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Site-directed spin labelling of proteins by
Suzuki—Miyaura coupling via a genetically
encoded aryliodide amino acidf

Anandi Kugele,
Moritz Johannes Schmidt,

We report site-directed protein spin labelling via Suzuki—Miyaura
coupling of a nitroxide boronic acid label with the genetically
encoded amino acid 4-iodo-L-phenylalanine. The resulting spin
label bears a rigid biphenyl linkage with lower flexibility than spin
label R1. It is suitable to obtain defined electron paramagnetic
resonance distance distributions and to report protein—membrane
interactions and conformational transitions of a-synuclein.

Site-directed spin labelling (SDSL) in combination with electron
paramagnetic resonance (EPR) spectroscopy is an important
technique to elucidate the structure and dynamics of proteins.">
Among available spin labels, nitroxides are especially widely
used,’ since they can provide insights into the polarity, solvent
accessibility and rotational dynamics of the protein sites under
study. The observed overall dynamics are thereby composed of
tumbling of the whole molecule, flexibility of the secondary
structure elements and side chain flexibility of the labelled
amino acid itself.*” These characteristics also enable monitoring
interactions of a protein with other biomacromolecules or
membranes.®’

The most commonly used nitroxide spin label is the methane-
thiosulfonate spin label (MTSSL) that readily forms disulfide
linkages with accessible cysteines.” However, the requirement of
cysteine mutagenesis for site-directed labelling impedes studies
of proteins with essential cysteines in their natural state. More-
over, though labelling of surface-exposed membrane proteins
has been reported in bacteria,® the high number of sulfhydryl
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groups in cells and the low redox stability of disulfides compli-
cate in-cell studies.

An alternative are labelling strategies based on noncanonical
amino acids (ncAA). This approach relies on the expression of an
orthogonal aminoacyl-tRNA-synthetase (aaRS)-tRNA pair capable
of selectively charging a nonsense suppressor tRNA with an ncAA,
enabling the co-translational incorporation of unique chemical
and biophysical functions into proteins in cells at a nonsense
codon such as the amber codon.’ Stably linked nitroxides can
thereby be installed into proteins at defined sites independently
of cysteine mutagenesis, either by direct incorporation of
nitroxide ncAA or by bioorthogonal conjugation of nitroxide
labels to ncAA with unique reactive groups.*®

While the former approach offers particularly simple labelling
directly in E. coli and minimal interference with target protein
function and host cell, partial loss of paramagnetism of the
nitroxide ncAA in E. coli cultures has been reported.**

In contrast, conjugations with reactive ncAA'> can offer
excellent selectivity. However, their potential for nitroxide
labelling is underexplored,"® and they are not always compatible
with target protein function or potential in-cell labelling, or
result in labels with unfavourable spectroscopic properties. After
the use of a ketone-bearing ncAA™* for oxime formation, azide-
and alkyne-bearing ncAA have been reported for click cycloaddi-
tion reactions. Biocompatibility has thereby been improved by
the use of advanced ligands in copper-catalysed reactions or by
exploiting strain-promoted, copper-free chemistries.">™”

An emerging strategy for bioorthogonal conjugation is the use
of palladium-catalysed coupling reactions.'®*' Sonogashira- and
Suzuki-Miyaura-type couplings with ncAA have previously been
applied to proteins with biosynthetically incorporated ncAA for
protein modifications and labelling.>*>® Whereas significant
improvements of coupling have been reported for palladium
catalysts with novel ligands,*®?” successful ligand-free condi-
tions have also been reported®” and both have been applied for
cellular labelling.”®*3° Compared to well-established copper-
mediated click chemistry, the low toxicity of palladium is
advantageous for potential in vivo use.>®
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Fig. 1 Site-directed protein spin labelling by Suzuki—Miyaura coupling
utilizing the boronic acid spin label NOBA (1) and the genetically encoded
ncAA plPhe (2). (A) Chemical structure of NOBA (1). (B) Incorporation of
aryliodide ncAA 2 into proteins and labelling conditions.

We were interested in exploring the applicability of Suzuki-
Miyaura-type coupling reactions to protein nitroxide labelling.
Besides bioorthogonality and the ability to study cysteine-
containing proteins, the formation of stable and highly rigid
biphenyl-linkages may offer favourable spectroscopic properties
of the resulting conjugate. We designed and synthesized the
nitroxide boronic acid label 1 (abbreviated as NOBA, Fig. 1A) by
amide formation between 4-aminophenylboronic acid pinacol
ester and the respective nitroxide carboxylic acid and subsequent
deprotection with polymer-bound boronic acid (see ESIt).

We next aimed to site-specifically install an aryl iodide for
subsequent coupling (Fig. 1B) in E. coli thioredoxin (TRX) because
of its important role in redox processes such as dithiole-disulfide
exchange reactions. The catalytic center of TRX is constituted
of two redox-active cysteines (C33 and C36, Fig. 2A), and
X-ray structures'® as well as previous EPR studies'*' with
different nitroxide labels are available for data comparison.
We co-expressed a previously reported Methanocaldococcus
Jjannaschii tRNA™"/YRS pair®® for the incorporation of 4-iodo-
L-phenylalanine 2 (Fig. 1B) with TRX bearing a C-terminal His6
tag and containing an amber codon at position R74 (Fig. 2A).
R74 is located in a loop adjacent to the TRX 34, helix (Fig. 2A)
that exhibited little backbone flexibility in previous molecular
dynamics simulations and is suited for the selective assessment
of nitroxide label flexibility.>" Expressions were conducted in
presence of 3 mM 2, leading to expression of full-length protein
with a yield of approx. 10 mg L', indicated by SDS-PAGE
analysis of the protein after purification by Ni-NTA chromato-
graphy via the C-terminal His6 tag (see ESIt). For coupling, we
tested palladium catalyst systems with the previously reported
ligands dimethyl- and tetramethylguanidine®” or with ligand-
free Na,PdCly, of which only the latter afforded effective label-
ling under the applied conditions (see ESIt). Specifically, we
incubated purified TRX-R74 — 2 or aryl iodide-free TRX-R74
(wt, wildtype) with 30 eq. of Na,PdCl, as well as 100 eq. of NOBA
in PBS buffer, pH 8, at 37 °C for 3 h. Immediately before removing
excess NOBA, DTT was added as a scavenger
undesired palladium adducts (circular dichroism (CD) spectra
revealed intact protein conformation after this treatment, see ESL

to remove
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Fig. 2 Site-directed protein spin labelling by Suzuki—Miyaura coupling.
(A) Crystal structure of TRX (pdb entry 2TRX).X8 Incorporation sites of 2 and
Ca~Ca distance (2.1 A) are shown in red. (B) Cw EPR spectrum of TRX-R74
(wt) reacted with NOBA after purification. (C) Cw EPR spectrum of TRX-
R74 — 2 reacted with NOBA after purification. (D) ESI-MS spectrum of
sample from (B). (E) ESI-MS spectrum of sample from (C). (F) Structures of
spin labelled amino acids used in this study. (G) Cw EPR spectra of TRX
bearing spin labelled amino acids as indicated at position R74 (blue). The
corresponding spectral simulation is shown as dark-grey dotted line. For
R74 — 6 (20 puM spin concentration), spectrum of R74 (wt) reacted and
purified identically is overlaid in orange (1 uM spin concentration shows
minor remaining impurities of unreacted NOBA after purification).

This suggests that labelling of solvent-exposed sites does not
interfere with protein integrity. However, it cannot be excluded
that labelling of internal sites might interfere with protein
stability). Analysis by continuous wave (cw) EPR measurements
(Fig. 2B and C) and electrospray ionization mass spectrometry
(ESI-MS, Fig. 2D and E) revealed formation of the desired
labelling product only for TRX-R74 — 2, indicating a high
chemoselectivity of the reaction. Occurrence of a mass with
4 = —126 Da indicated formation of a minor amount of
deiodinated TRX-R74 — 2 (TRX-R74F), as observed previously
for Suzuki-Miyaura reactions (Fig. 2E, see ESIt for mass
).>* Comparative cw EPR measurements with

interpretation).
TRX bearing the standard R1 label 3, the PROXYL-label 4,*
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the nitroxide ncAA SLK1 5" or the new NOBA-derived label 6
(Fig. 2F) revealed the highest tumbling time 7y of the latter
(Fig. 2G), possibly reflecting a comparably low flexibility of the
NOBA linker. For further investigation of this aspect, we aimed
for EPR distance measurements.

For this purpose, we simultaneously incorporated 2 at
positions D14 and R74 in TRX for subsequent labelling and
double-electron-electron resonance (DEER) distance measure-
ments (Fig. 2A shows positions). We have previously conducted
DEER studies with a TRX C33S/C36S/D14C/R74C mutant
doubly labelled with MTSSL (C33S/C36 — S/D14/R74 — 3),*"
providing a reference for assessing the spectroscopic properties
of 6. We reacted TRX D14/R74 — 2 with NOBA as above and
subsequently purified and shock-froze the obtained TRX
D14/R74 — 6 in deuterated water containing 20% deuterated
glycerol (see ESIt). Despite the relatively low labelling degree we
obtained a DEER trace with a sufficient modulation depth-to-
noise ratio (see ESIT). Similar to the MTSSL-labelled TRX of our
previous study®' (Fig. 3A), the distance distribution of TRX
D14/R74 — 6 showed one main distance between 2-3 nm, as
well as two to three less populated higher distances (Fig. 3B, the
main distance thereby was somewhat higher for TRX D14/R74 — 6).
Nuclear magnetic resonance (NMR) studies®® and molecular
dynamics (MD) simulations®! have suggested that the width of
TRX-derived distance distributions directly reflects the confor-
mational flexibility of the attached linker. Strikingly, in agree-
ment with the cw measurements (Fig. 2G), the distribution
of the main distance was narrower for TRX D14/R74 — 6
(full width at half maximum (FWHM) = 0.46 nm) compared
to the MTSSL labelled TRX C33/C36 — S/D14/R74 — 3 (FWHM =
0.95 nm), illustrating the rigidity of the biphenyl-based nitroxide
side chain (Fig. 3A and B).

Next, we evaluated whether NOBA enables monitoring protein-
membrane interactions.® A model protein well-suited for this
purpose is the human intrinsically disordered protein (IDP)
o-synuclein (ASYN).>” ASYN has been associated with Parkinson’s
disease,®® and is known for its unusual conformational
flexibility.*”*° ASYN binds to anionic phospholipid vesicles,
resulting in a conformational transition of the N-terminus of ASYN
to an a-helical conformation (Fig. 4A)."° The protein-membrane

C33/C36—S/D14/R74—3 D14/R74—6
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Fig. 3 DEER distance measurements of doubly spin labelled TRX using
MTSSL or Suzuki—Miyaura coupling. (A) Distance distribution®! for TRX with
catalytic cysteines replaced by serine and residues D14 and R74 mutated
to cysteine and labelled with MTSSL (C33/C36 — S/D14/R74 — 3).
(B) Distance distribution for TRX D14/R74 — 2 labelled with NOBA
(D14/R74 — 6).
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Fig. 4 Spin-labelled ASYN-S9 — 6 reports interactions with 100 nm sized
POPG vesicles. (A) Schematic representation of disordered ASYN in
solution (blue) and of ASYN interacting with a lipid vesicle (magenta, pdb
entry 1XQ8%). The labelling position S9 used in this study is indicated by a
green circle. (B) CD spectra (MRE = molar residue ellipticity) of spin-
labelled ASYN-S9 — 6 in solution (blue) and of spin-labelled ASYN-S9 — 6
incubated with a 96-fold excess of POPG LUVs (magenta). The minimum
at low wavelengths (~200 nm) indicates high random coil fractions.
Prominent features at 208 and 222 nm confirm the folding of ASYN
into an a-helical structure upon vesicle binding. (C) EPR spectra of
the unbound spin label NOBA 1 in PBS, pH 8 (green), of spin-labelled
ASYN-S9 — 6 in solution (blue), and of spin-labelled ASYN-S9 — 6 incubated
with a 96-fold excess of POPG LUVs (magenta). The spectra are normalized
to their respective double integral to illustrate spectral differences. The
corresponding spectral simulations are shown as dark-grey dotted lines
(tgr = 22 ps for unbound NOBA; 1z = 253 ps for ASYN-S9 — 6 in solution;
tr = 2028 ps for ASYN-S9 — 6 bound to vesicles).

interaction has been tracked with local resolution on the residue
scale by EPR spectroscopy in combination with conventional
MTSSL labels attached to cysteines.® We reacted ASYN-S9 — 2
with NOBA and purified the protein (see ESIT). We then incu-
bated the resulting ASYN-S9 — 6 in the presence or absence of
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol (POPG) large
unilamellar vesicles (LUVs; see ESIt). In agreement with previous
studies,” CD spectra confirmed global protein-membrane-
interaction via the spectral indication of the global disorder-to-
a-helical-transition of ASYN upon addition of LUVs (Fig. 4B).
Corresponding EPR spectra of ASYN-S9 — 6 show distinct line
broadening upon vesicle addition, indicating reduced rotational
mobility, and suggesting membrane binding around residue 9
(Fig. 4C). This shows that the new spin label does not interfere
with ASYN-vesicle binding and can be used to monitor protein-
membrane interactions and conformational transitions.

To conclude, we established a chemoselective spin labelling
strategy based on Suzuki-Miyaura coupling of a nitroxide
boronic acid and a genetically encoded aryliodide amino acid.
This allows site-directed protein labelling irrespective of the
presence of essential cysteine residues in proteins and under
close-to-physiological conditions. The resulting spin labelled
amino acid exhibits a stable and rigid biphenyl linkage, and offers
attractive spectroscopic properties, as revealed by comparisons
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with previous labels in cw and DEER distance measurements.
Labelling of the IDP ASYN and interaction studies with LUVs
further reveals that this new label is able to report IDP-membrane
interactions and associated conformational transitions. In combi-
nation with the previously established biocompatibility of the
Suzuki-Miyaura reaction for protein labelling, we anticipate
that this label will be useful for a wide range of EPR studies in
biological systems.
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