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A structural model for the full-length blue
light-sensing protein YtvA from Bacillus subtilis,
based on EPR spectroscopy†
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Andreas Möglich,c Aba Losi,d Wolfgang Gärtnerb and Robert Bittl*a

A model for the full-length structure of the blue light-sensing protein YtvA from Bacillus subtilis has been

determined by EPR spectroscopy, performed on spin labels selectively inserted at amino acid positions 54,

80, 117 and 179. Our data indicate that YtvA forms a dimer in solution and enable us, based on the

known structures of the individual domains and modelling, to propose a three-dimensional model for

the full length protein. Most importantly, this includes the YtvA N-terminus that has so far not been

identified in any structural model. We show that our data are in agreement with the crystal structure of

an engineered LOV-domain protein, YF1, that shows the N-terminus of the protein to be helical and to

fold back in between the β-sheets of the two LOV domains, and argue for an identical arrangement in

YtvA. While we could not detect any structural changes upon blue-light activation of the protein, this

structural model now forms an ideal basis for identifying residues as targets for further spin labelling

studies to detect potential conformational changes upon irradiation of the protein.

Introduction

In recent years, biological photoreceptors have gained remark-
able scientific interest, as in many of these proteins the signal-
ling part is an enzyme activity,1 which, in connection with the
light sensing domain, suggests regulation of the specific
enzyme activity by light irradiation.2 Among the broad variety
of photoreceptors, the blue light-sensing proteins are of par-
ticular interest, as (i) their flavin chromophore is endogenous
in all living organisms, and (ii) one subclass of these receptors,
the LOV domain-proteins (LOV, Light, Oxygen and Voltage),
shows a robust three-dimensional structure and yet a broad
variety of naturally occurring signalling domains.3 The first
prokaryotic LOV domain protein discovered was YtvA from
Bacillus subtilis, a photoreceptor involved in the stress
response of this bacterium.4–6 YtvA is a relatively small protein
of only 261 amino acids and is composed of two domains, the

light-sensing LOV domain and a putative signalling STAS
domain (STAS, Sulfate Transporter and Anti-Sigma antagonist),
both domains being connected by a short helical linker.
Despite intensive research into the structure and the function
of YtvA,7–11 structural information on the full-length protein is
still limited.6,8,12

Detailed structural knowledge is clearly required, as infor-
mation on a monomeric or dimeric state or on the domain
arrangement of these receptors is essential for an understand-
ing of their biological function. Relatively few spectroscopic
techniques can be applied to proteins in solution for structural
elucidation. Among these, Electron Paramagnetic Resonance
(EPR) spectroscopy offers a number of advantages, as it is
applicable for determining inter-protein distances over a wide
range, and in addition, it provides information on the
dynamics and flexibility of proteins13,14 as well. For applying
EPR methods, spin labels often have to be introduced into the
proteins under investigation which is best accomplished via
covalent attachment of nitrogen-oxide substituents, carrying
one unpaired electron.15–17 These label compounds selectively
react with the side chain of cysteines and can be inserted selec-
tively at single positions to probe, e.g., the oligomeric state of a
protein, or can be applied as couples, thus providing infor-
mation on distances within one domain or one protein entity.
For these approaches, cysteines are first removed from
“unwanted” positions (by mutation into serines or alanines)
and are inserted at the desired positions, always keeping in
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mind to verify the functional integrity of the mutated proteins.
We report here on the insertion of spin label compounds into
several sites of the LOV and STAS domains of YtvA, providing
information on the oligomeric state of this protein and also
proposing a structural model for the full-length protein, as
derived from intra- and intermolecular distances.

Results
Labelling strategy and efficiency

Labelling positions were chosen not only to determine the
oligomeric state of YtvA but also to enable us to determine,
based on the known crystal or homology structures for the LOV
and STAS domains, the conformation of the domains within
one monomer as well as the binding geometry of a potential
dimer. To this end, in addition to two singly labelled mutants,
several variants that were simultaneously labelled in both
domains were produced. Five mutants were generated for this
study, two singly labelled mutants (T117C and T179C – in all
cases, the nomenclature such as T179C indicates a side chain
substituted by a spin-labelled cysteine) and two doubly
labelled mutants (T80C/T179C and T54C/T179C) as well as one
mutant with inhibited cysteinyl-C4a-adduct formation (C62A).
The positions of these sites are shown in Fig. 1. The spin label
yield attached to the mutagenesis-inserted cysteine residues
was determined for all five constructs and was found to be
greater than 95%. Also, the extent of flavin chromophore incor-
poration was determined and found in all cases to be greater
than 90%. A control for the photochemical properties of all
mutations revealed no change caused by the mutations and
the spin-labelling, including, crucially, the formation of the
cysteinyl-C4a-adduct.

cw-EPR

cw-EPR experiments on various labelled mutants were carried
out at ambient temperature T ≈ 295 K in order to detect the
mobility of the protein-bound labels and thereby investigate
the immediate surroundings of the spin labels (Fig. 2).17,18

Even though great care was taken to keep the sample treatment
constant, a variable small amount of remaining free spin label

after washing is inevitable. Since the free spin label signal is
very narrow, even a small contribution of free label gives rise
to a large cw-EPR signal compared to the broad signal of
protein-attached label. This leads to the prominent signal
triplet at 3424 G, 3440 G, and 3456 G with varying intensity
between samples.

The protein-bound spin labels show complex spectra with
marked differences between the individual samples in the low-
field part of the spectrum between 3400 G to 3430 G, indicative
of strong differences in mobility between the different labels.
While the spectra of all samples show a broad background in
this region, implying a distribution of label mobility, signals
corresponding to dominant components could be identified
by comparing the spectra of the different variants. The three
mutants YtvA T80C/C176S/T179C, YtvA T54C/C176S/T179C,
and YtvA T117C/C176S/T179C all yield a low field peak at 3411
G, indicative of a slowly tumbling spin label. Such behaviour is
not seen for YtvA T117C/C176S. This mutant, instead, shows a
clear signal at 3417 G (also present, slightly shifted to lower
fields, in YtvA T117C/C176S/T179C). YtvA T80C/C176S/T179C
and YtvA T54C/C176S/T179C exhibit one additional peak at
3421 G and 3425 G, respectively. Especially in the case of YtvA
T54C/C176S/T179C, this signal partially merges with the signal
arising from the free spin label, indicating a high degree of
mobility for these labels.

The observed peak patterns allow assignment of the peak at
3411 G to the label at T179C, the signal at 3417 G to T117C
and the peaks at 3421 G and 3425 G to T80C and T54C,
respectively. The varying peak patterns are indicative of
different mobilities of the respective labels. Using simulations
performed in Easyspin19 approximate rotational correlation
times indicative of the mobilities were determined. As
expected, the mobilities of the labels vary strongly, with the
labels at T54C, T80C, and T117C being fairly mobile while the

Fig. 1 Structure of the YtvA STAS (a) and LOV (b) domains with the position of
the spin-labelled sites highlighted in red. The flavin cofactor, converted into the
radical form in the C62A mutant, is shown in yellow.

Fig. 2 X-band cw-spectra recorded at room temperature of the investigated
mutants (solid lines) with simulations (dotted lines). The differences in label
mobility are clearly visible from the moving pattern of peaks between 3405 G
and 3430 G.
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label at T179C is apparently almost completely immobilised by
the protein backbone.

Phase memory time measurements

To further evaluate the influence of the protein backbone on
the spin labels at different positions, spin relaxation experi-
ments at low temperatures were performed to determine the
phase memory time.20 For these experiments the samples were
reconstituted in a fully deuterated buffer–glycerol mixture
(50% v/v) in order to minimise the effects on the spin relax-
ation arising purely from the solvent. The spectra shown in
Fig. 3 were recorded at 70 K.

All spectra show strong nuclear modulations of the inten-
sity over time, due to coupling of the electron spin to nearby
deuterium nuclei, rendering the fitting of an exponential
decay to the data difficult. However, this modulation is pro-
portional to 1 − sin2(t), i.e., it always represents a signal loss,
meaning that the fit of echo decay can be extended to the
region of strong modulations by selecting only the points of
maximum intensity for the fit procedure. Accordingly, an auto-
matic peak detection algorithm was employed that yielded the

relaxation times (Table 1). Both doubly labelled mutants,
T80C/C176S/T179C and T54C/C176ST179C, could be fitted
using a double exponential; however, only for T80C/C176S/
T179C two distinct components could be identified. For YtvA
T117C/C176S and YtvA C176S/T179C a single exponential pro-
vided a good fit of the simulation to the data, implying that at
least from the perspective of the immediate label surround-
ings, only one conformation of YtvA is present.

While relaxation times in protonated buffer are more or
less uniform for all samples (data not shown), the TM relax-
ation time in deuterated buffer varies strongly from sample to
sample. Both YtvA T54C/C176S/T179C and YtvA C176S/T179C
show a very fast relaxation of ca. TM = 1.34 μs, while the relax-
ation of YtvA T117C/C176S is very slow (TM = 2.59 μs). Thus the
spin labels attached to T54C and T179C are fast relaxing,
pointing to a strong interaction with either protons in the
protein backbone or the electron spin of another spin label
close by. The label at T117C relaxes slowly, indicating that it is
strongly exposed to the solvent and neither in close proximity
to the protein backbone nor to other labels.

The cw-EPR data revealed that the spin label at T179C is
strongly immobilised by (and thus in close proximity to) the
protein backbone. This conclusion is corroborated by the
short phase memory time. Since the spin label at T54C shows
a similarly short phase memory time as T179C in spite of its
high degree of mobility, it can neither be strongly exposed to
the solvent nor immobilised by the backbone. We therefore
conclude that the spin label is either located in close proximity
to a second label or attached to the protein in a location that,
while still allowing for a high degree of mobility, restricts the
conformational space mainly to orientations on or close to the
surface of the protein. Results from the simulation of the spin
label bound to crystal structures support the latter conclusion
(see the discussion below).

In the case of YtvA T80C/C176S/T179C, a biexponential
decay is clearly visible in the time trace, indicative of signifi-
cantly different TM relaxation times for the two different
labels. The biexponential fit of the data yields time constants
of TM = 2.53 μs and TM = 0.69 μs for the slow and the fast com-
ponent, respectively. The fast component has a shorter TM
than the value of TM = 1.34 μs expected for the label at T179C
in this mutant; however, this discrepancy is probably due to
the fact that the strong nuclear modulation leaves very few sig-
nificant data points in the first part of the time trace where a
fast-relaxing component is most apparent. The relaxation time
of the slow components places the label at T80C in a similar
surrounding as the one at T117C.

Distance measurements

Two pulsed EPR methods at cryogenic temperatures were used
to determine the distances between the introduced labels:
(i) field swept echo (FSE) experiments to detect short label
distances below 2 nm via the dipolar broadening of the spec-
trum and (ii) 4-pulse ELDOR21 to directly detect dipolar coup-
lings for longer distances that do not result in spectral
broadening.

Fig. 3 Relaxation measurements performed at 70 K (solid) with fitted expo-
nential decays (dotted). Both YtvA T54C/C176S/T179C and YtvA C176S/T179C
reveal a much faster relaxation compared to YtvA T117C/C176S. The trace for
YtvA T80C/C176S/T179C required a bi-exponential fit and consists of one fast
component associated with the label at T179C and one slow component with
relaxation times similar to the label at T117C. The resulting relaxation times are
given in Table 1.

Table 1 Relaxation times of the investigated labels, measured at 70K

Sample Relaxation time TM/μs

T54C–T179C 1.27
T80C/T179C 0.69/2.53
T117C 2.59
T179C 1.34
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Dipolar broadening in field swept echo spectra

FSE experiments were performed at the S-band to minimise
the effects of g anisotropy. Of the investigated samples, only
YtvA T54C/C176S/T179C showed a very small deviation from an
isolated spin label spectrum (Fig. 4). The effect is too small to
indicate significant dipolar broadening. Our data therefore
strongly suggest that there are no distances <2 nm present in
the investigated samples.

ELDOR measurements

To detect larger distances in the 2–8 nm range, 4-pulse ELDOR
experiments at 70 K were performed (Fig. 5). For a singly
labelled sample an exponential signal decay would be
expected; however, in both samples, YtvA T117C/C176S and
YtvA C176S/T179C, a distinct modulation with a period of
t117 = 1.32 μs and t179 = 2.21 μs, respectively, was observed,
proving conclusively that YtvA is not monomeric (Fig. 5a)
under the measurement conditions. Modelling the data in
DeerAnalysis, the time traces of both YtvA T117C/C176S and
YtvA C176S/T179C result in a distinct, narrow distance distri-
bution centred at d117 = 4.13 nm and d179 = 4.87 nm, respect-
ively (Fig. 5b). The observation of a single narrow distance
distribution in each of these two samples proves that YtvA is
present as a dimer. The narrow distance distribution further
indicates that the dimerisation is not the result of unordered
or weakly ordered aggregation, but rather demonstrates the
existence of a highly ordered dimerisation.

The spectra of the double mutants YtvA T80C/C176S/T179C
and YtvA T54C/C176S/T179C show less pronounced modu-
lations indicating that the distance distributions of these
labels are broader compared to those of YtvA T117C/C176S
and YtvA C176S/T179C. This, however, could partly be due to
the dimeric nature of YtvA: since there are now four labels

present in the YtvA dimer, this yields six possible label pairs,
each with a corresponding distance distribution.

The distance distribution of YtvA T80C/C176S/T179C shows
three different broad distance peaks, centred at d = 4.8 nm,
5.6 nm and 6.7 nm. The shortest distance is identical with the
one identified as the T179C–T179C distance; however, since
this peak is much broader than the one detected in YtvA
C176S/T179C, it is likely that there are other contributions in
this distance range as well.

The fast TM relaxation of YtvA T54C/C176S/T179C greatly
reduces the signal-to-noise ratio that could be achieved in long
time traces for this sample. To be able to reliably detect small
distances, a combined spectrum consisting of two 4-pulse
DEER measurements, one with a 2 μs time trace and one with
a 6 μs time trace, was used (Fig. 5). In this combined dataset,
the signal-to-noise ratio of the first part of the time trace
allowed a clear identification of a short distance at about
3 nm. Despite the use of combined spectra, large regularis-
ation parameters were still necessary to ensure that no arte-
facts were introduced by the noisy second half of the time
trace. Due to the limited length of the time trace, the shape of
the largest-distance peak at approximately 6 nm could not
reliably be interpreted.

The possibility of ELDOR distance measurements between
flavin radicals has been demonstrated previously.22 Here we
successfully used this method on the flavin radical in the
radical-forming mutant C62A.23 While the long T1 and com-
paratively short TM of this radical species limited the length of
the recordable time trace, a clear modulation corresponding to

Fig. 5 (a) Background-corrected DEER spectra of spin-labelled samples
recorded at 70 K (dotted lines) and DeerAnalysis fits (solid lines) and (b) inter-
spin distance distributions calculated from fit in (a). (c) Background corrected
DEER spectrum of the flavin radical in C62A recorded at 160 K (dotted) and
fitted time trace (solid), and (d) inter-spin distance distribution calculated from
the fit in (c). For YtvA T54C/C176S/T179C a composite time trace derived from
measurements with 2 μs and 6 μs is shown. Both the labels at T117C and T179C
reveal a clearly defined modulation (a, lower two datasets) corresponding to a
very narrow distance distribution (b, lower two distributions).

Fig. 4 S-band FSE spectrum of YtvA T54C/C176S/T179C (solid line) and YtvA
T117C/C176S (dashed line) at 80 K. The spectrum of YtvA T117C/C176S is
unbroadened with respect to an isolated spin label spectrum (not shown). YtvA
T54C/C176S/T179C shows slight differences when compared to T117C/C176S,
but no clear dipolar broadening.
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a narrow distance distribution centred around 3.1 nm could
be detected (Fig. 5c and d). The narrow distance distribution
again corroborates the very specific dimer structure deduced
from the spin-labelled variants above.

Discussion

While a previous study, using gel filtration chromatography,
found that only the isolated YtvA LOV domain forms a dimer,
whereas the full-length protein mainly appears in a mono-
meric form,12 other studies have indicated that YtvA is mostly
dimeric in solution.6,8,24 By determining spin label distances
and measurements of phase relaxation times, we present here
evidence that not only supports the latter proposal, but more
importantly allows us to provide quantitative information
about the dimer conformation.

To better relate our data to the structural information avail-
able, domain structures with attached spin labels were created
using MMM25 and mtsslWizard.26 The results from both pro-
grams as well as insights into the label’s mobility and sur-
roundings obtained by cw- and pulsed EPR allow us to validate
the simulation of the label’s conformational space with
respect to the structure. Results from both simulation
methods were mostly compatible, with the exception of the
simulations for the label at T179C. Simulations shown here
are derived from MMM unless otherwise noted.

Validation of the YtvA-LOV crystal structure

A LOV–LOV model for YtvA where the domains associate via
their β-sheets has been previously proposed.6–8 In a new crystal
structure of the hybrid protein YF1, a protein combining the
B. subtilis YtvA LOV domain with the histidine kinase domain of
Bradyrhizobium japonicum FixL,27,28 the two N-terminal helices
of the dimer are folded back into the space between the
β-sheets, while retaining the overall LOV–LOV orientation, an
arrangement that had been previously suggested for a similar
YtvA protein from Bacillus amyloliquefaciens29 as well as for a
different LOV protein from Pseudomonas putida.30 When using
this crystal structure as a basis for our model, calculating the
distance distribution for the labels attached to T117C results in
excellent agreement with the measured data (Fig. 6).

The distance between the two flavin cofactors in the dimer
was calculated using the atoms with the largest spin density,
i.e. N5 and C4a, in the YF1 structure,28 resulting in flavin–
flavin distances between 2.9 nm and 3.1 nm, which again are
in excellent agreement with our measured data (Fig. 5c and d).
Interpretation of the distance measurements from YtvA T80C/
C176S/T179C and YtvA T54C/C176S/T179C are only possible in
light of the structural model for the full-length protein. The
fast relaxation and high mobility of the spin label at T54
requires that this spin label is located either in close proximity
to another spin label or bound to the protein in such a way
that allows for comparatively free movement of the label, while
keeping most conformations close to the protein surface
to explain the rapid spin relaxation. Looking at the label

conformations produced by MtsslWizard (Fig. 7), it is obvious
that the latter is the case: while the simulation shows a broad,
continuous distribution of conformers allowing for a high
degree of spin label flexibility, most of the resulting confor-
mations show a close proximity between nitroxide and the
protein surface. The alternative, two labels in close proximity, is
additionally excluded by the FSE and pELDOR data, neither of
which show any indication of small distances between labels.

In summary, neither the distance observed between the
spin labels at T117C and between the flavin radicals, nor the
observed behaviour of the spin labels attached at T54C is com-
patible with an LOV–LOV arrangement without the N-terminal

Fig. 6 MMM distance simulations for the label at T117C based on the YF1
crystal structure (dashed) compared to the experimental result (solid). The very
good agreement indicates that, in solution, the LOV domains in YtvA adopt the
same conformation.

Fig. 7 Simulated spin label at T54 in the YF1 crystal structure. Shown are the
various conformations the spin label can adopt. It can be seen that the label,
while mobile, is flanked by the protein, bringing it into close contact with
protein protons and thus reducing its relaxation times.
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helices folded back between the domains, while all are in
excellent agreement with the YF1 crystal structure.28 This indi-
cates that the LOV domains of YtvA in solution form a dimer
as shown for YF128 as well as for the LOV domain dimer of
B. amyloliquefaciens YtvA.29

Based on this LOV–LOV conformation we can now derive
from our data a model for the STAS–STAS interaction and the
structure of the full-length protein.

The STAS–STAS interface and a model for the full-length
structure

MMM simulation of the label at T179C yielded a relatively flex-
ible label with a large conformational space that would result
in broad distance distributions (the spin label, when simu-
lated in MtsslWizard, was both far less flexible and more nar-
rowly distributed), while we know from cw experiments that
this label is in fact highly immobile. This discrepancy is most
likely due to the fact that the only available structural infor-
mation for the STAS domain is a homology model. Similar
calculations of the spin label conformational space in known
STAS domain structures from B. subtilis SpoIIAA31 and Moor-
ella thermoacetica32 confirm the susceptibility of the MMM
results for this label to small changes in protein structure.
Since MtsslWizard and MMM use different methods for calcu-
lating allowed conformations (sampling of the conformational
space in the case of MtsslWizard and rotamer libraries in the
case of MMM; for a detailed discussion see ref. 26), differences
in the simulated distance distributions may be expected. In
this specific case, our data from cw and pulsed EPR experi-
ments showing that the label at T179C is immobilised by the
protein are in better agreement with the MtsslWizard simu-
lation, which predicts a less mobile label.

The large measured distance of 4.83 nm between the labels
at T179C requires that they are facing outwards from the STAS–
STAS dimer. Multiple test structures of bound STAS domains
that fulfilled this condition were generated by rigid-body mod-
elling in ZDOCK and then further ranked with respect to the
T179C–T179C distance distribution and their compatibility
with the structure of the linker. This rigid-body approach, both
in simulating possible conformations of the STAS–STAS dimer
as well as for the binding of the resulting dimer to the LOV–
LOV crystal structure, allows the generation of a model for the
full-length protein from relatively few distance constraints
(Fig. 8).

The data obtained from ELDOR measurements of YtvA
T80C/C176S/T179C and YtvA T54C/C176S/T179C were then
used to align the STAS structure in relation to the LOV dimer.
These calculations were performed in MMM, since Mtssl-
Wizard is less suited for the calculation of multi-spin distance
distributions. However, as previously discussed, the MMM
simulation overestimates the width of the T179C–T179C dis-
tance distribution. This discrepancy results in additional dis-
tance features around 4.87 nm appearing in the simulation,
not present in the experimental data, which has to be taken
into account when interpreting the results, shown in Fig. 9.

In the case of YtvA T54C/C176S/T179C the peak at 2.7 nm
corresponds to the T54C–T54C distance within the LOV dimer,
the peak at 4.7 nm is the signal already previously identified
as originating from the T179C–T179C interaction. Thus, the
broad peak at 6 nm is the superposition of all four possible
T54C–T179C pairs.

The distance distribution of YtvA T80C/C176S/T179C does
not split as clearly into identifiable distances. The main discre-
pancy between the simulation and the measured data relates
to the region around 4 nm. This, however, is again due to the
overly broad distribution for T179C–T179C in the MMM simu-
lation, as discussed above. While the experimental distance
distribution does not agree with the fine structure predicted by
MMM calculations, a detail which is beyond the resolution of
the present experimental data, the general trimodal shapes of
the distance distributions in the simulation and the measured
data fit quite well. Thus, the distances observed for the T80C–
T80C and T54C–T54C label pairs further strengthen the LOV–
LOV binding motif derived from singly labelled variants.
The STAS–STAS dimer structure derived from docking simu-
lations in conjunction with the measured T179C–T179C dis-
tance constraint correctly reflects the distances observed for
the intra-dimer label pairs T80C–T179C and T54C–T179C,

Fig. 8 (a) Model structure of the STAS–STAS dimer as derived from docking
simulations with the allowed conformers of the two labels at T179C as derived
from MtsslWizard. The two dark helices in the centre represent the linker pep-
tides; the LOV domains are not shown. (b) Measured T179C–T179C distance dis-
tribution (solid) compared to the distance distribution calculated from the
structure in (a) (dashed, shaded).

Fig. 9 Distance distributions for (a) YtvA T54C/C176S/T179C and (b) YtvA
T80C/C176S/T179C. Solid: measured distribution, dotted: as calculated from the
model using MMM, shaded grey: T179C–T179C distance calculated using
mtsslWizard. Comparison of the calculations from MMM and mtsslWizard
shows that the discrepancy around 4–5 nm in the simulated distributions can be
accounted for by the too broad T179C distribution in MMM calculations.
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strongly supporting the overall structure of two homo-dimers
linked via two helices.

Conclusions

The derived structural model for the full-length protein is
shown in Fig. 10. The general motif of two homo-dimers
linked by two coiled helices is in very good agreement with
SAXS and NMR data;8 the major and important difference to
the earlier models is the inclusion of the N-terminal helices
and a different association interface for the STAS–STAS dimer.

This structural model of the full-length protein forms an
ideal basis for identifying target residues for further spin label-
ling studies to elucidate potential conformational changes
upon photo-activation.

Experimental
Sample preparation

Site-directed mutagenesis was performed as described in ref.
33. Besides the functionally active cysteine (C62), YtvA carries
one other cysteine residue (position 176). This, however, was
converted into a serine, as labelling studies showed that this
residue is only partly accessible (≤30%). All five mutants were
then based on this cys-deletion mutation (C176S). Introduced
cysteines were allowed to react with (1-oxyl-2,2,5,5-tetramethyl-
pyrroline-3-methyl)-methanethio-sulfonate (MTSSL) in order to
attach the nitric oxide spin label. Yields of label attachment
were determined via the Ellman test.34 All samples were
measured in a buffer containing 10 mM sodium phosphate
and 10 mM NaCl at pH 8.0.

For pulsed EPR measurements, glycerol was added to a con-
centration of 50% (v/v) in order to slow down electron spin
relaxation. To minimise the interaction between the proteins
in the solvent and to further increase relaxation times, the
samples were reconstituted in fully deuterated buffer/glycerol
for relaxation and ELDOR experiments. Deuteration was
accomplished by drying and then re-dissolving the buffer in
D2O in order to maintain the buffer at pH 8. The samples were

then repeatedly exchanged with the deuterated buffer using a
Heraeus Primo R centrifuge with Millipore UFV5BTK00 30 kDa
membranes. In a final step deuterated glycerol was added to a
final concentration of 50% v/v. The final protein concentration
was between 75 μM and 100 μM.

For non-photoinduced samples, all ambient temperature
experiments as well as cooling of the samples for low temp-
erature experiments were performed in the dark to avoid
photoactivation of the protein. In order to trap the adduct-
inhibited mutant C62A in its radical state, the sample was first
illuminated for 5 min with a high power LED at 465 nm and
then rapidly frozen in liquid nitrogen.

EPR measurements

X-band EPR-measurements were performed at 9.7 GHz on
Bruker BioSpin Elexsys E680 and E580 X-band spectrometers,
both using a Bruker SuperX-FT microwave bridge and a Bruker
ER 4118X-MD5 dielectric ring resonator. Microwave amplifica-
tion for pulsed experiments was achieved with Applied
Systems Engineering 117X travelling wave tube amplifiers. For
ELDOR experiments the internal ELDOR microwave source of
the Elexsys E580 spectrometer was used, and the E680 spectro-
meter was equipped with a Bruker E580-400U microwave
source. S-band experiments were performed at 3 GHz on a
Bruker BioSpin Elexsys E680 spectrometer with a Bruker Super-
S-FTu microwave bridge and a Bruker AmpS solid state ampli-
fier, using an ER 4118S-MS5 split-ring resonator.

cw-Spectra were recorded using 20.1 μW microwave power,
100 kHz modulation frequency and 1 G modulation amplitude.
The sampling time for detection was 81.92 ms.

For field swept echo (FSE) experiments a two pulse echo
sequence (π/2–τ–π–τ–echo) was employed, with pulse lengths
of 40 ns and 80 ns for the π/2 and π pulses respectively. The
same pulse sequence, but with a variable delay τ, was used
for phase memory time measurements. For ELDOR, the
four pulse DEER sequence21 (probe pulse sequence
π/2–τ1–π–τ1–τ2–π–τ2–echo with the microwave pump pulse on
the second frequency being swept between the second and
third probe pulses) with pulse lengths of 12 ns for the π/2 and
32 ns for the π pulses was used.

All cw-EPR measurements were performed at room temp-
erature. Low temperatures for pulsed experiments were
reached with Oxford CF-935 cryostats. The temperature was
controlled using Oxford ITC503 temperature controllers for
X-band and a LakeShore 321 temperature controller for S-band
measurements. Field swept echoes and relaxation experiments
were performed at temperatures between 80 K and 60 K, where
a temperature of 70 K was found to yield the best signal-to-
noise ratio for ELDOR experiments.

Analysis

Simulation and fitting of cw-spectra and relaxation data was
achieved in MATLAB using the EasySpin toolbox routines ‘chili’
and ‘exponfit’ respectively.19 For the evaluation of ELDOR data
the MATLAB toolbox DeerAnalysis35 was used. The data
were phase- and background-corrected before analysis. As a

Fig. 10 Structural model of full-length YtvA, highlighting the N-terminal
helices (shown in red and dark blue) between the LOV β-sheets. Five residues
between the linker and the STAS-domains are not included in the structure
because no data exist on their conformation.
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background model a three dimensional homogeneous spin
distribution was fitted to the data. Spin distance distributions
were then fitted to the background-corrected spectra using
Tikhonov regularisation. The resulting distance distributions
were checked against modelled distances for spin label rota-
mers attached to the protein structure. For this, the MATLAB
toolbox MMM25 as well as the PyMol-plugin MtsslWizard26 were
used. The structure for the YtvA–LOV domain was obtained
from a high resolution X-ray structure of YF1,28 an artificial
protein that incorporates both the YtvA N-terminus and LOV
domain. For the STAS domain a homology model structure
was used.24 Domain docking simulations were performed in
ZDOCK.36
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