staying in their working states at biologically relevant time scales.
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