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The membrane transporter BtuB is site-directedly spin labelled on
the surface of living Escherichia coli via Diels—Alder click chemistry
of the genetically encoded amino acid SCO-L-lysine. The previously
introduced photoactivatable nitroxide PaNDA prevents off-target
labelling, is used for distance measurements, and the temporally
shifted activation of the nitroxide allows for advanced experimental
setups. This study describes significant evolution of Diels—Alder-
mediated spin labelling on cellular surfaces and opens up new vistas
for the the study of membrane proteins.

In situ investigation of proteins is key for comprehending the
role of native environment on their structure and dynamics, but
is a challenging task. To date, such studies especially on
membrane proteins are underrepresented as they face many
obstacles such as low expression yields and difficulty for
specific labelling in the complex native membranes." To
observe the protein of interest in the cellular environment
spectroscopically, specific markers are required. Forster resonance
energy transfer (FRET) can provide the average distance between
fluorophores between rather bulky donor and acceptor
fluorophores.” As a complementary approach, site-directed spin
labelling (SDSL) in combination with electron paramagnetic reso-
nance (EPR) spectroscopy is a powerful biophysical tool,” as the
majority of cellular components are of diamagnetic nature, thus
EPR-silent. In vitro, most common spin labelling approaches rely on
nitroxide tags, as they are small, non-perturbing, and convenient to
handle.®” In particular, their ability to report on rotational dynamics
through line-shape analysis,®® and the possibility to perform dis-
tance determinations,'® provide unmatched spectroscopic charac-
teristics. The bestknown nitroxide spin label is the
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methanethiosulfonate spin label (MTSSL), which can be covalently
attached to sulfhydryl groups of accessible cysteine residues in
proteins.'! Most often genetic engineering of the protein of interest
is required to eliminate undesired cysteines and, in turn, place new
ones at designated sites.

In the past years, many in vivo EPR studies relied on the
transfer of spin labelled proteins into cells, granting valuable
insights into the behavior of proteins in their native environ-
ment. Beneficial reduction-stable paramagnetic centers include
gadolinium,? trityl™® or sterically shielded nitroxides.'* When
aiming for in-cell approaches with membrane proteins, it is
inevitable to perform spin labelling directly in the cellular
environment. However, targeting cysteines or other native
amino acids for spin labelling limits bioorthogonality, as these
are ubiquitously present throughout cells. In turn, expansion of
the genetic code by noncanonical amino acids (ncAA) is a
promising alternative, which has proven its suitability for
various biochemical and biophysical applications.'® For this
purpose, orthogonal aminoacyl-tRNA-synthetase (aaRS)-tRNA
pairs enable the selective charging of a nonsense suppressor
tRNA (e.g. an amber codon (TAG)) with a ncAA.'® This techni-
que introduces only minimal modifications into proteins and
offers a wide range of highly selective reaction schemes."”
However, for EPR applications, the potential of ncAA-based
bioorthogonal labelling is still in its infancy, especially in the
context of living cells.'® A spin labelling scheme linking the
ncAA p-Acetyl-L-phenylalanine to a nitroxide was pioneered in
2009,"° while the labelling of green fluorescent protein (GFP) by
azide-alkyne cycloaddition in Escherichia coli (E. coli) repre-
sented significant advancements in this field.>*>*' Further
refinement of this technique has allowed even for distance
measurements inside E. coli cells.*

Recently, we presented the first approach applying inverse
electron-demand Diels-Alder click chemistry**™*” for SDSL of
model proteins in vitro.>® The photoactivatable nitroxide for
Diels-Alder (PaNDA) spin label (Fig. 1A) distinguishes itself by
an o-nitrobenzyl-based photoremovable protecting group (PPG)
for the TEMPO-based nitroxide.?**? Upon UV irradiation at the
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Fig. 1 Site-directed spin labelling of a membrane transporter in intact
E. coli. (A) Schematic overview of the site-directed spin labelling procedure
using the genetically encoded ncAA SCO-L-lysine and the PaNDA spin
label. (B) Chemical structure of TEMPO-CNCbL. (C) Crystal structure of
BtuB (PDB entry INQH) with PaNDA rotamers at loop site 404. The purple
and light pink shade indicate the rotamer populations for the two possible
regioisomers resulting from the conjugation of PaNDA to SCO-L-lysine, as
determined by MtsslWizard. TEMPO-CNCDbl with its rotamers determined
with MMM is drawn in orange.

desired timepoint, the PPG can efficiently release the nitroxide.
The temporal control of the paramagnetic potential is expected
to be especially useful to circumvent the rapid degradation of
radicals in the reducing biological environment.”®> PaNDA
features a tetrazine moiety for rapid attachment to proteins
without the need for potentially toxic catalysts. As a counter-
part, the cyclooctene- or cyclooctyne-bearing ncAA derivatives
TCO- and SCO-r-lysine are known for exceptionally high reac-
tion rates and stability,>® and can be incorporated into the
protein of interest by the tRNA™!/PyIRS*" synthetase.*

Here, we report on the application of PaNDA for spin
labelling and Double Electron-Electron Resonance (DEER or
PELDOR) spectroscopy of the cobalamin transporter BtuB in
intact E. coli. BtuB is responsible for the transport of vitamin
B,, (cobalamin) into the periplasm, and has been extensively
studied in situ wusing MTSSL- and trityl-based EPR
spectroscopy.*®™** BtuB lacks native cysteines, as the majority
of outer membrane proteins does. Still, certain fractions of off-
target labelling have consistently been detected when labelling
whole cells using MTSSL. Consequently, BtuB is perfectly suited
to capitalize on the use of ncAA in combination with the PaANDA
spin label (Fig. 1A).
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To enable ncAA incorporation, we modified a BtuB plasmid
by installing an amber codon at position 404. This loop site is
known from previous studies*® and is located on the extra-
cellular side. Together with a second plasmid, which encodes
the tRNA™!/PyIRS*" pair,®® BtuB-deficient RK5016 E. coli were
transformed.*® The cotransformation using a constitutive and
an inducible vector makes our expression system unique. While
the constitutive expression of BtuB_F404 — ncAA in the mini-
mal medium enables comparably slow protein expression and
controlled membrane integration, the arabinose-induced
expression of the PylRS*" synthetase ensures efficient ncAA
incorporation. We expressed BtuB in the presence of 1 mM
TCO- or SCO-i-lysine using 0.2% arabinose to induce the
PylRS*" overnight. Sufficient expression yields of the full-
length target protein (~66 kDa) were detected only with SCO-
t-lysine (SCO; Fig. 2A and Fig. S3, ESIT) for unknown reasons, as
both ncAA yielded similar incorporation yields for other
proteins.?® When the cotransformed RK5016 E. coli were grown
in the absence of SCO-L-lysine during expression, no BtuB was
observed for the amber mutant (Fig. S4, ESIT), which confirms
the integrity of the expression system. Titrating the E. coli cells
with TEMPO-modified cobalamin*> (TEMPO-CNCbI; Fig. 1B)
allows for semi-quantitative assessment of expression levels
due to its fast binding kinetics, and revealed ~12 uM
BtuB_F404 — SCO in the cell pellet (Fig. S7, ESLi for
BtuB_F404 (wt) ~ 30 pM). The line shape of X-band EPR spectra
also proves, that the incorporated SCO-1-lysine does not hinder
TEMPO-CNCbl binding (Fig. S5-S7, ESIt).

To analyze the suitability of PaNDA for in situ spin labelling,
after expression excess ncAA was removed by adding fresh
minimal medium and by repeated washing steps. The labelling
reaction was performed at a cell density corresponding to
ODgoo = 15 in the presence of 150 uM PaNDA for 45 minutes.
Excess label was removed by pelleting and one washing step,
before cells were transferred to a micropipette. As PaNDA is
EPR-active only after irradiation, UV light of 365 nm was
applied, which minimizes harm to bacteria®® (Fig. S13, ESIt)
and is able to induce cleavage of the PPG*® within two minutes
in vitro®® and, as found here, even in situ. Only after irradiation,
we detected the characteristic nitroxide spectrum in the
BtuB_F404 — PaNDA sample (Fig. 2B). The spin concentration
is ~6 uM, which corresponds to a spin labelling and deprotec-
tion yield of ~50% in total. Compared to previous in vitro
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Fig. 2 Expression and in situ spin labelling of BtuB variants with PaNDA.
(A) 10% SDS PAGE of E. coli expressing indicated BtuB mutants. Experi-
mental X-band cw EPR spectra before (black) and after (purple) irradiation
of (B) BtuB_F404 — PaNDA and (C) BtuB_F404 (wt) incubated with
PaNDA.
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experiments with PaNDA*® and ncAA-mediated in vivo spin
labelling studies,®** the reduced expression and labelling
yield observed here is within the expected range. Moreover,
we coexpressed BtuB_F404 (wt) and the PylRS** in presence of
SCO-r-lysine to check for potential off-target labelling of
involved components. No attachment or labelling of PaNDA
to the wildtype protein or to the E. coli cells was detected
(Fig. 2C), which is clearly advantageous to previous experiments
exploiting MTSSL labelling of BtuB.

Another beneficial feature of PaNDA is the PPG, which
allows for advanced experimental schemes including tempo-
rally shifted activation of the nitroxide. To see whether this is
feasible in situ, we expressed BtuB_F404 — SCO, performed
labelling with PaNDA, and added TEMPO-CNCbI (Fig. 3). Nota-
bly, PaNDA labelling does not affect TEMPO-CNCbI binding.
Complete depletion of the TEMPO-CNCbl-derived nitroxide
signal was detected after ~90 minutes. After irradiation of
the cells to cleave the PPG, indeed the PaNDA-derived nitroxide
signal was detected. We hypothesize, that the reason for the
different decay rates is the different accessibility of the labels
towards reducing agents. Altogether, this proves that the PPG is
stable for at least three hours (including the labelling and
sample preparation time) under in situ conditions.

Previously, distances in BtuB were determined either
between two spin labelled cysteine residues, or in combination
with TEMPO-CNCbL.>**** As reference, we expressed
BtuB_F404C and spin labelled with MTSSL in the isolated outer
membranes (OM) and in situ resulting in the side chain
BtuB_F404 — R1. After addition of TEMPO-CNCbl 4-pulse
DEER experiments were performed (Fig. S14 and S15, ESI}).
The resulting modulation depths are A;, g = 7.4% and
Aom = 2.7% and the maximum of the distance distributions

0 min
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ﬂ365 nm, 2 min
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142 min
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338 B [mT] 349
Fig. 3 Temporal control of the paramagnetic potential of the PaNDA spin
label in situ. E. coli expressing BtuB_F404 — SCO were spin labelled with
PaNDA, mixed with TEMPO-CNCDbl (which corresponds to the indicated
timepoint 0 min), and cw EPR spectra were recorded (orange shades;
spectra were averaged over 12 scans). When the TEMPO-CNCbl derived
signal had vanished, cells were irradiated and cw EPR spectra were
recorded to measure the PaNDA-derived signal (purple shades; spectra
were averaged over 8 scans).
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Fig. 4 DEER distance measurements of BtuB using Diels—Alder click
chemistry. (A) BtuB_F404 — SCO was spin labelled with PaNDA in situ
(black) or in isolated outer membranes (light blue; for full length trace see
Fig. S11, ESIf), and DEER was measured after irradiation in presence of
TEMPO-CNCbL. For comparison, form factors after background subtrac-
tion were scaled with respect to the modulation depth (A, s, = 9.5% and
Aom = 3.0%). (B) Corresponding in situ distance distribution (black) with
validation (grey area). The purple line indicates the simulated distance
distribution (using MtsslWizard), assuming a 1:1 ratio of the two possible
linker regioisomers.

overlays with the Multiscale Modeling of Macromolecules
(MMM)*® simulation.

To perform EPR distance determination involving PaNDA,
we produced BtuB_F404 — PaNDA both in situ and in the OM
and added TEMPO-CNCDI. After irradiation, samples contain-
ing 20% d8-glycerol were frozen, and DEER was measured
(Fig. 4 and Fig. S9-S11, ESIt). By doing this, we combined four
challenging aspects in one experiment for the first time: (i) a
membrane transporter as protein of interest (which suffer in
general from low expression and challenging EPR spectro-
scopy), (ii) the use of ncAA, (iii) in situ spin labelling and (iv)
in situ DEER measurement. Especially, low expression of the
ncAA-containing BtuB reduces the protein concentration
(Fig. 2A), resulting in low overall spin concentration as well
as lower signal-to-noise ratio and short length of the obtained
DEER trace. This leaves room for improvements in future
experiments. However, especially with regard to modulation
depths (A, siw = 9.5% and Aoy = 3.0%), the data we acquired
confirm an adequate labelling degree and the general suitabil-
ity of our approach for DEER measurements.

The DEER data for distance determination between
BtuB_F404 — PaNDA and TEMPO-CNCDbI looks similar in situ
and in the OM (Fig. 4A). The corresponding distance distribu-
tion exhibits two maxima (d; = 2.6 nm and d, = 3.7 nm), and is
relatively broad in the accessible range (Fig. 4B). The width of
the distribution is expected due to the linker size resulting from
the combination of the relatively long lysine-based ncAA
and the PaNDA spin label. To further assess the extracted
distance distribution, rotamers for the PaNDA-derived linkers
were generated using the MtssIWizard*® software (Fig. 1C and
Fig. S8, ESIt). They reveal that the first part of the experimental
distance distribution overlays with the simulation, while the
longer distance is not described (Fig. 4B). Previous
experimental®’ and computational’” findings however sug-
gested high flexibility of the extracellular loops of BtuB. As we
could not reproduce this by MTSSL-labelling (Fig. S14 and S15,
ESIt), we suspect the PaNDA label to induce different loop
conformations.

This journal is © The Royal Society of Chemistry 2021
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Moreover, we spin labelled BtuB_F404 — SCO with PaNDA,
left out TEMPO-CNCbl, and measured DEER in situ. The
resulting data indicates the homogenous distribution of BtuB
on the E. coli surface (Fig. S12, ESIT).

In summary, SCO-i-lysine was incorporated into the
membrane transporter BtuB in high yields, and the surface of
living E. coli provides a suitable environment for PaANDA spin
labelling as well as nitroxide activation via irradiation and
spontaneous oxidation. The spin labelling and deprotection
conditions developed for in situ EPR are completely biocompa-
tible, and allowed for a DEER experiment involving the PaNDA
label directly on the surface of E. coli.

This study provides the first spin labelling scheme for
membrane proteins using an expanded genetic code, and the
first application of Diels-Alder chemistry for spin labelling of
proteins in the cellular environment.

This project has received funding from the European Research
Council (ERC) under the European Union’s Horizon 2020 research
and innovation programme (Grant Agreement number: 772027 -
SPICE - ERC-2017-COG). B. J. thanks DFG for the financial support
through the Emmy Noether Program (JO 1428/1-1). We thank
Frederike Krasucki for experimental contributions.

Conflicts of interest

There are no conflicts to declare.

Notes and references

1 L D. Sahu and G. A. Lorigan, Biophysica, 2021, 1, 106-125.

2 F. Doll, A. Buntz, A. K. Spite, V. F. Schart, A. Timper, W. Schrimpf,
C. R. Hauck, A. Zumbusch and V. Wittmann, Angew. Chem., Int. Ed.,
2016, 55, 2262-2266.

3 C. Altenbach, S. L. Flitsch, H. G. Khorana and W. L. Hubbell,
Biochemistry, 1989, 28, 7806-7812.

4 O. H. Griffith and H. M. McConnell, Proc. Natl. Acad. Sci. U. S. A.,
1966, 55, 8-11.

5 W. L. Hubbell, H. S. Mchaourab, C. Altenbach and M. A. Lietzow,
Structure, 1996, 4, 779-783.

6 W. L. Hubbell, C. J. Lopez, C. Altenbach and Z. Yang, Curr. Opin.

Struct. Biol., 2013, 23, 725-733.

O. H. Griffith and A. Waggoner, Acc. Chem. Res., 1969, 2, 17-24.

H. S. Mchaourab, M. A. Lietzow, K. Hideg and W. L. Hubbell,

Biochemistry, 1996, 35, 7692-7704.

9 J. H. Freed, Spin Labeling: theory and applications 1, 1976, 53-132.

10 G. Jeschke, Annu. Rev. Phys. Chem., 2012, 63, 419-446.

11 C. Altenbach, T. Marti, H. G. Khorana and W. L. Hubbell, Science,

1990, 248, 1088-1093.

12 S. Kucher, C. Elsner, M. Safonova, S. Maffini and E. Bordignon,
J. Phys. Chem. Lett., 2021, 12, 3679-3684.

13 Y. Yang, B.-B. Pan, X. Tan, F. Yang, Y. Liu, X.-C. Su and D. Goldfarb,
J. Phys. Chem. Lett., 2020, 11, 1141-1147.

14 G. Karthikeyan, A. Bonucci, G. Casano, G. Gerbaud, S. Abel,

V. Thomé, L. Kodjabachian, A. Magalon, B. Guigliarelli and
V. Belle, Angew. Chem., Int. Ed., 2018, 57, 1366-1370.

©

This journal is © The Royal Society of Chemistry 2021

16
17
18

19

20

21

22

23
24

25
26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43
44

45
46

47

View Article Online

ChemComm

W. H. Zhang, G. Otting and C. J. Jackson, Curr. Opin. Struct. Biol.,
2013, 23, 581-587.

J. W. Chin, Nature, 2017, 550, 53.

K. Lang and J. W. Chin, Chem. Rev., 2014, 114, 4764-4806.

T. Braun, M. Drescher and D. Summerer, Int. J. Mol. Sci., 2019,
20, 373.

M. R. Fleissner, E. M. Brustad, T. Kalai, C. Altenbach, D. Cascio,
F. B. Peters, K. Hideg, S. Peuker, P. G. Schultz and W. L. Hubbell,
Proc. Natl. Acad. Sci. U. S. A., 2009, 106, 21637-21642.

S. Kucher, S. Korneev, S. Tyagi, R. Apfelbaum, D. Grohmann,
E. A. Lemke, J. P. Klare, H.-J. Steinhoff and D. Klose, J. Magn. Reson.,
2017, 275, 38-45.

S. Kucher, S. Korneev, J. P. Klare, D. Klose and H.-J. Steinhoff, Phys.
Chem. Chem. Phys., 2020, 22, 13358-13362.

P. Widder, J. Schuck, D. Summerer and M. Drescher, Phys. Chem.
Chem. Phys., 2020, 22, 4875-4879.

R. Carboni and R. Lindsey Jr, J. Am. Chem. Soc., 1959, 81, 4342-4346.
M. F. Debets, S. S. Van Berkel, J. Dommerholt, A. ]. Dirks,
F. P. Rutjes and F. L. Van Delft, Acc. Chem. Res., 2011, 44, 805-815.
A.-C. Knall and C. Slugovc, Chem. Soc. Rev., 2013, 42, 5131-5142.
H. Wu and N. K. Devaraj, in Cycloadditions in Bioorthogonal Chem-
istry, Springer, 2016, pp. 109-130.

B. Oliveira, Z. Guo and G. Bernardes, Chem. Soc. Rev., 2017, 46,
4895-4950.

A. Kugele, B. Silkenath, J. Langer, V. Wittmann and M. Drescher,
ChemBioChem, 2019, 20, 2479.

1. Seven, T. Weinrich, M. Grinz, C. Griinewald, S. Briif}, I. Krsti¢,
T. F. Prisner, A. Heckel and M. W. Gobel, Eur. J. Org. Chem., 2014,
4037-4043.

P. Wang, Asian J. Org. Chem., 2013, 2, 452-464.

J. Barltrop, P. Plant and P. Schofield, Chem. Commun., 1966,
822-823.

T. Weinrich, M. Gridnz, C. Griinewald, T. F. Prisner and M. W. Gobel,
Eur. J. Org. Chem., 2017, 491-496.

M. Azarkh, O. Okle, P. Eyring, D. R. Dietrich and M. Drescher,
J. Magn. Reson., 2011, 212, 450-454.
M. J. Schmidt and D. Summerer,
1553-1557.

T. Plass, S. Milles, C. Koehler, C. Schultz and E. A. Lemke, Angew.
Chem., Int. Ed., 2011, 50, 3878-3881.

S. Ketter, A. Gopinath, O. Rogozhnikova, D. Trukhin,
V. M. Tormyshev, E. G. Bagryanskaya and B. Joseph, Chem. - Eur.
J., 2021, 27, 2299-2304.

A. Sikora, B. Joseph, M. Matson, J. R. Staley and D. S. Cafiso, Biophys.
J., 2016, 111, 1908-1918.

B. Joseph, V. M. Tormysheyv, O. Y. Rogozhnikova, D. Akhmetzyanov,
E. G. Bagryanskaya and T. F. Prisner, Angew. Chem., Int. Ed., 2016,
55, 11538-11542.

B. Joseph, A. Sikora and D. S. Cafiso, J. Am. Chem. Soc., 2016, 138,
1844-1847.

D. A. Nyenhuis, T. D. Nilaweera, J. K. Niblo, N. Q. Nguyen,
K. H. DuBay and D. S. Cafiso, J. Am. Chem. Soc., 2020, 142,
10715-10722.

B. Joseph, E. A. Jaumann, A. Sikora, K. Barth, T. F. Prisner and
D. S. Cafiso, Nat. Protoc., 2019, 14, 2344-23609.

B. Joseph, A. Sikora, E. Bordignon, G. Jeschke, D. S. Cafiso and
T. F. Prisner, Angew. Chem., Int. Ed., 2015, 54, 6196-6199.

K. Heller, B. Mann and R. Kadner, J. Bacteriol., 1985, 161, 896-903.
N. Vermeulen, W. J. Keeler, K. Nandakumar and K. T. Leung,
Biotechnol. Bioeng., 2008, 99, 550-556.

G. Jeschke, Protein Sci., 2018, 27, 76-85.

G. Hagelueken, R. Ward, J. H. Naismith and O. Schiemann, Appl.
Magn. Reson., 2012, 42, 377-391.

T. Pienko and J. Trylska, PLoS Comput. Biol., 2020, 16, €1008024.

ChemBioChem, 2012, 13,

Chem. Commun., 2021, 57,12980-12983 | 12983


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cc04612h



