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Alpha-helical membrane proteins perform numerous critical
functions essential for the survival of living organisms. Tradi-
tionally, these proteins are extracted from membranes using
detergent solubilization and reconstitution into liposomes or
nanodiscs. However, these processes often obscure the effects
of nanoconfinement and the native environment on the
structure and conformational heterogeneity of the target
protein. We demonstrate that pulsed dipolar electron spin
resonance spectroscopy, combined with the Gd3+-nitroxide
spin pair, enables the selective observation of the vitamin B12

importer BtuCD� F in its native cellular envelope. Despite the

high levels of non-specific labeling in the envelope, this
orthogonal approach combined with the long phase-memory
time for the Gd3+ spin enables the observation of the target
protein complex at a few micromolar concentrations with high
resolution. In the native envelope, vitamin B12 induces a distinct
conformational shift at the BtuCD-BtuF interface, which is not
observed in the micelles. This approach offers a general strategy
for investigating protein-protein and protein-ligand/drug inter-
actions and conformational changes of the alpha-helical
membrane proteins in their native envelope context.

Membrane proteins play crucial roles in various cellular
processes, making them key targets for drugs.[1] Traditional
methods often rely on purified proteins or reconstitution in
artificial lipid environments. However, reconstituted systems
may not accurately replicate the complex heterogeneity of the
native membranes, and how this affects protein structure and
dynamics is often elusive. In recent years, several approaches
have been developed to observe outer membrane proteins in
their native surroundings.[2]

Selective observation of α-helical membrane proteins in
their native surroundings is still a major challenge for high-
resolution techniques such as X-ray crystallography or cryo-EM.
On the other hand, spectroscopic observations are challenged
by the low expression level and difficulty of selective labeling.
Solid-state nuclear magnetic resonance spectroscopy has made
significant progress in this direction.[3] Site-directed spin label-
ing combined with electron spin resonance (ESR) spectroscopy
is a complementary technique for investigating the conforma-
tion and heterogeneity of biomolecules, even within their
native contexts.[4] Pulsed ESR spectroscopy techniques, includ-
ing pulsed electron-electron double resonance (PELDOR or
DEER) is ideally suited for such experiments due to their high
sensitivity, even at nanomolar concentrations.[4h,5] Over the past

few years, we demonstrated that PELDOR can be used to
observe the outer membrane proteins (OMPs) of E. coli in the
isolated membranes. In Gram-negative bacteria such as E. coli,
the cellular envelope consists of an outer membrane (OM) and
an inner membrane (IM) separated by the periplasm. Here, the
inner membrane was selectively solubilized, which, combined
with the natural cysteine-exclusion in OMPs, enabled selective
labeling and distance measurements using nitroxide, Gd3+ , and
trityl labels in the isolated outer membranes.[6]

However, direct spin labeling and distance determination in
the inner membrane (IM) have not yet been demonstrated for
α-helical inner membrane proteins (IMPs). Spin-labeled nano-
bodies were employed to probe IMP conformation in the native
envelope.[4k,l] However, the general application of this approach
is severely limited due to the requirement for conformation-
specific nanobodies. Unlike the OM, numerous native cysteines
of IMPs hinder conventional labeling and PELDOR experiments
employing nitroxide labels. In addition to the effect of the
native lipids and other interacting partners, the role of nano-
confinement (within the OM-periplasm-IM chamber) on the
conformation and interaction of IMPs remains largely unknown.

We reasoned that an orthogonal spin pair would enable us
to address the above challenges. In this scenario, the IMP in the
envelope can be labeled with a nitroxide label. The specific
interaction with an orthogonally labeled (using Gd3+, for
example) protein or a ligand and the associated conformational
changes can be selectively observed using Gd3+-nitroxide
PELDOR. Although this approach has been demonstrated for
purified membrane proteins,[4l,7] extension into the cellular
envelope poses several challenges, including the stability of the
spin labels, sufficient expression of the IMP, introduction of the
interacting partner into the envelope, and detecting the small
extent of complex formation in the complex envelope environ-
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ment. Here, we report a successful application of this approach
to observe protein-protein interaction and substrate-induced
conformational shift in the ATP-binding cassette (ABC) trans-
porter BtuCD� F.

In E. coli, BtuB, which is located in the OM, transports
vitamin B12 (VitB12) into the periplasm through the interaction
with TonB and the ExbB-ExbD complex.[8] Subsequently, the
periplasmic binding protein BtuF binds and delivers VitB12 to
BtuCD, which transports it across the IM at the expense of ATP
binding and hydrolysis (Figure 1). The two BtuC subunits, which
are inserted into the IM and connected with two solvent-
exposed BtuD subunits (which bind and hydrolyze ATP), form
an intact ABC transporter.[9] Structural, biochemical, and bio-
physical experiments have provided a rather good under-
standing of the translocation mechanism in vitro,[7a,10] making it
an ideal system for further investigations in the native
envelope.

We isolated the cellular envelope following overexpression
of BtuCD in E. coli. A cysteine substitution was introduced on
the short loop between the transmembrane helices 5 and 5a
(TM5 and TM5a) at T168 in the BtuC subunits (Figure 1 and
S1 A). The expression level for BtuCD was optimized by testing
various growth conditions, and its presence in the native
envelope was further confirmed using western blotting (Fig-
ure S1B). Previously, we investigated these positions in micelles,
and this variant demonstrated ATPase activity comparable to
the wild-type.[7a,10c] We labeled these cysteines directly in the
envelope by incubation with the nitroxide label S-(1-oxyl-
2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methane-
sulfonothioate (MTSL, please see the methods section). The

MTSL label is stable in the envelope environment for a
sufficiently long time (observed up to ~2 h, (Figure S1E).

In the case of the cell envelope, labeling of reactive
cysteines in other α-helical proteins will lead to undesired
background labeling (Figure S1B–C).[11] In agreement, we did
not observe any difference in the spectral shape and intensity
between the cysteine variant and the wild-type protein (Fig-
ure S1D). MTSL is stable in the envelope environment (Fig-
ure S1E), and the contribution from endogenous Mn2+ appears
negligible (Figure 2B). Therefore, we adopted an orthogonal
labeling strategy by introducing a Gd3+ spin label at position
S138 C in BtuF (Figure 1 and 2A–B). This BtuF variant efficiently
binds to a spin labeled VitB12, thereby revealing a good labeling
efficiency (L.E., ~70%, Figure S2).

The combination of Gd3+ with NO provides great advan-
tages, in particular for the envelope sample.[6,12] By observing
BtuF-Gd3+ (and pumping NO), distances come exclusively
through the interaction with BtuCD, and the effect of non-
specific NO labeling is selectively eliminated (which can also
verified with a control sample in which BtuCD is not overex-
pressed; please see the following sections). Owing to its narrow
central transition and favorable relaxation times, Gd3+ offers
higher sensitivity, especially when combined with the nitroxide
spin, which has a narrower spectrum.[13] Further, this approach
provides structural information for BtuF-BtuCD interaction as
well as for the TM5-TM5a helices on which the NO labels are
located. Relaxation measurements revealed a short phase
memory time (TM, ~800 ns) for the nitroxide-labeled envelope
sample (Figure 2C). Remarkably, Gd3+-BtuF introduced into the
envelope gave a fivefold larger TM (~4 μs), thereby facilitating
the observation of long dipolar evolution time windows. A NO-
NO PELDOR using the envelope gave a broad distribution,
which makes it difficult to make any meaningful conclusion
(Figure S3A). We also tested another position, D131 C, located
away from the membranes on the NBDs, to test whether it is
less affected by the non-specific labeling. However, these
positions also gave a similarly broad distribution (Figure S3B).

Figure 1. Schematic description of the cell envelope of Gram-negative
bacteria. The asymmetric outer membrane (OM), inner membrane (IM), and
the periplasm containing a thin peptidoglycan layer are shown. In the
periplasm, BtuF binds VitB12 and delivers to BtuCD (on the left in the IM, PDB
ID: 1 L7 V) to form the BtuCD� F complex (right, PDB ID: 2QI9), which
transports VitB12 into the cytoplasm at the expense of ATP binding and
hydrolysis. The spin labeled positions on BtuC (with NO at T168 C) and BtuF
(with Gd3+ at S138 C) are highlighted as spheres. The TM5-TM5a helices
covering the translocation pathway are highlighted in magenta.

Figure 2. (A, B) Chemical structure of MTSL and maleimide-DOTA-Gd3+

labels. (C) Transverse relaxation time measurements for the MTSL labeled E.
coli envelope, or the Gd3+ labeled BtuF introduced into the envelope, in
both cases having BtuCD overexpressed. The intensity and the correspond-
ing phase memory times (TM) are indicated with dotted lines. (D) The echo-
detected field-swept spectrum of nitroxide labeled envelope sample
containing Gd3+ labeled BtuF. The position for the pump (NO) and observer
(Gd3+) spins are indicated. The measurements were performed at the Q-
Band (~34GHz) frequency.
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Overall, due to the complexity of the native envelope, a direct
distance measurement using cysteine-based labeling, as dem-
onstrated for the outer membrane proteins,[14] would be
difficult.

Notably, the BtuF� Gd3+-BtuC-NO PELDOR revealed modu-
lation and interspin distances (Figure 3A� B; please see methods
for details of sample preparation). As expected, a similar
experiment without BtuCD overexpression did not reveal any
distances (Figure S4), thereby confirming that the observed
distances arise exclusively from BtuC-BtuF interaction. Another
Gd3+� Gd3+ experiment on this sample gave only an exponen-
tial decay, showing that the BtuF molecules are far separated
and do not interact within the envelope. The experimental
distances are longer than the corresponding simulations (Fig-
ure 3B), which might be explained either with a different
rotamer distribution or a somewhat increased flexibility at the
BtuF-BtuC interface (Figure S5). The rotamer distribution and
the distances from the simulation ruled out any steric clashes at
these positions in the structure.

The modulation depth (Δ) of the PELDOR data provides
quantitative information on the extent of BtuF-BtuC interaction.
The Δ is the highest at the point of maximal BtuF-BtuC
interaction, and as the fraction of unbound BtuF increases, the
Δ will decrease. We observed the maximum Δ (~13%) with
10 μM BtuF, and it further decreased at higher concentrations,

thereby confirming the specific interaction between BtuF and
BtuC (Figure 3A–C). Considering the sub-nanomolar affinity
between BtuF and BtuCD,[9b] this interaction must already be
saturated at 10 μM. With Δmax=~30% under our experimental
setup for a two-spin system, it would further increase for a
three-spin system (up to ~50%) if both BtuF and BtuC are
100% labeled (BtuF has a ~100% L.E., Figure S2). The reduced
modulation depth we observed could arise if the amount of
BtuC is lower than the added BtuF (10 μM) and or due to a
lower labeling efficiency for BtuC in the envelope environment
(the reality might be a combination of both). Provided that
sufficient S/N is achieved, a lower Δ for a multi-spin system
helps to eliminate the undesired artifacts.[16] In summary, the
tested conditions allow for reliable PELDOR experiments with
BtuCD� F in the native envelope.

Interestingly, the addition of the BtuF+VitB12 complex to
BtuCD (called the apo+ substrate sample) shifted the distance
distribution into a narrower peak centered at ~4.5 nm in the
envelope (Figure 4A–B) (Figure S6). Notably, this shift is not
observed in the detergent-solubilized sample (see blue vs.
orange lines in Figure 4B top panel). The data for vanadate-
trapped and ADP-Mg2+ samples also revealed a similar
response. As these distances are nearly the same as for the apo
+ substate sample, it can be concluded that the tested
nucleotide states do not cause any additional change in the
conformation. The presence of VitB12 may alter the MTSL
rotamers in the binding pocket (see Figure 1 and inset in
Figure 4A). Also, the TM5-TM5a helices carrying the MTSL labels
may further move apart to accommodate the VitB12 molecule,

Figure 3. Gd3+-BtuF – NO-BtuC PELDOR experiments in the cell envelope of
E. coli. (A) Data were acquired at increasing concentrations of BtuF-Gd3+

added to the MTSL-labeled envelope sample. These data are identical within
the S/N. (B) A cartoon for the BtuCD� F structure is shown, highlighting the
subunits and the spin labeled positions. The probed distances are indicated
with dotted lines. (C) The distance distribution determined using the
DeerLab[15] program for the 15 μM BtuF sample is presented. Rotamer
library-based simulations[20,21] on the BtuCD� F structure (between BtuF-138 C
and the two BtuC-168 C residues, PDB ID: 2QI9) are shown in dotted lines.
(D) The observed modulation depths (Δ) at different Gd3+-BtuF concen-
trations are presented.

Figure 4. Gd3+-BtuF – NO-BtuC PELDOR experiments with VitB12 and or
nucleotides in the cell envelope of E. coli. (A) Data were acquired in the
presence of BtuF and VitB12 (10 μM each) in different nucleotide (10 mM
each) states as indicated. The cartoon in the inset shows the probed
distances. (B) The obtained distance distributions are presented. The
distances for the apo state in the absence of VitB12 (in the envelope) are
overlaid (orange, taken from Figure 3C) to highlight the shift in the distance
distribution, which is further indicated with dotted vertical lines separated
by an arrow. The experimental distances for the apo sample in the detergent
micelles from our previous study[7a] are overlaid as well.
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and or their overall flexibility can be reduced. (Figure S5).
Irrespective of any of these aspects leading to the shift of the
distance peak, the data sets suggest that VitB12 must be present
inside the BtuCD� F complex. Despite the high data quality,
these experiments revealed smaller modulation depth values
(5–8%) in comparison to the first set of experiments (Figure 3).
As these are biologically independent experiments, we prefer to
refrain from a quantitative interpretation of this difference.

In detergent micelles, VitB12 is non-productively released
from BtuF upon interaction with BtuCD.[9c] This is also evident
from our data, where VitB12 failed to induce the conformational
change in the micelles (Figure 4A, top panel). Thus, no structure
for BtuCD� F with bound VitB12 could be yet solved. Therefore,
the envelope environment might stabilize the VitB12-bound
BtuCD� F complex. A previous study employing radiolabeled
VitB12 in proteoliposomes suggested that AMP-PNP (or ATP) is
required for trapping VitB12 inside the transporter.[17] However,
subsequent single-molecule fluorescence energy transfer-based
studies (in nanodiscs or liposomes) showed that VitB12 could
bind to BtuCD� F independent of the nucleotide state,[10b,d]

which is in agreement with our observation of VitB12 inducing
the shift in the apo, ADP-Mg2+ and the vanadate trapped states
(Figure 4). Thus, the release of the Pi following ATP-hydrolysis
might be the power stroke for VitB12 translocation.

[7a,9a,d,10b,d]

For spectroscopic investigations in the native membranes,
the elimination of the background signals is a major challenge.
Here, we overcame this problem with an orthogonal labeling
strategy employing Gd3+ and NO spin labels combined with
protein overexpression. The level of the membrane protein
overexpression could be considerably reduced with the on-
going improvements for sensitivity into the nM range.[5a,b,18]

Considering the methodological advances in membrane protein
expression, this approach could be successfully applied to any
protein or ligand candidate that can be efficiently synthesized
and spin-labeled in vitro. This experimental setup is sensitive
exclusively to the Gd3+� NO spin pairs and thereby detects the
specific interaction between the desired molecules. We show
that Gd3+ labeled BtuF can be introduced into the periplasmic
space at sufficient levels. Further, the long TM for the Gd3+ spins
enabled the selective and reliable observation of BtuF-BtuCD
interaction under the nanoconfinement in the native envelope.
This would be a potential tool to elucidate protein-protein or
protein-ligand/drug interaction for α-helical membrane protein
complexes, including potential antibiotic targets in the native
cellular envelope.

Supporting Information Summary

The Supporting Information for protein expression, purification,
membrane isolation, spin labeling, and continuous wave and
pulsed ESR spectra and analysis are presented. The authors
have cited additional references within the Supporting
Information.[19,20]
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