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Combining high-field EPR with site-directed spin
labeling reveals unique information on proteins
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and H.-J. Steinhoff2
1

Fachbereich Physik, Freie Universität Berlin, Arnimallee 14, D-14195 Berlin, Germany
Fachbereich Physik, Universität Osnabrück, Barbarastr. 7, D-49069 Osnabrück, Germany
3
Semenov Institute of Chemical Physics, Kosygina str. 4, 117977 Moscow, Russia
4
Institute of Chemical Kinetics and Combustion, Institutskaya str. 3, 630090 Novosibirsk, Russia
5
Institute of Organic Chemistry, Akad. Lavrent’ev Ave. 9, 630090 Novosibirsk, Russia
6
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In the last decade, joint efforts of biologists, chemists and physicists have helped in understanding
the dominant factors determining specificity and directionality of transmembrane transfer processes in
proteins. In this endeavor, electron paramagnetic resonance (EPR) spectroscopy has played an important
role. Characteristic examples of such determining factors are hydrogen-bonding patterns and polarity
effects of the microenvironment of protein sites involved in the transfer process. These factors may
undergo characteristic changes during the reaction and, thereby, control the efficiency of biological
processes, e.g. light-induced electron and proton transfer across photosynthetic membranes or ion-channel
formation of bacterial toxins. In case the transfer process does not involve stable or transient paramagnetic
species or states, site-directed spin labeling with suitable nitroxide radicals still allows EPR techniques
to be used for studying structure and conformational dynamics of the proteins in action. By combining
site-directed spin labeling with high-field/high-frequency EPR, unique information on the proteins is
revealed, which is complementary to that of X-ray crystallography, solid-state NMR, FRET, fast infrared
and optical spectroscopic techniques. The main object of this publication is twofold: (i) to review our recent
spin-label high-field EPR work on the bacteriorhodopsin light-driven proton pump from Halobacterium
salinarium and the Colicin A ion-channel forming bacterial toxin produced in Escherichia coli, (ii) to
report on novel high-field EPR experiments for probing site-specific pKa values in protein systems by
means of pH-sensitive nitroxide spin labels. Taking advantage of the improved spectral and temporal
resolution of 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), detailed information on the transient intermediates of the proteins in biological
action is obtained. These intermediates can be observed and characterized while staying in their working
states on biologically relevant timescales. The paper concludes with an outlook of ongoing high-field EPR
experiments on site-specific protein mutants in our laboratories at FU Berlin and Osnabrück. Copyright 
2005 John Wiley & Sons, Ltd.
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INTRODUCTION
In proteomics research, present day interdisciplinary
collaboration of chemists, physicists and biologists aims at a
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better understanding of the structure–dynamics–function
relationship of proteins that controls important biological processes on the molecular level. In this demanding
endeavor, in addition to molecular biology, specific techniques in molecular spectroscopy turned out to be well
suited to provide essential information complementary to
that obtained by X-ray, neutron and electron diffraction
methodologies. Examples are fast optical spectroscopy in
the visible and IR regions,1 – 4 FRET,5 liquid- and solidstate NMR,6 – 8 and multi-frequency electron paramagnetic
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resonance (EPR).9 – 12 In conjunction with molecular engineering to generate site-specific mutants with tailor-made
spin labels or isotopes, controlled modifications of the protein and their effects on the biological process can be studied
to great detail.
The information content of EPR spectra is governed by
O 0 , consisting of three terms (for
the static spin Hamiltonian, H
S D 1/2 systems):
 gni Ð K

O 0 /h D B Ð B0 Ð gQ Ð SO 
Q i Ð IOi
H
SO Ð A
Ð B0 Ð IOi C
h
h
i
i
1
i.e. the field-dependent electron and nuclear Zeeman interactions and the field-independent electron-nuclear hyperfine
interactions (h: Planck constant; B , K : Bohr and nuclear
O I:
O electron and nuclear
magnetons; gn : nuclear g-factors; S,
spin vector operators; the summation is over all nuclei).
Q i probe the electronic
The interaction tensors gQ and A
structure (wave function) of the molecule either globally (gQ
tensor) or locally (hyperfine tensors). The tensors contain
isotropic and anisotropic contributions. In isotropic fluid
Q
Q and 1/3 Ð TrA,
solution, only the scalar values, 1/3ÐTrg
are observed. In frozen solutions, powders or single crystals, on the other hand, anisotropic tensor contributions also
become observable provided appropriate resolution conditions prevail.
For low-symmetry systems, particularly in frozen solution samples, standard EPR suffers from low spectral resolution because of strong inhomogeneous line broadening. Such
problems arise, for instance, because several radical species
or different magnetic sites of rather similar g-values are
present or the small g-tensor anisotropy of the paramagnetic
system does not allow canonical orientations of the powder
EPR spectrum to be observed. For improving the spectral
resolution by high-field EPR, we have to define a lower limit
of the microwave frequency and the corresponding magnetic
field B0 . For ‘true’ high-field EPR experiments, properties of
the spectrometer have to be related with properties of the
sample: For all cases of delocalized spin systems, in which
(a)

unresolved hyperfine interactions dominate the inhomogeneous EPR linewidth, a true high-field experiment must
fulfill the condition
g
Ð B0 > B
giso

2

i.e. the anisotropic electron Zeeman interaction, described
by the difference g of principal g-tensor components, must
exceed the EPR inhomogeneous linewidth B. Figure 1(a)
demonstrates the dramatic gain in resolution by increasing
the microwave frequency and B0 field from conventional Xband (9.5 GHz) to W-band (95 GHz) and up to 360 GHz,
provided B is not significantly enlarged by relaxation
and/or ‘g-strain’ effects (see following text).
On the other hand, when B is reduced by isotope
labeling, e.g. by perdeuteration of the nitroxide spin-label
molecule and/or 14 N-substitution by 15 N, lower B0 fields
maybe already sufficient to meet the condition for true
high-field EPR; Eqn (2). This is demonstrated in Fig. 1(b)
with 95-GHz EPR on unbound MTS spin label (MTSSL)
(see following text) in its protonated, perdeuterated and
15
N-substituted/perdeuterated forms.
Moreover, the reduction of B by isotope labeling may
turn out to be the only way to enhance spectral resolution,
namely, in situations when linearly field-dependent ‘gstrain’ effects13 become the linewidth-determining factor at
high Zeeman fields and correspondingly high microwave
frequencies (Fig. 2). The g-strain line broadening is caused
by a spread in the principal g-values as a result of
random or discrete local strains exerted on the paramagnetic
centers in the sample.13 As such, g-strain broadening
contains information on g-value distributions, and it is
typically exploited in EPR spectroscopy on transition-ion
complexes and metallo-proteins with their pronounced
g-tensor anisotropy. For organic radicals, however, the ganisotropy is much smaller and, hence, g-strain effects on the
linewidth become dominant only at high enough Zeeman
fields. In this situation, which applies also to the present
(b)

Figure 1. (a) First-derivative cw EPR spectra of a nitroxide radical (OH-TEMPO) in frozen water solution at different microwave
frequency/B0 settings. The spectra are plotted relative to the fixed gzz -value. (b) First-derivative cw W-band EPR spectra of unbound
MTS spin label (MTSSL) (top), perdeuterated MTSSL-D (middle) and 15 N-substituted, perdeuterated MTSSL-D, 15 N (bottom)
dissolved in ortho-terphenyl glass, T D 180 K.
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(a)

(b)

Figure 2. W-band (a) and 360 GHz (b) cw EPR spectra of unbound 15 N-,D-substituted MTSSL taken at 180 K in frozen solutions of
water (upper spectra) and ortho-terphenyl (lower spectra). Spin-label concentration was 1 mM. The characteristic doublet hyperfine
splittings in the gxx , gyy , gzz spectral regions originate from the 15 N nucleus. Ortho-terphenyl frozen solution: The linewidth of the
EPR lines is almost field independent at 95 GHz. At 360 GHz, however, the gxx spectral region is considerably broadened, as
compared to the gyy and gzz regions, due to ‘g-strain’ effects. They are attributed to random distributions of nitroxide conformations,
as well as small random changes of the local polarity of the microenvironment. Water frozen solution: Because of the large g-strain
effects typical for frozen water, the gxx spectral region is considerably broadened already at W-band. At 360 GHz, g-strain
broadening is considerably larger and can be even detected in the gyy region. The g-strain is attributed to a local polarity distribution
(random), and to proticity (H-bonding) distributions, both random and discrete.

case of nitroxide spin labels, g-strain broadening is often
an unwanted effect since it may obscure the sensitivity of
the gxx tensor component of the spin-carrying moiety for
probing local properties of its microenvironment, such as
polarity, proticity and pH (see following text). In Fig. 2 it is
shown that in the frozen ortho-terphenyl solution the 15 Nsubstituted/perdeuterated spin label (abbreviated MTS, see
following text) exhibits g-strain broadened gxx (and gyy ) lines
only at an EPR frequency as high as 360 GHz, whereas in
the frozen water solution the gxx line is broadened already at
95 GHz.
Some of the important issues for a better understanding
of the biological process on the molecular level are (i) the spatial structure of, and the distances and orientations between,
cofactors and neighboring protein sections, i.e. the protein
topography; (ii) the electronic structure of the cofactors in
interaction with their protein microenvironment; (iii) the
conformational changes of specific protein segments during biological action, (iv) the hydrophobic barriers for ion
transfer along channels in transmembrane proteins; (v) the
side-chain accessibility of solvents at specific protein positions; (vi) the polarity and proticity profiles of certain regions
of the protein embedded in its amino acid environment;
(vii) the molecular dynamics of side chains and potential
changes of their mobility during the biological process and
(viii) the transient intermediates of the process and their
characterization in terms of structure and dynamics.
To provide solutions to such issues, advanced multifrequency EPR spectroscopy, both in the continuous wave
(cw) and pulsed mode of operation, has proven to be
very powerful, in particular, when transient paramagnetic
states are formed during the biological process. Prominent
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examples are the light-driven one-electron transfer processes
occurring in photosynthesis.
In the case of biological processes that do not
involve any stable or transient paramagnetic species
or states, such as the light-driven proton transfer in
bacteriorhodopsin (BR), EPR can still be used by resorting
to artificial paramagnetic probes, termed spin labels,
introduced into the system, e.g. nitroxide radicals. In this
respect, an extremely powerful method for studying the
structure and conformational dynamics of proteins under
conditions relevant to function has emerged from the
pioneering work of Hubbell14 , who had introduced the
protocol for site-directed nitroxide spin labeling (SDSL)
via position-specific cystein substitution mutagenesis.
In SDSL experiments, often the methanethiosulfonate
(MTS) spin label (1-oxyl-2,2,5,5-tetramethylpyrroline-3methyl)methanethiosulfonate is used to take advantage of its
sulfhydryl specificity and its small molecular volume, which
is rather similar to that of the phenylalanine or tryptophane
side chains. In contrast to natural amino acid side chains,
however, the MTSSL is not rigidly connected with the
protein backbone but linked by a rather flexible tether. This
leads to a residual motion of the spin label even when
the overall protein motion is frozen at low temperatures.
Multi-frequency EPR techniques have been applied in recent
years in conjunction with sophisticated lineshape analysis
methods, such as those developed by Freed15 on the basis
of the stochastic Liouville formalism to analyze the complex
dynamics of spin-labeled protein systems and to separate
the spin-label motion from the protein motion at different
temperatures,16 thereby enabling deeper insights into the
complex protein dynamics to be revealed.
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Spin-label mobility may not necessarily mean a drawback
because it allows probing of geometrical constraints of the
binding site. However, when the motion of a whole protein
segment is of prime interest, e.g. close to the glass transition
temperature of the protein, a more rigid attachment of the
spin-label to the protein backbone is desirable. In fact, the
applicability of the SDSL technique has been considerably
expanded very recently by synthesizing and incorporating
artificial amino acids with spin-label side chains into the
protein at chosen positions.17 These spin-label amino acids
are designed to reduce internal mobility of the label and,
hence, to simplify discrimination between protein backbone
dynamics and its modulation upon conformational changes
during biological function, and residual spin-label side-chain
dynamics.18
Traditionally, SDSL techniques have been employed
in conjunction with standard X-band EPR spectroscopy,
and the power of the method in terms of structure
determination and sensitivity to reorientational dynamics
has been extensively reviewed.11,19 – 21 By combining SDSL
techniques with high-field/high-frequency EPR however,
a new dimension for the SDSL applicability concerning
sensitivity and selectivity to molecular motion, to polarity
and proticity changes of the microenvironment of the spinlabel, and to conformational changes of spin-labeled protein
segments has been introduced recently.22 – 28
Additional distinctive strengths of spin-label EPR at high
fields and frequencies have emerged that are important
for studies of specific biological samples related to this
paper: (i) The small g-anisotropies of nitroxides and organic
cofactors require higher Zeeman fields than in X-band EPR
to resolve all the canonical g-tensor components in the
slow-motion or powder spectra and, thereby, to enable
the tracing of orientation-selective motion and hydrogen
bonding in the binding sites. In particular, it is important
to resolve the (gxx  gyy ) anisotropy to analyze nonaxial
interactions and motions. (ii) Different sites and orientations
of attached spin labels can be separated by means of their
small differences in their g- and hyperfine tensor interactions.
(iii) High-field/high-frequency EPR spectrometers dedicated
to (bio)chemical applications can reach high detection
sensitivity and time resolution well beyond those at X-band.
This is essential for protein systems that can only be prepared
in minute quantities. (iv) High-field/high-frequency cw
EPR generally provides, by lineshape analysis, shorter time
windows than X-band EPR down into the picosecond
range, i.e. it is more sensitive to rapid internal motions
and allows short correlation times of protein folding and
reorientation to be measured over large temperature ranges,
while slower motions are already within the rigid limit.
For more details about the extraordinary features of highfield/high-frequency EPR and ENDOR (electron–nuclear
double resonance) spectroscopy, we refer to overview
articles, for example.9,10,12,15,26,27,29 – 39
In this paper, our main object is twofold: (i) to review
our recent spin-label high-field EPR work on paradigmatic
transfer proteins, such as the BR light-driven proton pump
and the Colicin A ion-channel forming bacterial toxin, to
obtain new insights concerning the molecular mechanisms
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of their biological activity, and (ii) to briefly report on novel
high-field EPR experiments for probing site-specific, i.e. local
pKa values in protein systems by means of pH-sensitive
nitroxide spin labels. Part (i) focuses on proton-transfer
intermediates of selectively MTS-labeled BR mutants from
Halobacterium salinarium to determine potential barriers and
molecular switches for the vectorial transmembrane proton
transfer. Furthermore, in this part, the high-field EPR results
on the refolding intermediates of selectively MTS-labeled
mutants of the channel-forming protein domain of Colicin A
bacterial toxin produced in Escherichia coli are reviewed. Part
(ii) gives a preliminary account of potentials and limitations
of pH-sensitive SDSL techniques in conjunction with highfield EPR for elucidating complex biological ion-transfer
processes that are accompanied by transient local changes
of proton availability. The paper concludes with an outlook
of ongoing 95-GHz high-field experiments on singly and
doubly spin-labeled proteins, e.g. pulsed double-frequency
and field-jump W-band PELDOR (pulsed electron–electron
double resonance) experiments with time-resolved detection
of changes in interspin distances and relative orientations
of two-spin systems as well as of ongoing 360-GHz cw
EPR experiments on two-spin systems at low temperatures
(FU Berlin). Furthermore, the outlook touches ongoing
W-band EPR experiments in Osnabrück on the structure
and conformational dynamics of the sensory rhodopsintransducer membrane protein complex.

EXPERIMENTAL
Most high-field EPR experiments of this publication have
been performed with a W-band spectrometer operating in
both cw and pulsed modes at an EPR frequency around
95 GHz and an external magnetic field of about 3.4 T. In some
cases, even higher Zeeman resolution was desirable, and
supplementary cw experiments have been performed with
a 360 GHz/14 T spectrometer. Both spectrometers are laboratory built and have been described elsewhere.34,39 Details
on experimental conditions, e.g. sample concentrations and
temperatures, are either given in the respective paragraphs
and figure captions or in the cited references.
Additional information about the topology of the spinlabeled proteins was obtained by accessibility and mobility
measurements of the spin-label side chain via X-band EPR,
as has been described previously.40
MTSSL was synthesized according to Berliner et al.41 The
isotopomers D15 as well as the D15 – 15 N1 were prepared
each in a ten-step synthesis following reactions described in
Refs 41 and 42. In order to get a deuteration degree as high
as possible (98–99%), the key precursor, triacetonamine-15 Nperdeuterated, was synthesized from 15 ND3 and deuterated
acetone. Details of these modified reactions will be published
elsewhere.
IMT spin label (IMTSL) (methanethiosulfonic acid S(1-oxyl-2,2,3,5,5-pentamethyl-imidazolin-4-ylmethyl) ester)
was synthesized as described in Ref. 43.
Mutagenesis, expression as well as MTS and IMT spin
labeling of the proteins were performed as described in
Refs 24 and 40 for BR and in Ref. 22 for colicin A.
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RESULTS AND DISCUSSION
Bacteriorhodopsin
Nature has invented photosynthesis twice, i.e. the strategy
to use sunlight as energy source to synthesize ATP: In
the photosynthetic reaction center (RC) 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 BR 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 archaebacteria such as H. salinarium. High-resolution X-ray crystallography coordinates
are available for the ground-state structure44 (Fig. 3). Seven
transmembrane helices (A–G) enclose the chromophore retinal that is covalently attached to the amino acid lysine,
K216 on helix G, via a protonated 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. Transient 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.45 Double-flash
experiments revealed that the M intermediate is divided into
two substates, M1 and M2 .46,47 During this photocycle, conformational changes of the protein (and the retinal) occur, as
(a)

(b)

has been detected by a variety of experimental techniques (for
a review, see, e.g. Ref. 48). Such changes 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
conformational changes associated with the M1 to M2 transition are suggested to function as a ‘reprotonation switch’
required for the vectorial proton transport. 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. The studies reveal that
major changes occur at the cytoplasmic moieties of helices
F and G. In wild-type BR, such helix movements have been
shown to provide an ‘opening’ of the protein to protons on
the cytoplasmic end of the transmembrane proton channel.49
Thereby, proton transfer can 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 D96.49 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 inaccessible to protons from
the cytoplasm. In the light-driven M1 to M2 transition, this
region is opened for access of protons to the Schiff-base
nitrogen atom. However, the question remains whether the
(c)

Figure 3. (a) Experimental W-band cw EPR spectra for a set of bacteriorhodopsin (BR) mutants spin-labeled with the MTSSL
nitroxide side chain (R1). (b) Structural model of BR. The C˛ atom of the spin-labeled residues, seven ˛-helices A–G, the
chromophore retinal and D96 and D85 participating in the HC transfer are indicated. (c) The magnitude of the tensor elements Azz
and gxx of the spin labels are plotted as function of the nitroxide location in the protein with respect to position 129. For details, see
Ref. 24.
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relatively large conformational changes observed in the photocycle of the wild-type BR and many BR mutants are a
prerequisite for vectorial proton transport, i.e. if they really
represent the proposed reprotonation switch.
Obviously, additional spectroscopic experiments are
needed on wild-type BR and strategically constructed BR
mutants to follow even small, but significant, conformational
changes of protein and cofactor during the photocycle. In
this respect, the combination of site-directed mutagenesis for
spin labeling and high-field EPR for resolving structural
changes of proteins at work is particularly powerful. It
provides – in addition to the nitrogen hyperfine tensor
component Azz – the resolved g-tensor components gxx ,
gyy , gzz as sensitive probes for studying conformational
changes of the labeled protein segment and interactions with
the microenvironment, e.g. polarity and hydrogen-bonding
effects (Fig. 3 shows the molecular axes system chosen for
the nitroxide fragment).
As was shown in Fig. 1, a remarkable gain in resolution
of nitroxide-radical spectra, i.e. the separation of the gxx , gyy ,
gzz components in relation to the Azz hyperfine splitting is
achieved when increasing the Zeeman field from X-band
EPR to 95- and 360-GHz EPR. For our systematic studies,
a set of SDSL mutants was constructed, each containing
a single nitroxide side chain, differing by position in the
protein sequence. The photocycle of all spin-labeled mutants
was checked to ensure that the overall function of the BR
protein is retained.23,24

Hydrophobic barrier of the BR proton-transfer channel
By 95-GHz high-field EPR details of the polarity profile
along the putative proton channel were probed by gand hyperfine tensor components from a series of 10 sitespecifically nitroxide spin-labeled BR mutants, with MTSSL
as the reporter side chain R1.23 Previous studies of a large
number of spin-labeled proteins have shown that the Azz
component of the 14N hyperfine tensor and the gxx component
of the g-tensor are particularly sensitive probes of the
microenvironment of the NOž side chain R1. They allow
the measurement of changes in polarity and proticity, i.e. gxx
and Azz probe the local electric fields and the availability of
H-bond forming partners of nearby amino acid residues or
water molecules.23 – 25 Moreover, the dynamic properties of
the NOž 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.23,24
For measuring the polarity changes, W-band EPR spectra
were recorded at temperatures below 200 K to avoid
motional averaging of the anisotropic magnetic tensors. At
these temperatures, R1 can be considered as immobilized on
the EPR timescale. 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 gxx and Azz with the nitroxide
binding site can be measured with high precision, and plots
of gxx and Azz vs R1 positions along the proton channel
directly reflect the hydrophobic barrier that the proton has
to overcome on its way through the protein channel (Fig. 3).
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The analysis of both tensor components, gxx and Azz ,
enables to characterize the R1 environment in terms of protic
and aprotic surroundings. Theoretically, both gxx and Azz are
expected to be linearly dependent on the -spin density  O
at the oxygen atom of the nitroxide group. The hyperfine
component Azz , given by25
N
Azz D QN
 Ð 

3

is linearly dependent on  O on account of the sum condition
 O C  N ¾
D 1. For gxx , however, apart from a direct
proportionality to  O , there is an additional dependence
on specific properties of the oxygen lone-pair orbitals. This
follows from an approximate expression for gxx derived by
Stone50 – 52 for organic -radicals:
gxx ¾
D ge C

2 Ð O Ð O Ð c2ny
EnŁ

4

where ge D 2.0023 is the free-electron g-value; (O) is the
oxygen spin-orbit coupling parameter;  O is the  spin
density on the oxygen 2pz atomic orbital; cny is the LCAO
coefficient of the 2py atomic orbital contributing to the oxygen
lone-pair MO; and EnŁ is the n ! Ł excitation energy.
The lone-pair orbital energy En affects gxx via the
excitation energy EnŁ D EŁ  En and is known to
be sensitive to the electrostatics, i.e. the polarity of the
environment. This effect adds to the polarity dependence
of  O on account of the charge displacements in the NO
-bond. En is particularly sensitive to H bonding of the
lone pairs to water or to polar amino acid residues in the
surrounding medium. Furthermore, H bonding can also
affect the partial electron population c2ny of the lone-pair
orbitals.
Thus, any change υgxx in gxx D gxx  ge can be broken
down into three contributions:
υc2ny
υgxx ¾ N υAzz
υEnŁ

C 2
D O Ð
gxx
EnŁ
cny
 Azz

5

Qualitatively, Eqn (5) correctly predicts the observed
negative slope of the gxx vs Azz plot. The last two terms
are responsible for additional vertical deviations.
In the next step, a quantitative treatment of polarity and
H-bonding effects was attempted. Following Griffith et al.,53
polarity effects from the various intermolecular electric
fields originating in dispersion forces, permanent electric
dipole interactions, induced dipole interactions etc. are most
conveniently described by a single collective parameter, the
average local electric field E in the NO bond region.53 These
authors show that the  spin density at the nitrogen atom,
N , changes to first order as
υN D C1 Ð Ex

6

where Ex is the electric field component along the NO
bond and C1 ¾
D 2 Ð 109 V1 cm.53 Regarding the observed
maximum change of Azz of 0.4 mT and applying Eqn (3),
Eqn (6) predicts an effective ‘polarity range’ 0 < Ex 
2 Ð 107 V cm1 for the MTSSL at the different sites in BR. Thus,
in our calculations, we imposed a uniform electric field Ex
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For comparison, experimental results for spin-labeled BR
are given in Fig. 4(b). It shows the gxx vs Azz dependence
for various spin-label protein positions.23 Obviously, two
straight-line correlations can be deduced in accordance with
the theoretical predictions. The points corresponding to
positions 46, 171 and 167 belong to a line whose slope is
significantly different from that for the remaining points.
These three positions can be classified to be exposed to
an aprotic environment,53,55 the other ones to a protic
environment. Admittedly, there remains a discrepancy
between calculated and experimental slopes of the gxx vs
Azz plots.25 As in earlier studies,56 it is anticipated that
sterically induced strains on the attached nitroxide spin
label may influence the slopes dgxx /dAzz and explain the
discrepancy. Hence, structural changes of the nitroxide label
by superimposed local fields were theoretically analyzed as a
possible reason for the striking difference between calculated
and measured slopes.25 Indeed, the analysis shows25 that
‘polarity induced steric strain’ results in deviations from
planarity of the label skeleton which, in turn, reduce the
calculated slope dgxx /dAzz – via combined action of energy
and spin density changes – toward the experimental value
(for details of the calculations, see Ref. 25). In conclusion,
it is justified to state that the gxx vs Azz plot enables
the hydrophobic barrier of the BR proton channel to be
characterized in terms of different accessibilities of the
respective protein regions to water molecules. The discussed
sensitivity of the resolved gxx and Azz tensor components of
nitroxide radicals to the polarity of their microenvironment
has been recognized also by other high-field EPR research

in a nitroxide spin-label model system as effective polarity
parameter, applying values of Ex that cover this polarity
range. This was achieved by using the electric field setup
options within the molecular modeling package Hyperchem
(Hypercube Inc., Gainesville FL, USA).
Effects of H bonding (hb) on the gxx vs Azz dependence
have been studied theoretically on a nitroxide model
structure (inset of Fig. 4(a)) with one water molecule H
bonded to the O atom. Our approach was similar to that of
a theoretical study on tyrosyl radicals.54 Fig. 4(a) shows the
calculated gxx vs Azz dependence for this nitroxide spin-label
model. For the quantum-chemical method (ZINDO/S) used
for calculating the various quantities determining gxx and
Azz , and for further details, see Ref. 25.
The upper dashed line in Fig. 4(a), defined as ‘aprotic’, is
based on the calculated gxx values without hb formation,
and the lower dashed line is with hb formation. This
latter line is shifted against the aprotic line by a constant
value of 4 ð 104 over the whole range of Ex values
between 0 and 0.02 au (1 au D 5 ð 109 V cm1 ). The solid
line, defined as ‘protic’ in analogy with earlier work,55
is obtained by linear interpolation between points A and
B, which are characterized by the nonpolar/aprotic limit
with the experimental value Azz D 3.36 mT, and by the
highly polar/protic situation in water for which a value
Azz D 3.64 mT was measured.25 Both limiting values of
Azz could be theoretically reproduced,25 and the molecular
parameters obtained from these calculations where, in turn,
used in the calculations of the limiting values of gxx to provide
points A and B in Fig. 4(a).
(a)

(b)

Figure 4. (a) Theoretical plot of gxx vs Azz for a planar nitroxide model radical as calculated for the ‘aprotic’ case (without hydrogen
bonding, short dashes) and for the case with additional hydrogen bonding (long dashes). The ‘protic’ line (solid line) is obtained by
linear interpolation between the nonpolar limit (point A, Azz D 3.36 mT) and the water limit (point B, Azz D 3.64 mT). For details, see
text and Ref. 25. (b) Experimental plot of gxx vs Azz of the nitroxide side chains for various spin-label positions in bacteriorhodopsin
(see text). The ‘protic’ and ‘aprotic’ limiting cases are derived in analogy with corresponding theoretical lines; see left side of this
figure. The absolute g-values as well as the slopes of the ‘protic’ and ‘aprotic’ lines are different from the results of model
calculations. This discrepancy is discussed in the text; for more details, see Refs 23 and 25.
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groups, e.g. for nitroxide spin labels in frozen solutions57 and
phospholipid membranes.12,37,56

Conformational changes during the BR photocycle
The discussion about conformational changes of distinct
helices in BR to activate a molecular switch for vectorial
proton transfer has been revived recently by the investigation
of the tailor-made triple mutant D96G/F171C/F219L that
modifies the cytoplasmic proton entrance region, Fig. 5(a).
This BR triple mutant reveals a remarkable conformation
of its dark state: It was shown to resemble that of the late
M intermediate (preceding N in the photocycle) in wildtype BR, but with a conformation that is retained upon
illumination (pseudo M state).24,49,58,59 In our work, the triple
mutant was MTS labeled and studied by W-band high-field
EPR without and with light irradiation.24 The goal was to
test the sensitivity of selectively spin-labeled helix segments
in singly, doubly and triply mutated BR toward changes of
the microenvironment in the cytoplasmic region during the
photocycle. In these studies, we chose position 171 at the
cytoplasmic end of helix F (Fig. 5(a)) in the single mutant
F171C, in the double mutant D96G/F171C, and in the triple
mutant D96G/F171C/F219L for attaching an MTSSL to the
unique cysteine, thus forming the side chain R1. The R1
probe is used to measure the polarity changes in this region
via light-induced shifts of the gxx and Azz tensor components.
The results are depicted in Fig. 5(b). It nicely shows that
upon light excitation of the single mutant to its M state, the
NOž residue at position 171 experiences the same nonpolar
microenvironment as the triple mutant with its pseudo M
state open for proton uptake already in the dark.24
(a)

Pronounced conformational changes of wild-type BR
during the photocycle were also observed in the highfield EPR spectra of selectively spin-labeled double mutants
D96N/V167R1 and D96N/V101R1 in their ground states
recorded in the dark and under light illumination. The darkminus-light spectra clearly show an increased reorientation
mobility of the nitroxide side chain R1 in the M intermediate
of the D96N/V161R1 mutant, but a decreased mobility for
D96N/V101R1. Obviously, the residual anisotropy of the
nitroxide motion changes during the photocycle owing
to changing space restrictions within the R1 binding site.
Label V167R1 is located at the cytoplasmic moiety of helix
F and oriented toward helix C. Thus, an increase of the
interhelical distance, caused by displacement of helix F
or helix C, would account for the experimental data – in
accordance with neutron-diffraction and FT-IR results and
with EPR interspin distance measurements of doubly labeled
BR variants60 (for details, see Ref. 23).

Colicin A bacterial toxin
Colicin A is a member of a family of bacterial toxins that form
transmembrane ion channels.61 – 63 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 segments of
protein subdomains into the cytoplasmic membrane forming
a voltage-gated ion channel. The open channel leads to
electrical depolarization of the membrane and depletion of
intracellular ion pools, which ultimately leads to cell death.
An understanding of these mechanisms on the molecular
level is currently also of biomedical interest, since insertion of
proteins into membranes and subsequent channel formation

(b)

Figure 5. (a) Top view of the X-ray structural model of bacteriorhodopsin.49 The seven ˛-helices (A–G) and the interconnecting
loops are visible as well as positions D96, F171 and F219 in their nonmutated forms are shown. (b) Polarity plot of gxx vs Azz of the
nitroxide side chains R1 for various spin-label positions in BR mutants with emphasis on the R1 position 171 in the single mutant
F171R1 (square), the double mutant D96G/F171R1 (triangle) and the triple mutant D96G/F171R1/F219L (circle). The dark state of the
triple mutant reveals a very nonpolar protein microenvironment of R1 in the vicinity of the cytoplasmic entrance of the proton
channel. Light excitation of the single mutant switches the microenvironment of R1 to the same nonpolar properties as experienced
by the triple mutant in the dark (the gxx , Azz data points of the single mutant F171R1 in the light state coincide with those of the triple
mutant in the dark state). For details, see Refs 24 and 59.
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are common to many toxic proteins of bacterial pathogens,
such as the diphtheria, tetanus and cholera toxins.62 – 66
The colicin toxins have to overcome the protecting
barriers of the attacked cell.61,67 Accordingly, Colicin A
consists of three functional protein domains: The central
receptor domain R, the N-terminal translocation domain T to
penetrate the outer membrane and to traverse the periplasm,
and the C-terminal channel-forming domain C to penetrate
the inner membrane that protects the cytoplasm of the
cell.63,68 These distinct functions of the colicins are reflected
by their three-dimensional shape. The X-ray crystal structure
of a complete (T-R-C) Colicin Ia protein was recently
determined to 2.3 Å resolution.63,69 It reveals a harpoonshaped molecule, 210 Å long, with the three functional
domains well separated from each other to overcome the
protection barriers of the attacked cell.
The isolated C-domain retains its channel-forming ability
in aqueous solutions of artificial membranes70,71 such as
lipid vesicles. Hence, details of refolding processes of the Cdomain can be studied by in vitro experiments (see following
text). 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 Å resolution.72 Ten ˛-helices,
eight amphiphilic, two hydrophobic, are arranged in such a
way that the amphiphilic helices surround the hydrophobic
hairpin (helices 8 and 9), which is deeply buried in the
center of the protein (Figs 6 and 7(a)). Thereby, the hairpin is
shielded from contact with the water solvent.
In view of the difficulties encountered in 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 studies,67,74,75 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 region of the
membrane?

Models of transmembrane ion-channel formation
The C-domain of Colicin A (and other members of the
colicin family) can adopt two conformations, the watersoluble form and the transmembrane form. The transition
between these conformations requires massive refolding of
the tertiary 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’ model72 and the ‘penknife’ model5
(Fig. 6). Conceptually, they differ in the description of the
relatively slow (100 ms–s range) membrane-insertion step to
be either spontaneous or voltage dependent. After docking to
the membrane surface, a slow, but still voltage-independent
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 spontaneously
traverses the membrane, whereas in the penknife model, the
refolding leaves the hairpin close to the membrane surface,
but a change of the electric transmembrane potential is
required to trigger insertion of the hairpin into the membrane
and, ultimately, to open the channel for ion flow.

W-band 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

Figure 6. The ‘umbrella’ model72 and the ‘penknife’ model5 of the membrane-associated state of the channel-forming C-domain of
Colicin A. In the water-soluble state of the C-domain, the hydrophobic helices 8 and 9 are deeply buried in the interior of the domain
where a nonpolar microenvironment is energetically stabilized.
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(a)

(b)

Figure 7. (a) X-ray structural model (side view) 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 ˛-helices are
labeled 1 (N-terminus) to 10 (C-terminus). The hydrophobic helices are 8 and 9. For details, see Refs. 5, 72 and 73. (b) Polarity plot of
gxx vs Azz for the 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 nonhydrogen bonded (short dashes) and the fully hydrogen bonded (long dashes) cases (Fig. 4). For details, see
Refs. 22, 23 and 25.

MTS spin-labeling techniques.22 Owing to the high spectral
resolution achieved by 95-GHz EPR, we could use both
the Azz hyperfine tensor component of the 14 N nucleus
and the gxx tensor component as sensitive probes for
the polarity and proticity of the microenvironment of the
nitroxide side chain R1 and for its motional characteristics
in three-dimensional space under the local constraints of the
protein.24,25
In Fig. 7(a), the five individual amino acid residues of
helix 9 of the C-domain that have been replaced by cysteines
via exchange mutagenesis5,73 at positions 169, 176, 181, 183
and 184, respectively are indicated by numbered spheres.
Subsequently, the single cysteines were spin labeled with
MTS. Our experimental strategy for detecting the 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.22 To this end, small unilamellar vesicles were made by sonification of the sample containing
the lipid DMPG (1,2-dimyristoyl-sn-glycero-3-phospho-rac(1-glycerol)) in water.
The tensor components Azz and gxx were measured
for the five mutants.22 In the water-soluble conformation
(no lipid added), the Azz and gxx values reveal high
polarity at the water-accessible sites of helix 9 (positions
184, 169), and a lower polarity in the protected center
(position 176). This finding is consistent with the amino
acid configuration known from the X-ray crystal structure.72
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
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R1 attached to position 176 in the central part of the
helix 9.
In Fig. 7(b), the W-band measurements of gxx and Azz are
summarized in the plot gxx vs Azz . Both probes show that the
central-region position 176 experiences a strong change in
polarity of the microenvironment toward more polar character, whereas in the vicinity of the end-region positions
169, 184, only weak polarity changes occur upon adding
lipids.
According to the umbrella model, helices 8 and 9 should
penetrate the membrane spontaneously so that their central
part, as probed by the nitroxide at position 176 in helix 9,
would be placed into the interior of the membrane, i.e. in a
highly nonpolar region. This means that in the umbrella
model one would expect, for the spin-label at position
176, no large changes of gxx and Azz upon adding lipid to
the aqueous sample because, in both states, water-soluble
and membrane-associated, the microenvironment would
remain nonpolar. According to the penknife model, 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, R1 at 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 by means of the polarity probes
gxx and Azz when adding vesicle-forming lipids to the
aqueous sample. Hence, our data validate the penknife
model for membrane association of the Colicin A channelforming domain. This conclusion is in agreement with
FRET experiments on Colicin A double mutants with sitespecifically attached fluorescence labels5 (for more details,
see Ref. 22).
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Probing local pKa effects by pH-sensitive spin
labels
As has been shown above, nitroxide radicals can be
successfully used to probe the polarity of the microenvironment owing to the sensitivity of the nitroxide EPR parameters
to the local electric field, Eqn (6). This electric field may, however, not only originate in the environment of the probe but
may also stem from the nitroxide radical itself if it contains
ionizable groups. Such compounds have been established as
pH-sensitive nitroxide EPR probes,76 in which pH changes
of the bulk solution induce changes of the internal ion state.
From the numerous ionizable nitroxides, the imidazoline as
well as imidazolidine radicals are considered to be most
suitable for biological applications owing to their high stability. Moreover, they exhibit a reversible pH effect, i.e. a
reversible protonation of the tertiary amine nitrogen N-3 in
the radical heterocycle. Since first reported by Khramtsov
and coworkers77 in 1982, these nitroxides have found a wide
application as probes for measuring pH in chemical and biological systems, even when performing in vivo experiments.76
However, up to now, reported studies have employed the
pH-sensitive nitroxides either in the free, i.e. unbound form
or as a label rather unspecifically attached to the molecule
under study.
Recently, Smirnov et al.43 reported a first W-band EPR
study of the pH-sensitive nitroxide methanethiosulfonic
acid S-(1-oxyl-2,2,3,5,5-pentamethyl-imidazolin-4-ylmethyl)
ester, IMTSL. This is an imidazolidine derivative of the
MTSSL (Fig. 9(c)) and is principally suitable for side-directed
spin labeling. The authors performed EPR measurements
at room temperature and analyzed the isotropic g- and
hyperfine values as function on the pH value of waterbuffer solutions. However, their results are hardly applicable
to spin-labeled proteins, because the nitroxide spin label
attached to the protein is normally partially, or even fully,
immobilized at room temperature (Fig. 10(a)). Therefore, we
performed X- and W-band measurements on IMTSL in liquid
as well as in frozen solutions at different pH values with the
primary goal of applying this spin label for investigating the
local pH value at the D96 proton-donor position of BR and
changes of this value during the photocycle.78
Significant differences between the IMTSL EPR spectra
were observed, both in X-band (Fig. 8(a)) and in Wband (Fig. 8(b)) when varying the pH value of liquid
water-buffer solutions between 1.3 and 7.2. The X-band
spectra show small shifts of the EPR line position in the
motionally narrowed three-line nitroxide spectrum typical
for fast-exchange conditions (Fig. 8(a)). The analysis of the
isotropic hyperfine coupling AN , measured as the distance
between the central and the high-field lines of the triplet,
in terms of the Henderson–Hasselbalch equation79 , yields
pKa D 2.19 š 0.09 and AN values of 1.43 mT and 1.58 mT for
the protonated (RHC ) and unprotonated forms (R) of IMTSL,
respectively (Fig. 8(c)).
In contrast to X-band, at W-band the fast-exchange
condition is no longer valid, and the W-band EPR spectra
consist of two partially resolved nitroxide triplets at pH
values close to pKa ; see line shoulders at pH D 2.5 in
Fig. 8(b). Attempts to fit the overall lineshape by simply
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superimposing the spectra from the fully protonated and the
unprotonated form of the spin labels failed. This indicates
that the exchange rate between RHC and R is comparable in
magnitude with the spectral separation of W-band EPR lines
of RHC and R, i.e. the intermediate-exchange regime prevails.
Hence, we analyzed the experimental W-band spectra in
terms of modified Bloch equations that include chemical
exchange between the protonated and unprotonated form
of IMTSL.80 The EPR spectra, S(B), were calculated using
the known analytical expression for EPR absorption. It is
given by the imaginary part of the complex magnetization;
see Eqn (11) in Chapter 12 of Ref. 80, which was adapted
to the nitroxide case by extending it for the three pairs of
exchange-coupled 14 N hyperfine lines (mI D 1, 0, 1  m in
the following):
SBRHC,R / Im


fRHC Ð BRHC,m  B C fR Ð BR,m  BC 




 
iPRHC C PR 
BR,m  B C iPRHC  Ð BR,m  B C iPR C 




mD1,0,1
PRHC Ð PR
7
where BRHC,R,m D B0RHC,R,m C iBRHC,R,m . The positions
of the individual hyperfine lines, B0RHC,R,m , and their
widths, BRHC,R,m , were determined from the EPR spectra
of radicals RHC and R. These parameters were kept
fixed at further calculations of intermediate exchange. The
parameters PRHC and PR are the effective exchange rate
constants rescaled from frequency to field dimension by the
factor (1/ e ). They determine also the fraction coefficients
fRHC D PR /PR C PRHC ) and fR D PRHC /PR C PRHC  of
protonated and unprotonated forms of the spin-label.
Because of the relation PR D PRHC Ð 10pKa pH (see Ref. 79),
the two quantities PRHC , i.e. the decay rate constant of the
protonated form and (pKa – pH) are used as free-running
parameters in the simulation procedure. The simultaneous
fit of all W-band spectra to Eqn (7) ultimately results in
pKa D 2.15 š 0.05, which is in the perfect agreement with
the X-band value (Fig. 8(c) and (d)). The lifetime of the
protonated form, e /PRHC , was found to be 65 š 10 ns, and to
be independent of the pH value of the solution, as is expected
from the protonation reaction scheme.
The solid-state EPR spectra at low temperatures (T D
120 K) differ strongly from the liquid case at room temperature; see Figs 8 and 9. In the rigid limit, the chemical exchange
is very slow. Thus, the experimental nitroxide spectra have
to be described by a weighted sum of RHC and R spectra.
In X-band, where only the Azz canonical positions can be
spectrally resolved, the analysis does not yield unequivocal
results because the changes in Azz are small compared to the
linewidth of the EPR signals and, moreover, are different
for the low- and high-field EPR lines (Fig. 9(a)). Hence, a
pKa value of 3.5 š 0.5 could only be estimated. However,
the W-band spectra of shock-frozen samples show well recognizable shifts of both the gxx and Azz tensor components,
due to the increased spectral resolution at high Zeeman field.
Upon protonation, i.e. when comparing spectra at pH D 7.2
with those at pH D 1.3, it is seen that the gxx peak shifts
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Figure 8. EPR studies of the pH-sensitive nitroxide spin-label IMTSL (see also Fig. 9(c)). X-band (a) and W-band (b) cw EPR spectra
of 1 mM IMTSL water-buffer solution at room temperature corresponding to the fully protonated (pH D 1.3) nitroxide form, the
unprotonated (pH D 5.2) nitroxide form, and the intermediate case (pH D 2.5). (c) pH-induced variation of the isotropic hyperfine
constant AN , measured as the distance between crossing point of the baseline of the central and high-field lines of the X-band EPR
triplet, together with the corresponding Henderson–Hasselbalch titration curve. (d) Summarized results of 2-parameter fits of the
W-band EPR spectra to modified Bloch equations containing a chemical exchange term; the simulated spectra are shown by
dashed lines in (b) and are in perfect agreement with the experimental spectra. For details of the simulation procedure, see text.

approximately by 1.1 mT, and Azz decreases by about 0.3
mT. The shifts in the gzz and gyy spectral regions cannot
be observed within experimental resolution. The increase of
the gxx value by 6.4 ð 104 upon protonation agrees fully
with the shift of 6.5 ð 104 reported by Gulla and Budil
for a similar imidazolidine nitroxide.81 The W-band EPR
spectra obtained at intermediate pH values could be perfectly least-squares fitted to the weighted sum of the RHC
and R spectra (Fig. 9(b)). The fraction of the unprotonated
radical form is well described by a conventional titration
curve with pKa D 3.48 š 0.05. This value is higher than
in liquid solution. The difference may be explained by the
temperature-dependent exchange rate according to Eyring
theory.
After having obtained such basic information about the
protonation behavior of the IMTSL nitroxide in solution by
our EPR experiments, we used this pH-sensitive label to
investigate the local pH values within the proton channel
of BR. The amino acid position D96 is of particular interest
because, during the transition from the M to N state of the BR
photocycle, reprotonation of the Schiff base occurs via proton
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transfer from the aspartic acid D96. During the BR initial-state
recovery, D96 is reprotonated from the cytoplasmic side of
the membrane. The spin-labeled BR was stabilized in acidic
(pH D 3.0), neutral (pH D 6.8) and basic (pH D 10.0) waterbuffer solutions. Figure 10(a) shows the room-temperature
X-band EPR spectrum of IMTSL covalently attached to the
BR D96C mutant at pH D 6.8. The spectrum is typical for
an immobilized nitroxide spin label, in agreement with the
location of the spin label deeply buried in the protein interior.
However, small-amplitude reorientational oscillations of the
nitroxide ring may still be present, which lead to partial
averaging of anisotropic components of the g and A tensors.
Therefore, only low-temperature (T D 120 K) X- and Wband spectra were analyzed to avoid complications in
the lineshape analysis that are caused by the influence of
nitroxide residual mobility and proton exchange processes
on the EPR spectra. The low-temperature X-band spectra
show minor changes upon changing the solvent pH. While
the low-field line and the centerline of the spectrum stay
unchanged over the studied pH range, the high-field line
shifts toward the position of the protonated form when
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Figure 9. X-band (a) and W-band (b) cw EPR spectra of 0.3 mM IMTSL in water-buffer frozen solution, 120 K, corresponding to the
fully protonated (pH D 1.65), the unprotonated (pH D 7.2) forms of the nitroxide ring and the intermediate case (pH D 3.5). The
dashed lineshape for pH D 3.5 (b) is obtained by averaging the protonated and unprotonated spectra with equal weight.
(c) Molecular structure of IMTSL. (d) The pH dependence of the fraction of the unprotonated IMTSL form as obtained from W-band
EPR spectra analysis. The solid line is the fit to a conventional titration curve.
(a)

(b)

Figure 10. (a): X-band cw EPR spectrum of the IMTSL-labeled BR mutant D96C taken at room temperature and neutral pH. The
stars mark the EPR line positions of unbound IMTSL in the sample solution. (b): W-band cw EPR spectra at acidic and neutral pH
values of the buffer solution measured at 120 K (see text).

changing the solution pH from neutral to acidic. In agreement
with X-band results, no difference in the W-band EPR spectra
were observed at pH values higher than 6.8. Figure 10(b)
shows the W-band spectra taken at acidic (pH D 3.0) and
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neutral (6.8) pH of the solution. A distinct shift of the Azz
lines can be observed. The value of Azz slightly decreases
from 3.42 š 0.01 mT to 3.48 š 0.01 mT upon lowering the
pH. This decrease, together with changes in the gxx spectral
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region (Fig. 10(b)) shows that at acidic pH values the
equilibrium between unprotonated and protonated states of
the spin label is slightly shifted. Our attempts to simulate the
spectra using the weighted sum of the spectra of protonated
and unprotonated unbound IMTSL were unsuccessful,
presumably owing to the effect of a different polarity of
the microenvironment. However, from the values of Azz and
the lineshape of the gxx region, one can conclude that the spin
label is unprotonated throughout the physiological pH range
of the solution. The small spectral changes after acidification
of the solution prove the strong shielding of the nitroxide
side chain at position 96 from the aqueous phase in the BR
initial-state conformation.
This preliminary account of our ongoing multi-frequency
EPR studies on pH-sensitive spin labels shall be summarized
by the following statements:
1. To detect ionization-state changes of pH-sensitive spin
labels attached to the protein, the EPR measurements
have to be carried out at low temperature and high
fields to provide sufficient spectral resolution. At room
temperature, the attached spin label is often only partially
immobilized, and the expected spectral changes due to
changes of the ionization state are generally smaller than
can be resolved within the linewidth in the slow-motion
regime. High-field EPR is required to gain the spectral
resolution necessary to separate the spectra of protonated
and unprotonated states of the nitroxides. X-band EPR
can hardly detect the difference in Azz of maximal 0.3 mT,
which is smaller than the linewidth of about 0.8 mT of
the spectrally resolved mI D 1, C1 lines of the nitroxide
spectrum in the rigid limit. By W-band EPR, both gxx and
Azz parameter changes can be quantitatively determined.
Moreover, the gxx tensor components of the protonated
and unprotonated form can almost be resolved, since the
corresponding field values differ by about 1.1 mT. This
is comparable to the linewidth of about 1.6 mT of the gxx
resonance line.
2. For IMTSL, a further increase of the EPR frequency
and Zeeman field beyond W-band EPR will probably
not yield an advantage concerning the resolution of gxx
because of additional line broadening due to g-strain
effects (Fig. 2). Such unwanted linearly field-dependent
broadening will ultimately obscure the sensitivity of gxx
for probing local polarity, proticity and pH characteristics
of the microenvironment of the spin-label. Hence, for
high-frequency EPR, an optimum Zeeman field that
represents a compromise between resolving power for
gxx to measure such environmental effects and onset of
intolerable g-strain broadening of the gxx component has
to be chosen. For example, 220-GHz EPR spectroscopy
on an imidazolidine nitroxide did not resolve the spectral
gxx region.81 The use of isotope-substituted nitroxides,
however, looks very promising for future applications of
pH-sensitive spin labels. For example, deuteration of the
nitroxide methyl positions decreases the width of the Azz
line to about 0.4 mT, which is comparable to the Azz shift
upon protonation (Fig. 1(a)). Moreover, deuteration of the
methyl positions will allow the resolving of the gxx lines of
protonated and unprotonated forms of pH-sensitive spin
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labels by W-band EPR. Additional 15 N-substitution of the
N-1 nitroxide position will lead to even higher resolution
in the gxx spectral region (Fig. 1(b)).
3. W-band EPR application of pH-sensitive spin labels opens
a new avenue for the investigation of site-directed spinlabeled proteins. The pKa values of imidazoline and
imidazolidine radicals are strongly dependent on the
substituents at C-4 of the radical heterocycle.76 Such
applications require systematic investigations of titration
curves with the spin label attached to different wateraccessible segments of the protein under study. Local
polarity effects of the microenvironment may influence
the pKa of the nitroxide, in addition to the observed
electric field dependent changes of the gxx and Azz values,
making it a challenging task to use such labels to correlate
pKa changes with conformational changes of the protein
in action.

CONCLUSIONS AND OUTLOOK
In this overview, it is shown that modern multi-frequency
EPR spectroscopy at high magnetic fields provides detailed
information about structure and dynamics of transient
intermediates occurring in biological ion-transfer processes.
Thereby our understanding of the relation between structure,
dynamics and function of proteins undergoing conformational switching during biological action is considerably
improved. This holds for the fine-tuning of electronic properties of cofactors involved in the transfer process 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 formation. To
summarize the conclusions relevant to biological systems
in general and to the transfer proteins and channel-forming
proteins referred in this paper in particular, the following
observations are made:
ž 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.
ž In electron-transfer processes, often several organic radical
species are generated 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.
ž High-field/high-frequency cw EPR provides, by lineshape
analysis, shorter time windows than X-band EPR do,
down into the ps range for studying correlation times
and fluctuating local fields over a wide temperature range.
The correlation times are associated with characteristic
dynamic processes, such as protein, cofactor or lipid
motion and protein folding.
ž Pulsed high-field/high-frequency EPR provides real-time
access to specific cofactor and/or protein motions in
the nanosecond timescale. Motional anisotropy, which is
governed by anisotropic interactions, such as hydrogen
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bonding along specific molecular axes within the binding
site, can be resolved.
ž ENDOR at high Zeeman fields takes additional advantage
of the orientation selection of molecular subensembles
in powder or frozen solution samples. Thereby, even in
the case of small g-anisotropies, ENDOR on paramagnetic
species can provide single-crystal like information about
hyperfine interactions, including functionally important
hydrogen bonding to the protein.
ž High-field EPR adds substantially to the capability of
‘classical’ spectroscopic 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 timescales.
As an outlook, some of our ongoing high-field EPR
experiments that are related to the subject of this publication
are mentioned.
At FU Berlin, ongoing high-field EPR spectroscopy refers
to pulsed electron–electron double resonance (PELDOR)
experiments at W-band on doubly spin-labeled proteins
employing both pulsed double-frequency and field-jump
methodologies.82 PELDOR at X-band frequencies has proven
to be very powerful for measuring weak electron spin–spin
interactions between remote paramagnetic centers in disordered solids. Thereby, long distances up to 5-8 nm can be
measured.16,83 Exploiting the improved g-tensor resolution
at high Zeeman fields, W-band PELDOR experiments give
access to both distance and relative orientation of the protein
fragments labeled with the two interacting nitroxide side
chains.82 Moreover, valuable information of distance and
orientation of spin-labeled radical-pair systems is obtained
from ongoing 360-GHz cw experiments at low temperatures.
Thermal spin polarization effects are exploited to determine
the sign of the zero-field splitting parameter D of two-spin
systems84,85 and, thereby, to discriminate between a diskshaped dipolar tensor (D > 0, triplet state complex) and
a cigar-shaped one (D < 0, radical-pair state complex).
Thermal spin polarization effects on the EPR lineshape
become strong at temperatures below the Zeeman temperature TZ D g Ð B Ð B0 /kB (kB Boltzmann constant). Thus,
high-field EPR spectra show such polarization effects already
at higher temperatures than X-band EPR spectra do (for g ³ 2
systems, Tz ³ 0.4 K for X-band, 4 K for W-band, and 16 K for
360 GHz EPR).
At Osnabrück, ongoing experiments comprise the characterization of the conformational dynamics involved in signal
transfer by the sensory rhodopsin-transducer complex86 and
high-field EPR spectroscopy of spin-labeled proteins performing their function in their native cell environment.
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