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Distance determination, by pulse EPR techniques, between
two spin labels attached to biomolecules has become an
attractive methodology to probe conformations and assem-
blies of biomolecules in frozen solutions.[1–3] Among these
techniques, double electron-electron resonance (DEER or
PELDOR),[4, 5] which can access distances in the range of 1.7
to 8 nm, is highly popular,[6–8] and the most widely used spin
labels are nitroxide radicals. Membrane proteins in their
natural environment are of particular interest for DEER
applications, since those pose a considerable challenge for X-
ray crystallography and NMR spectroscopy. DEER studies of
peptides and proteins in either reconstituted or model
membranes[9–11] are considerably more challenging than
those in solution, because the high local concentration of
the spins in the membrane decreases the phase memory time
and, therefore, sensitivity.[12] Most DEER measurements on
nitroxide-labeled biomolecules are carried out at X-band
frequencies (9.5 GHz, 0.35 T), and recently such measure-
ments were demonstrated in frozen cells.[13,14] A major
difficulty of such measurements is the reduction of nitroxides
in the cell, which severely limits the scope of such exciting
developments.

Recently, Gd3+ (S = 7/2) spin labels have been suggested
as an alternative to nitroxide spin labels for W-band and Q-

band DEER distance measurements.[15–19] Gd3+ tags can be
attached to proteins, similar to nitroxides, by site-directed
spin labeling (SDSL).[20] Gd3+ features high sensitivity at high
frequencies and the DEER measurements are free of
orientation selection effects so that the distance distribution
can readily be extracted from a single DEER measurement.
Moreover, in the context of future development of in-cell
DEER measurements, Gd3+ chelates are stable under in vivo
conditions as known from their applications as contrast agents
for magnetic resonance imaging (MRI). Gd3+-Gd3+ DEER
has been demonstrated on model systems, proteins, peptides,
and DNA, all in isotropic membrane-free solutions.[15–19]

Distance measurements between a Gd3+ label and a nitroxide
label have also been shown to yield attractive sensitivity.[21–23]

In this work, we continue to develop the approach of
Gd3+–Gd3+ DEER distance measurements and demonstrate
for the first time such measurements in a model membrane.
The model system we chose consists of the well-studied
transmembrane helical WALP peptides in 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) vesicles.[24, 25] We demon-
strate the sensitivity of W-band Gd3+–Gd3+ DEER to small
distance variations in a membrane. Using WALP peptides of
different lengths we show that such measurements pick up, in
addition to the helix extension, also subtle “cis–trans” effects
arising from different positions of the labels with respect to
the helix axes. In addition, we report the effect of the spin
label interaction with the membranes on the measured
distance distribution. We compared W-band DEER on
WALP23 labeled with two different Gd3+ tags with X-band
DEER on WALP23 labeled with nitroxide tags. Here we used
X-band, rather than W-band, to avoid complications owing to
orientation selection.[16] The differences observed are impor-
tant and suggest that by employing different spin labels such
effects can be isolated. Finally, we show that the effect of
hydrophobic mismatch[26] between peptide and membrane
can be explored by Gd3+–Gd3+ DEER.

WALP23 was labeled at the N and C termini (see Table 1)
with two nitroxides (WAL23-NO) using (l-oxyl-2,2,5,5-tetra-
methyl-3-pyrroline-3-methyl)methanesulfonate (MTSSL)
and two different Gd-DOTA derivatives, shown in Figure 1.
WALP23-DOTA is labeled with a DOTA chelate and
WALP23-C1 with DOTA with phenylethylamine substitu-
ents. The bulky substituents were designed to restrict the
flexibility of the tag.[27] The hydrophobic length of WALP23
(ca. 2.6 nm) is very close to that of the hydrophobic thickness
of DOPC bilayers (ca. 2.7 nm).[25, 26, 28] The sample composi-
tion was 50 mm WALP23 in DOPC multilamellar vesicles
(MLV; 1:1000 peptide/lipid molar ratio). Details of the sample
preparation are given in the Supporting Information.
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The X-band DEER trace of WALP23-NO, and the W-
band DEER traces of WALP23-C1 and WALP23-DOTA are
shown in Figure 2A,B (see Figure S1 in the Supporting
Information for further details and raw data). Although the
modulation depth of the Gd3+-labeled samples, approxi-
mately 4%, is considerably smaller than that of WALP23-NO
(ca. 20%), their overall signal-to-noise ratio (SNR) per
peptide amount and accumulation time is much higher (see
the Supporting Information for details). This is because of
their large echo intensity, shorter repetition delay, and the
longer echo decay (Figure S2 and Table S1 in the Supporting
Information). Figure 2 C shows that the distance distribution
of WALP23-NO exhibits a maximum at 3.1 nm, whereas for
WALP23-C1 and WALP23-DOTA it is at 3.7 nm and 4.3 nm,
respectively. To ensure that these are intramolecular distances
and that aggregates were absent, we carried out a control
DEER measurement on WALP23-C1 singly labeled at
position 23 (Figure S3 in the Supporting Information).

The variation in the distances measured between the
different labels (Figure 2C,D) can be attributed to their
different interactions with the membrane, rather than their
slightly different tether lengths. To substantiate this and to
account for the broad distance distributions, we modeled
WALP23 as a perfect a helix to which the three different pairs
of labels were attached and allowed all sterically possible
label rotamers. We applied two modeling approaches: The
first, termed “mW model”, used mtsslWizard, which is
a PyMOL plug-in[29] and was extended to include the

DOTA label. It identifies all possi-
ble rotamers of the label that do not
clash with the peptide (within
a given tolerance) and does not
make assumptions about rotamer
probabilities or interaction ener-
gies. This approach was used for
calculating the distance distribution
of WALP23-NO and WALP23-
DOTA (Figure S5 in the Supporting
Information). The second
approach, termed “PyPara model”,
used PyParaTools [http://comp-bio.

anu.edu.au/mscook/PPT] and was applied to WALP23-C1
and WALP23-NO. This approach, in addition to producing
tag conformers free of steric clashes with the protein,
accounts more accurately for local torsion angle preferences
in the attached labels (more details are given in the Support-
ing Information).

Figure 2C compares the calculated and experimental
distance distributions of the three peptides. The two models
predict very similar distance distributions for WALP23-NO
where the maximum of the distance distribution is shifted
towards slightly shorter distances than the other two because
of the shorter tether of the MTSSL tag (Figure 1). In contrast,
the experimental results are more dispersed, with a particu-
larly large discrepancy between modeled and experimental
distances for WALP23-NO. This can be explained by the
more hydrophobic nature of the nitroxide tag, which is
expected to interact favorably with the membrane generating

Table 1: Sequences of WALP peptides.

Peptide Sequence[a] Length of central
stretch [nm][b]

WALP19-C1(DOTA) Ac-C(sl)WWLALALALALALALWWC(sl)-NH2 19.5
WALP21-C1(DOTA) Ac-C(sl)WWLALALALALALALALWWC(sl)-NH2 22.5
WALP23-C1(DOTA) Ac-C(sl)WWLALALALALALALALALWWC(sl)-NH2 25.5
WALP25-C1(DOTA) Ac-C(sl)WWLALALALALALALALALALWWC(sl)-NH2 28.5
WALP27-C1[c] Ac-C(sl)WWLALALALALALALALALALALWWC(sl)-NH2 31.5

[a] C(sl) is the spin-labeled cysteine residue. [b] An ideal a helix is assumed, where each amino acid
contributes 1.5 � to the pitch of the helix. The central stretch is defined by the Leu and Ala residues.
[c] The WALP27-DOTA construct did not insert into the MLVs sufficiently well.

Figure 1. Spin labels used in this study. A) MTSSL. B) DOTA tag
loaded with Gd3+. C) C1 tag loaded with Gd3+.

Figure 2. DEER results obtained for WALP23 in DOPC. Background-
corrected normalized A) X-band DEER trace for WALP23-NO and
B) W-band DEER traces for WALP23-C1 and WALP23-DOTA tags. The
inset in (B) shows the echo detected EPR spectrum and the positions
of the pump and observe pulses. For improved visualization, the trace
of the WALP23-DOTA experiment was shifted up by 0.03 units. Gray
lines represent the fit with the distance distributions shown in (C) in
black. Gray lines in (C) show the modeled distance distributions
(PyPara model: gray solid line; mW model: gray dashed line).
D) Summary of distances with maximum probability obtained from the
fitted (black &) and modeled results (PyPara model: gray ~; mW
model: gray *).
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a so-called conformational bias. Similarly, the C1 tag is more
hydrophobic than the DOTA tag, thus explaining the
observed shift towards shorter distances. The positive
charge of the C1 tag may enhance this effect by interactions
with the phosphodiester groups of the DOPC bilayers, which
are more buried than the positively charged choline groups.

A hydrophobic bias of the MTSSL label was previously
suggested for spin-labeled melittin in vesicles.[30, 31] The
reported positional shift of 0.5–0.6 nm by a nitroxide radical
is consistent with the shortening of the nitroxide–nitroxide
distance by 1–1.2 nm observed in our experiments. The
WALP23-DOTA sample produced the best match between
calculated and experimentally derived distance distribution
maxima, although the experimental distance distribution is
broad, with a shoulder towards longer distances. In contrast to
the C1 tag, the DOTA tag can assume different chiralities of
similar energy, leading to diastereomers with the peptide that
can favor different distance distributions. This tag, which is
more hydrophilic than the nitroxide and C1 tags, seems to be
accommodated in the region of the lipid head groups without
particular preference for either the lipid phase or the aqueous
phase of the bulk water. The DOTA and C1 tags produced
smaller differences between experimental results in a mem-
brane and predicted distances in the absence of a membrane
than the nitroxide tag.

To explore the sensitivity of Gd3+–Gd3+ distance measure-
ments to variations in helix length we prepared a series of
WALP peptides of different lengths labeled at both ends with
either C1 or DOTA tags (Table 1). WALP19 and WALP21
should exhibit a negative mismatch,[28] where the hydrophobic
thickness of the membrane is larger than that of the trans-
membrane helix, whereas for WALP25 and WALP27 a pos-
itive mismatch is expected.[28] Figure 3A,C show the DEER
traces for each of these peptides (the raw data are shown in
Figure S4 and the two-pulse echo decays are presented in
Figure S2 in the Supporting Information). The corresponding
experimental and modeled distance distributions are shown in
Figure 3B,D.

The experimentally determined distance distributions of
the WALP-C1 peptides are consistently shifted towards
shorter distances than the modeled distance distributions,
with increasing discrepancies for the longer WALP peptides
(Figure 4A). As discussed earlier this is due to favorable
interactions of the tag with the membrane because of the
fairly hydrophobic substituents of the tag and its positive
charge. Therefore, maintaining the contact between tag and
membrane for the longer helices requires an increasing
conformational bias of the tag. In contrast, the WALP-
DOTA samples tended to show longer experimental distances
than expected from modeling, thus indicating an overall
preference of the DOTA tag for the aqueous phase (Fig-
ure 4B). Remarkably, and irrespective of the mismatches, the
experimental data obtained with either tags show clear
evidence for nonlinear distance variations expected for
helical peptides. This arises from tag molecules located on
either the same (cis) or opposite (trans) sides of the a helix
(Figure S6 in the Supporting Information). For example, the
two spin labels are on the same side of the helix for WALP19-
C1, whereas they are on opposite sides in WALP21-C1, which

is two amino acids longer. This is also illustrated in the helical-
wheel projection of the peptide (Figure S7 in the Supporting
Information). The effect decreases with increasing helix
length (Figure 4C).

The cis–trans effect is equally apparent for the WALP-
DOTA series, with a remarkably constant difference of 0.5–
0.6 nm compared to WALP-C1 maintained throughout the
series (Figure 4D). This effect is somewhat less pronounced

Figure 3. W-band DEER results obtained for WALP-C1 and WALP-
DOTA in DOPC membranes. A) Background-corrected, normalized
DEER traces obtained for the WALP-C1 series. The experimental
conditions were the same as in Figure 2. For improved visualization,
the traces were shifted by 0.04 units from each other. The gray lines
represent the fits with the distance distributions shown in (B) in black.
B) Experimental (black) and PyPara model (gray) distance distributions
of the WALP-C1 series. C) and D) same as (A) and (B), respectively,
except for the WALP-DOTA series and the model is the mW model.

Figure 4. Gd3+–Gd3+ distance measurements reflect a helix periodicity.
A) Summary of experimental (black) and modeling (gray) results for
the WALP peptides with C1 tag. B) Same as (A), but for the DOTA tag.
C) Modeled distance variations (maxima of distance distributions) in
WALP27. The vertical axis represents the Cb1–Cbi distance minus the
length of the helix up to position i, where i is the residue number. It is
approximated by the Cb1–Cb27 distance * i/27. D) Comparison of
experimental distances for WALP-C1 (black) and WALP-DOTA (gray)
as a function of WALP length.
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in the modeled data of WALP-DOTA (Figure S8 in the
Supporting Information). The clarity of the cis–trans effect
indicates a-helical secondary structure of the peptides even
for those WALP peptides that span a longer distance than the
thickness of the membrane (WALP25 and WALP27). One of
the responses to such a positive mismatch is tilting of the helix
in the membrane.[28] We conclude that the helices tilt rather
than bend and that the offset between the different tags is
caused by conformational bias of the tags introduced by their
different affinity for the membrane. Recent X- and Q-band
Gd3+ nitroxide DEER measurements on a series of WALP23
peptides, which were labeled with a Gd3+ tag at one end and
a nitroxide at different positions along the peptide, in DOPC
vesicles reported the pitch of the helix, thus confirming the
helical structure of the peptide.[22]

In summary, this study demonstrates the potential of W-
band Gd3+–Gd3+ DEER distance measurements in a mem-
brane environment. Such measurements feature high abso-
lute sensitivity and should be feasible for tracking conforma-
tional changes in membrane proteins, using minute amounts
of labeled protein (> 0.15 nmol) and acceptable measurement
times. Gd3+ tags also offer the chemical flexibility to choose
the appropriate tag for particular applications.
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