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Abstract: We present in-membrane chemical modification
(IMCM) for obtaining selective chromophore labeling of
intracellular surface cysteines in G-protein-coupled receptors
(GPCRs) with minimal mutagenesis. This method takes
advantage of the natural protection of most cysteines by the
membrane environment. Practical use of IMCM is illustrated
with the site-specific introduction of chromophores for NMR
and fluorescence spectroscopy in the human k-opioid receptor
(KOR) and the human A,, adenosine receptor (A,4AR).
IMCM is applicable to a wide range of invitro studies of
GPCRs, including single-molecule spectroscopy, and is a prom-
ising platform for in-cell spectroscopy experiments.

ln-membrane chemical modification (IMCM) is a novel
method that enables the site-specific introduction of chro-
mophores through chemical modification of natural amino
acids with minimal use of mutagenesis. Since low expression
yields tend to be a limiting factor for biophysical studies,
which can be exacerbated by the use of mutations,!! the
ability to attach chemical probes in a site-specific manner to
wild-type proteins is a significant advantage. IMCM is
tailored for the chemical modification of cysteine residues
in G-protein-coupled receptors (GPCRs), which are repre-
sented by more than 800 different proteins in the human
body® and are targets for more than 30% of all prescription
drugs in human medicine.”! GPCRs function by transmitting
signals across the plasma membrane to the cell interior.
Spectroscopic studies based on the observation of chromo-
phores located on the intracellular receptor surface are used
to complement information from crystal structures by mon-
itoring dynamic processes that underlie GPCR function.!*!
Cysteine residues at the intracellular surface of GPCRs are
a preferred target for chemical modification with chromo-
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phore-carrying reagents (see below). Conventionally, such
chemical reactions have been performed with GPCRs in
detergent micelles, with selectivity obtained primarily
through extensive mutagenesis, so that screening of numerous
mutant GPCRs for high expression and functionality has
typically been required.!

In contrast, the new in-membrane chemical modification
(IMCM) approach makes use of the natural protection of
most cysteines by the membrane environment, and thus
enables selective cysteine labeling on the intracellular recep-
tor surface with minimal or no mutagenesis. IMCM labeling is
an attractive technique for a wide range of GPCRs (Figure 1),
as illustrated here by ""F-NMR and fluorescence spectroscopy
of the human «-opioid receptor (KOR) and the human A,,
adenosine receptor (A,4AR).

Analysis of 32 currently available unique GPCR crystal
structures (Table S1 in the Supporting Information) yielded
a comprehensive overview of the spatial distribution of
cysteine residues as potential attachment sites for spectro-
scopic probes (Figure 1). The results show that most of these
GPCRs are amenable to selective labeling by IMCM, since
intracellular cysteines represent 15% of all GPCR cysteines
and are 15-fold more abundant than extracellular cysteines
(Figure 1b). 27 of the 32 GPCRs are devoid of extracellular
cysteines, so that with efficient protection of the transmem-
brane (TM) cysteines (Figure 1b), selective labeling of
cysteine residues on the intracellular surface can be achieved
without mutagenesis. To this end, IMCM is applied to crude
membrane preparations, with the GPCRs still embedded in
a biological membrane, so that protection of the TM cysteines
is afforded by the natural membrane environment.

Based on the absence of fluorine atoms in most natural
biological materials, the use of “F-NMR labels has the
advantage that there is no spectral background when the
labeling is performed in a site-specific manner.”) Methods for
the site-specific introduction of F-labeled non-natural amino
acids are available,”® but these are rarely practical in systems
with low expression yields. Therefore, post-translational
modification of natural amino acids, for example, cysteine
or lysine, has been widely used"* and is also the strategy
followed by IMCM. When applying IMCM for “F-NMR
studies, we used the small "F-NMR probe 2,22-trifluoroe-
thanethiol (TET) for the chemical modification of accessible
cysteines, and conventional TET Ilabeling in detergent
micelles served as a reference.

The human k-opioid receptor contains five TM cysteines
and three cysteines (Cys161, Cys340, Cys345) exposed on the
intracellular surface.” After TET labeling in micelles, the 1D
YF-NMR spectra for KOR contained an intense, broad
resonance at 0~9.5 ppm (Figure 2a). With the variant
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Figure 1. Cysteine locations in GPCR crystal structures. a) Superposi-
tion of 32 unique GPCR crystal structures listed in Table S1. Cysteine
residues are shown as spheres and classified into four categories
based on their locations and oxidation states: extracellular cystines
(yellow), extracellular cysteines (green), transmembrane cysteines
(orange), and intracellular cysteines (magenta). b) Distribution of the
cysteine residues among the four groups introduced in (a).

protein KOR[C161M, C340A, C345S] (Figure 2b), the “F-
NMR spectrum contained a weak line at the same chemical
shift, thus showing that the signal in Figure 2 a was due mostly
to TET labeling of the three intracellular cysteines and that
TET-labeled TM cysteines accounted for a low-intensity
background signal. When KOR[C340A, C345S] was labeled
in micelles, a signal at 6 ~ 9.5 ppm was observed (Figure 2c¢),
which corresponds to the superposition of the signal from the
TET label on Cysl6l and the background intensity in
Figure 2b. Repeating the same experiments with TET label-
ing by IMCM (Figure 2d-f), we again observed a "F-NMR
signal at 0=~9.5 ppm for the wild-type KOR (Figure 2d).
With KOR[C161M, C340A, C345S], the background signal
from TM cysteines was completely removed (Figure 2¢), so
the signal in Figure 2 f must originate entirely from the TET-
labeled Cysl161 in KOR[C340A, C345S]. Overall, without
introducing any mutations in the TM region, the indigenous
intracellular Cys161 was shown to be a reliable reporter site in
the variant protein KOR[C340A, C345S], provided that TET
labeling was performed with IMCM.
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Figure 2. Labeling of human KOR for °F-NMR. a—c) 1D "F-NMR
spectra after TET labeling in micelles of KOR (a), KOR[C161M, C340A,
C3455] (b), and KOR[C340A, C345S] (c). d—f) 1D "*F-NMR spectra
after TET labeling by IMCM of KOR (d), KOR[C16TM, C340A, C345S]
(e), and KOR[C340A, C345S] (f). Note that the protein concentration
used in experiments (b) and (c) was about two-fold lower than in (a)
and (d-f). The sharp peak at ~7.0 ppm corresponds to a small
concentration of free TET.

The human A,,AR has six TM cysteines and no intra- or
extracellular cysteines® 1D “F-NMR data for A,,AR
labeled with TET in micelles exhibited a broad "F-NMR
signal owing to labeling of indigenous TM cysteines (Fig-
ure 3a). By contrast, IMCM of A,,AR with TET resulted in
an empty NMR spectrum, thus demonstrating that labeling of
the indigenous TM cysteines was completely suppressed
(Figure 3b). We then engineered the reporter cysteine A289C
at the tip of TM helix VII to monitor the intracellular surface
of A,yAR. In the variant protein A,,AR[A289C], TET
labeling in micelles yielded a "F-NMR spectrum with two
signals of closely similar intensity at 0 ~9.5 and 11.5 ppm
(Figure 3¢). TET labeling by IMCM resulted in a related
spectrum, however, the signal at 0 ~9.5 ppm showed greatly
reduced intensity (Figure 3d). These two peaks in the
spectrum of Figure 3d must both originate from the TET
label attached to the engineered A289C and therefore
manifest a conformational polymorphism. This information
is complementary to previous reports that TM helix VII
undergoes activation-related conformational changes.*>!

Validation of the IMCM approach for YF-NMR studies
was obtained from two lines of experiments. Firstly, IMCM
was applied with the previously extensively studied [,
adrenergic receptor ($,AR), which contains four TM cys-
teines and three intracellular cysteines. Previous work"™ had
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Figure 3. Site-specific IMCM labeling of human A,AR for °F-NMR and
fluorescence spectroscopy. a,b) 1D °F-NMR spectra of A,,AR labeled
with TET either in micelles (a) or by using IMCM (b). c,d) 1D *F-NMR
spectra of A,JAR[A289C] labeled with TET either in micelles (c) or by
using IMCM (d). e) A,y AR[A289C] IMCM-labeled with fluorescein-5-
maleimide is shown under white light and UV light. f) The same
presentation as in (e) is shown for wild-type A,,AR that was subjected
to identical labeling conditions.

established, by extensive mutational experiments, that the
TM cysteines were all protected from TET labeling even
when the chemical reaction was performed with micelle-
reconstituted p,AR. The resulting "F-NMR spectrum con-
tained three lines which, through additional mutational
studies, were individually assigned to the three intracellular
cysteines in positions 265, 327 and 341 (Figure Sla in the
Supporting Information). By using IMCM for TET labeling,
the same spectral features were obtained (Figure S1b), thus
showing that the IMCM preparation coincides with the one
from the “proven” conventional approach. Clearly, the
previously reported results on (,AR could have been
obtained more efficiently through the use of IMCM. Sec-
ondly, intact-protein electrospray ionization mass spectrom-
etry (ESI-MS) of A, AR labeled in micelles with TET
showed a heterogeneous receptor preparation containing
unlabeled A,,AR and four species resulting from partial
labeling of four different TM cysteines (Figure S2a). By
contrast, IMCM labeling of A,,AR produced a homogenous
sample of unlabeled receptor (Figure S2b), owing to complete
suppression of cysteine labeling in the TM helices. ESI-MS
data for engineered A, AR[A289C] labeled by IMCM
showed a homogenous preparation of singly TET-labeled
receptor (Figure S2d), thus confirming selective labeling of
the engineered intracellular cysteine site. This selectivity was
lost when TET labeling of A,,AR[A289C] was carried out in
micelles, where ESI-MS showed a mixture of six different
species (Figure S2c).
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To test applications of IMCM for the site-specific
fluorescent labeling of GPCRs, the variant receptor A,y AR-
[A289C] was IMCM-labeled with fluorescein-5-maleimide. A
fluorescent protein sample was obtained (Figure 3 ¢) and ESI-
MS analysis showed selective attachment of a single fluo-
rescein marker to A,,AR[A289C] (Figure S3). The control
IMCM experiment with A,, AR did not result in a fluorescent
receptor preparation (Figure 3f), thus demonstrating the
absence of labeling of TM cysteines, as was confirmed by ESI-
MS, which showed only unlabeled A,,AR (Figure S3).
Maleimide-based probes are the most diverse class of
commercially available cysteine-reactive compounds and
these results show that they are suitable for IMCM labeling.
This underscores the broad applicability of IMCM for site-
specific chromophore labeling for spectroscopic studies and
suggests IMCM as a general strategy for the selective covalent
labeling of GPCRs with thiol- and maleimide-based reagents.

In summary, we successfully applied IMCM for the
selective covalent attachment of chromophores for biophys-
ical studies to indigenous or engineered intracellular cysteine
residues in human A, AR and KOR. We demonstrated that
IMCM can facilitate spectroscopic studies of GPCRs with ’F-
NMR and fluorescent probes by reducing or eliminating the
need for mutagenesis to achieve site-specific labeling on the
intracellular surface. Inspection of the cysteine distribution in
GPCR crystal structures (Figure 1) showed that a wide range
of GPCRs can be selectively labeled with the IMCM
approach. This finding may result in a further increase in
the importance of cysteine residues as sites for chemical
modification in biophysical studies of GPCRs, since other
residues with selective side-chain chemical reactivity do not
show comparably favorable distributions in the three-dimen-
sional GPCR structures. This is illustrated by the broader
distribution of lysine residues (Figure S4), which have also
been a frequent target for chemical modification of proteins
for spectroscopic studies.”) The favorable situation for
cysteines can be rationalized by the impact of the oxidative
extracellular environment, which results in the formation of
intramolecular disulfide bonds in GPCRs (Figure 1). Finally,
in addition to its impressive potential for in vitro studies of
GPCRs, IMCM could be a starting point for in-cell labeling
experiments designed to monitor GPCRs in their natural
environment by spectroscopic techniques, along the lines of
the “cell-surface engineering” described by Saxon and
Bertozzi.'"!
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