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Abstract

Fluorine (19F) offers several distinct advantages for biomolecular nuclear mag-

netic resonance spectroscopy such as no background signal, 100% natural

abundance, high sensitivity, and a large chemical shift range. Exogenous

cysteine-reactive 19F-probes have proven especially indispensable for charac-

terizing large, challenging systems that are less amenable to other isotopic

labeling strategies such as G protein-coupled receptors. As fluorine linewidths

are inherently broad, limiting reactions with offsite cysteines is critical for

spectral simplification and accurate deconvolution of component peaks—
especially when analyzing systems with intermediate to slow timescale confor-

mational exchange. Here, we uncovered noncovalent probe sequestration by

detergent proteomicelles as a second source of offsite labeling when using the

popular 19F-probe BTFMA (2-bromo-N-(4-[trifluoromethyl]phenyl)acetamide).

The chemical shift and relaxation rates of these unreacted 19F-BTFMA mole-

cules are insufficient to distinguish them from protein-conjugates, but they

can be easily identified using mass spectrometry. We present a simple four-step

protocol for Selective Labeling Absent of Probe Sequestration (SLAPS): physi-

cally disrupt cell membranes in the absence of detergent, incubate membranes

with cysteine-reactive 19F-BTFMA, remove excess unreacted 19F-BTFMA mol-

ecules via ultracentrifugation, and finally solubilize in the detergent of choice.

Our approach builds upon the in-membrane chemical modification method

with the addition of one crucial step: removal of unreacted 19F-probes by ultra-

centrifugation prior to detergent solubilization. SLAPS is broadly applicable to

other lipophilic cysteine-reactive probes and membrane protein classes solubi-

lized in detergent micelles or lipid mimetics.

Statement: Labeling detergent-solubilized proteins with cysteine-reactive 19F NMR probes can result in offsite incorporation and ambiguous spectral
results. We demonstrate a second mechanism of offsite labeling when using the 19F-probe BTFMA: noncovalent probe sequestration by detergent
proteomicelles. We report a simple protocol for selective labeling that avoids 19F-BTFMA sequestration. This method is broadly applicable to other
lipophilic cysteine-reactive probes and membrane protein classes solubilized in detergent micelles or lipid mimetics.
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1 | INTRODUCTION

G protein-coupled receptors (GPCRs) are the largest inte-
gral membrane protein class in eukaryotes with over
800 unique members that regulate numerous biological
processes including mood, body temperature, taste, and
sight, among others.1,2 They share a conserved architec-
ture of seven transmembrane (TM) alpha-helices that
bundle together to form an extracellular orthosteric bind-
ing pocket and an intracellular cytosolic cleft.3 Ligand
binding at the orthosteric pocket induces a conforma-
tional change at the intracellular cleft to enable G protein
association, guanine nucleotide exchange, and ultimately
an intracellular signaling cascade. Termination of GPCR
signaling is mediated through ternary complex formation
with arrestin, which activates clathrin-mediated endocy-
tosis for receptor recycling/degradation.2 Due to their
broad physiological importance and numerous etiological
roles, GPCRs are the targets for more than 30% of all
therapeutic drugs on the market.4 A more nuanced
mechanistic understanding of the GPCR activation land-
scape could dramatically expand their therapeutic value.5

Spectroscopic techniques such as fluorescence,6

infrared,7 electron paramagnetic resonance,8 and nuclear
magnetic resonance (NMR)9 have revealed many lowly
populated, high energy conformational states that remain
invisible to X-ray crystallography and cryo-EM. In partic-
ular, the ability of NMR to access motional regimes cov-
ering more than 15 orders of magnitude (ps-s) makes it
especially attractive for this task, although the challenges
associated with uniform incorporation of NMR-active iso-
topes has somewhat limited its application.10 Exogenous
cysteine-reactive fluorine (19F) probes have proven an
effective alternative to uniform labeling11–16 owing to
their high gyromagnetic ratio (i.e., sensitivity), 100% nat-
ural abundance, large chemical shift range, and absence
of background signals in biomolecular samples.17 Yet,
fluorine's intrinsically broad linewidths quickly lead to
overlapping signals that require deconvolution, and gen-
erally prohibits the simultaneous labeling of multiple
sites. Offsite 19F-probe incorporation is an additional
source of signal overlap that is specifically problematic
when the target protein contains multiple cysteine resi-
dues that cannot be mutated because of their functional
relevance.9,18,19

In our previous work, labeling the neurotensin recep-
tor 1 (NTS1) Class A GPCR with cysteine-reactive

2-bromo-N-(4-[trifluoromethyl]phenyl)acetamide (19F-
BTFMA),16 we uncovered a second source of offsite label-
ing: noncovalent sequestration by detergent proteomi-
celles. Conventional labeling methods solubilize the
receptor in detergent micelles without the prior removal of
excess 19F-probe molecules. Our liquid-chromatography
mass spectrometry (LC–MS) and NMR spectra of a
cysteine-less NTS1 construct demonstrate that unreacted
19F-BTFMA molecules are sequestered into proteomicelles.
Subsequent detergent wash steps or detergent exchange is
incapable of complete excess 19F-BTFMA removal. We
present a simple four-step protocol for Selective Labeling
Absent of Probe Sequestration (SLAPS): physically disrupt
cell membranes in the absence of detergent, incubate
membranes with cysteine-reactive 19F-BTFMA, remove
excess unreacted 19F-BTFMA molecules via ultracentrifu-
gation, and finally solubilize in detergent of choice.

2 | RESULTS AND DISCUSSION

Several generations of thiol-reactive trifluoromethyl
probes have been developed to study GPCR
dynamics.20–22 19F-BTFMA remains one of the most pop-
ular probes due to its ability to form a nonreducible
thioether bond, along with high chemical shift sensitivity
owing to aromatic ring polarizability (Figure 1a).22 The
majority of 19F-GPCR studies conjugate probe to the
intracellular tips of TM5,23 TM6,24 or TM7,12 which have
proven invaluable for mapping the receptor activation
landscape due to their large architectural changes.25 In
many cases, this requires the introduction of a non-native
cysteine residue at the position of interest and the simul-
taneous mutagenesis of all endogenous solvent-exposed
cysteine residues that would lead to offsite labeling.
Nonetheless, researchers have noted the presence of off-
site 19F-labeling in final protein samples.9,18,19 These are
commonly attributed to the numerous reduced cysteine
residues in the TM region, although, this has rarely been
experimentally verified (Figure 1b).

Spectroscopic studies require receptors to be isolated
from the lipid membranes of the expression system and
solubilized into detergent micelles for purification and,
frequently, analysis. The 19F-probes are typically incorpo-
rated following detergent solubilization of native lipid
membranes, but prior to purification (herein referred to
as the conventional 19F-labeling protocol). We applied
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this strategy to label a thermostabilized Neurotensin
receptor 1 variant (enNTS1).26 We introduced an exoge-
nous cysteine on TM6 (Q301C6.28, Ballesteros-Weinstein
nomenclature27) and substituted the only solvent-exposed
cysteine (C172S3.55) to reduce offsite labeling, referring to
the final construct as enNTS1(Q301C6.28/C172S3.55).
Briefly, Escherichia coli cell pellets containing enNTS1
(Q301C6.28/C172S3.55) were resuspended in aqueous
buffer, sonicated, solubilized with 1% (w/v) n-decyl-β-D-
maltopyranoside (DM) detergent, and incubated for 1 h
with 19F-BTFMA. The sample was immobilized on metal-
affinity resin for exchange to 2,2-didecylpropane-1,3-bis-
β-D-maltopyranoside (LMNG) detergent micelles, then
purified by cation exchange and gel filtration. The 19F-
enNTS1(Q301C6.28/C172S3.55) 1D 19F NMR spectrum
contained three resonances at 13.6, 14.0, and 14.8 ppm
(Figure 1c). Many previous 19F-GPCR studies reveal that
TM6 exchanges between multiple conformations on the
ms-s timescale; this would also produce a spectrum

containing multiple peaks, even when the protein is 19F-
labeled at a single position (i.e., no offsite labeling).9,13,16

As a negative control, we engineered 19F-enNTS1
(Q3016.28/C172S3.55) with residue 301 reverted to gluta-
mine and repeated the experiment. Surprisingly, the
spectrum contained two resonances that were also pre-
sent in the 19F-enNTS1(Q301C6.28/C172S3.55) sample,
which we interpreted as offsite cysteine reactions
(Figure 1d).

We generated two additional cysteine-depleted
enNTS1 constructs, enNTS1(ΔTM-Cys) and enNTS1
(ΔCys) to identify which cysteine residue was being
labeled (Figure 2a); both constructs included C172S3.55

and reverted residue 3016.28 to glutamine. enNTS1
(Q3016.28/C152S3.35/C172S3.55/C320S6.47) eliminates the
reduced cysteine residues from the TM region (C152S3.35/
C320S6.47) while enNTS1(ΔCys) is entirely devoid of cys-
teines (C142S3.25/C152S3.35/C225SECL2/C320S6.47). Both
constructs were again 19F-labeled following DM

FIGURE 1 Labeling detergent-solubilized enNTS1 results in offsite 19F-BTFMA probe incorporation. (a) Unreacted 19F-BTFMA (left)

conjugates to cysteine residues via thioether bond formation (right), adding +202 Da to receptor molecular weight. (b) Overlay of β1-
adrenergic (PDB 4BVN), β2-adrenergic (PDB 2RH1), Adenosine A2A (PDB 4EIY), Rhodopsin (PDB 1U19), and Neurotensin receptor 1 (PDB

4BWB) atomic models illustrates the numerous cysteine residues (green spheres) located throughout the extracellular, TM, and intracellular

regions.36–40 19F NMR spectra of (c) 19F-enNTS1(Q301C6.28/C172S3.55), (d) 19F-enNTS1(Q3016.28/C172S3.55), (e) 19F-enNTS1(ΔTM-Cys), (f)
19F-enNTS1(ΔCys), (g) 19F-enNTS1(Q3016.28/C172S3.55) prepared by IMCM, and (h) unreacted 19F-BTFMA. 19F-chemical shifts are relative

to TFA. All 19F-enNTS1 samples were initially solubilized in DM detergent. Final sample buffer conditions for all NMR spectra: 20 mM

HEPES, 50 mM NaCl, 50 μM TFA, and 0.01% (w/v) LMNG at pH 7.5. All NMR samples were supplemented with 10% (v/v) D2O

DIXON ET AL. 3 of 11



detergent solubilization and purified as above. Surpris-
ingly, 19F-enNTS1(ΔTM-Cys) and 19F-enNTS1(ΔCys)
spectra both contained a strong resonance at 13.6 ppm
and a weaker one at 14.8 ppm as observed in the other
19F-enNTS1 samples (Figure 1c–f). Wüthrich and col-
leagues recently showed that detergent-solubilized recep-
tors were highly reactive and proposed the in-membrane
chemical modification (IMCM) approach to reduce offsite
labeling.19 IMCM exploits the membrane's natural pro-
tection of TM cysteine residues by conjugating the probe
following physical disruption of the lipid bilayer but prior
to detergent solubilization. After probe incubation the
receptor is solubilized in detergent and purified without
removal of excess probe. We applied IMCM to our 19F-
enNTS1(Q3016.28/C172S3.55) negative control by incubat-
ing sonicated membranes with 19F-BTFMA for 1 h prior
to solubilization in DM micelles. However, we still
observed a strong 19F-resonance at 13.6 ppm (Figure 1g).

Next, we collected a spectrum of unreacted 19F-
BTFMA under the identical LMNG-containing NMR
buffer conditions (Figure 1h). It contained the same two
resonances at 13.6 and 14.8 ppm, but with substantially
narrower linewidths than observed in the 19F-enNTS1
samples consistent with a faster rotational correlation
time for unreacted 19F-BTFMA.28 We assigned both 19F
resonances to 19F-BTFMA. The commercially acquired
19F-BTFMA also contains a triethylamine trihydrofluor-
ide impurity as confirmed by 1D 1H and 19F NMR

(Figure S1). Given that unreacted 19F-BTFMA is consid-
erably lipophilic with a theoretical octanol:water parti-
tion coefficient (logP) �3.5,29 we hypothesized that
detergent proteomicelles may be sequestering excess 19F-
probe molecules. We turned to LC–MS to test this
hypothesis. The reverse-phase LC step separates all non-
covalent components of the proteomicelle for accurate
determination of individual molecular weights. 19F-
BTFMA solubilized in detergent micelles showed the
expected 282 and 284 Da Bromine isotope doublet pat-
tern of the protonated, unreacted form (Figure 2b). Unla-
beled enNTS1(Q301C6.28/C172S3.55) exhibited a
prominent intensity of 46,222 Da (Figure 2c). LC–MS
analysis of 19F-enNTS1(Q301C6.28/C172S3.55) contained a
major intensity of 46,424 Da, corresponding to conjuga-
tion of a single 19F-BTFMA molecule (+202 Da), as well
as the 282 and 284 Da doublet of unreacted 19F-BTFMA
(Figure 2d). Thus, the LC–MS illustrates that detergent
proteomicelles can sequester unreacted 19F-BTFMA.

To test if proteomicelle sequestration of unreacted
19F-BTFMA molecules was a function of the DM deter-
gent used during receptor solubilization, we solubilized
two additional enNTS1(Q3016.28/C172S3.55) samples
using either n-dodecyl-β-D-maltopyranoside (DDM) or
LMNG detergent. Both of the enNTS1(Q3016.28/
C172S3.55) samples were 19F-labeled using the conven-
tional method and then purified into the same final
buffer containing LMNG as used earlier. Regardless of

FIGURE 2 Detergent micelles sequester 19F-BTFMA probe molecules. (a) Atomic model of enNTS1 (PDB 4BWB) highlighting cysteine

residue mutations (green spheres).36 LC–MS results of (b) 19F-BTFMA, (c) unlabeled enNTS1(Q301C6.28/C172S3.55), and (d) 19F-enNTS1

(Q301C6.28/C172S3.55). Both 19F-enNTS1 samples (panels C and D) were initially solubilized in DM detergent. The final sample buffer

conditions for all LC–MS spectra were 20 mM HEPES, 50 mM NaCl, 50 μM TFA, and 0.01% (w/v) LMNG at pH 7.5. All LC–MS peak

intensities are relative to each individual spectrum. 19F-BTFMA m/z = 282/284 Da; enNTS1(Q301C6.28/C172S3.55) m/z = 46,222 Da; 19F-

enNTS1(Q301C6.28/C172S3.55) m/z = 46,424 Da (1x 19F-BTFMA molecule). A MW intensity of 283 Da was also observed in all enNTS1

protein samples, regardless of 19F-BTFMA presence, corresponding to an unrelated sample contaminate
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the solubilization detergent identity, the 1D 19F-spectra
contained the same two peaks at 14.8 ppm and 13.6 ppm
that were observed earlier for the DM solubilized recep-
tors and the unreacted 19F-BTFMA samples (Figure 1d–f,
h and Figure S2(A,E)). Again, we employed intact and
protease digestion LC–MS to confirm that enNTS1
(Q3016.28/C172S3.55) did not contain thioether-linked 19F-
BTFMA probes (Figure S2(B,F) and Tables S1 and S2).
We prepared a trifluoroacetic acid (TFA) standard curve
to quantitate the concentration of sequestered 19F-
BTFMA from 19F resonance integrals. We measured con-
centrations of 13.8 and 35.2 μM for the peaks at 14.8 and
13.6 ppm, respectively. The sample contained 150 μM
enNTS1(Q3016.28/C172S3.55) indicating �0.33 19F-
BTFMA molecules sequestered for every one receptor.
Taken together, the conventional 19F-labeling method
results in proteomicelle sequestration of 19F-BTFMA
independent of the detergent used during receptor
solubilization.

Next, we measured the longitudinal (T1) and trans-
verse (T2) relaxation time parameters to test if they could
serve as a straightforward criterion for the identification
of sequestered 19F-BTFMA probes. We collected T1 inver-
sion recovery and T2 Carr-Purcell-Meiboom-Gill (CPMG)
experiments on 19F-enNTS1(Q3016.28/C172S3.55) initially

solubilized in (i) DDM or (ii) LMNG detergent and then
incubated with 19F-BTFMA using the conventional
method; the final detergent in these samples was LMNG.
We determined a T1 relaxation time parameter between
440 and 632 ms for the 14.8 ppm resonance and
508 and 570 ms for the 13.6 ppm resonance (Figure S2(C,G));
T2;homogenous relaxation time parameters ranged from 1.0
to 1.4 ms for the 14.8 resonance and 1.4 to 2.7 ms for the
13.6 ppm peak (Figure S2(D,H)). The measured relaxation
times of proteomicelle sequestered 19F-BTFMA are on the
order of those measured for 19F-BTFMA-conjugated recep-
tors by us16 and others.9,13,30 In contrast, the linewidths at
half height (LWHH) for the unreacted 19F-BTFMA reso-
nances at 14.8 and 13.6 ppm in empty LMNG detergent
micelles are 37 and 47 Hz, respectively, making them eas-
ily discernable from both receptor-conjugated and proteo-
micelle sequestered 19F-signals (Figures 1h and 3d). We
estimate lower limits for the T2 relaxation time parameter
of 8.6 ms and 6.8 ms, respectively, using the equation
T2 = 1/πLWHH, with the assumption that there exists
zero contribution from inhomogeneous T2 relaxation or
exchange broadening. Thus, we conclude that NMR can-
not reliably discriminate proteomicelle sequestered 19F-
BTFMA from receptor-conjugated 19F-BTFMA using
chemical shift, T1, or T2 values. However, MS is able to

FIGURE 3 SLAPS eliminates offsite reactions in enNTS1. 19F NMR spectra of (a) enNTS1(Q3016.28/C172S3.55) and (b) 19F-enNTS1

(Q301C6.28/C172S3.55) prepared using the SLAPS protocol. Note that 19F-BTFMA only reacts with enNTS1(Q301C6.28/C172S3.55). (c) LC–MS

spectra of 19F-enNTS1(Q301C6.28/C172S3.55) purified using SLAPS. Note the absence of unreacted 19F-BTFMA (top). (d) MestReNova35

spectral deconvolution of 19F-enNTS1(Q301C6.28/C172S3.55) labeled while solubilized in DM detergent micelles (top) or using the SLAPS

methodology (bottom). Final sample buffer conditions for all 19F NMR spectra were 20 mM HEPES, 50 mM NaCl, 50 μM TFA, and 0.01%

(w/v) LMNG at pH 7.5. All NMR samples were supplemented with 10% (v/v) D2O
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reliably identify unreacted, proteomicelle sequestered 19F-
BTFMA in purified receptor samples.

We hypothesized that removal of excess, unreacted
19F-BTFMA molecules via ultracentrifugation prior to
detergent solubilization would eliminate proteomicelle
sequestration. We sonicated cell pellets containing
enNTS1(Q3016.28/C172S3.55), incubated for 1 h with 19F-
BTFMA, and then performed a membrane preparation
via ultracentrifugation. The sample was pelleted at
100,000g, decanted, and washed with buffer containing
no detergent. This ultracentrifugation step was repeated
to ensure complete removal of excess 19F-probe. The 19F-
enNTS1(Q3016.28/C172S3.55) sample was then solubilized
with DM detergent and purified as above to produce a
19F NMR spectrum with no observable signals
(Figure 3a). Applying this methodology to 19F-enNTS1
(Q301C6.28/C172S3.55) yielded a spectrum containing a
single resonance in slow exchange (Figure 3b).16 Intact
and protease-digested LC–MS confirmed that 19F-enNTS1
(Q301C6.28/C172S3.55) was exclusively labeled at
Q301C6.28 with no observable unreacted 19F-BTFMA, and
that ultracentrifugation prior to detergent solubilization
is sufficient to remove unreacted 19F-BTFMA (Figure 3c
and Table S3). Spectral deconvolution of 19F-enNTS1
(Q301C6.28/C172S3.55) prepared using the conventional
method and SLAPS, without consideration of probe
sequestration as a source of offsite labeling, would both
be compatible with at least three receptor conformations
in slow exchange (Figure 3d). Thus, we propose a simple
four-step protocol for SLAPS: physically disrupt cell
membranes in the absence of detergent, incubate mem-
branes with cysteine-reactive 19F-BTFMA, remove excess
unreacted 19F-BTFMA molecules via ultracentrifugation,
and finally solubilize in detergent of choice (Figure 4).

3 | CONCLUSIONS

Conjugation of trifluoromethyl probes to GPCRs solubi-
lized in detergent micelles is well known to result in off-
site cysteine reactions. Here, we characterize a second
source of offsite labeling: noncovalent probe sequestra-
tion by detergent micelles. Although our results suggest
the IMCM approach is less effective at eliminating probe
sequestration than it is at prohibiting offsite reactions,19

there is one important consideration in our application of
IMCM to enNTS1. The IMCM method was originally
developed for the 2,2,2-triflouroethyl-1-thiol (19F-TET)
probe, which is considerably less lipophilic (logP �1.5)
than 19F-BTFMA (logP �3.5).29 Therefore, we hypothe-
size that the IMCM approach would also limit detergent
sequestration of 19F-TET. Although, it may be less effec-
tive with the other more lipophilic probes such as
3-bromo-1,1,1-trifluoropropan-2-one (BTFA; logP �2.0),
1-bromo-3,3,4,4,4-pentafluorobutan-2-one (BPFB; logP
�2.7), and N-(4-bromo-3-[trifluoromethyl]phenyl)acet-
amide (3-BTFMA; logP �2.9).22 It is also important to
note that there are alternative approaches for selective
19F-labeling that are inherently devoid of offsite labeling
and detergent micelle sequestration. Aromatic amino
acids (such as Tyr, Trp, or Phe) can be labeled simply by
inclusion of their fluorinated-analogs in the expression
medium.31–33 Although, most GPCRs possess multiple
aromatic residue that would ultimately lead to signal
overlap within the 1D 19F-spectrum. In a recently pub-
lished manuscript, unnatural amino acid incorporation
was used to 19F-label the cannabinoid receptor 1 (CB1) in
the baculovirus expression system, which may serve as a
valuable tool for other eukaryotic membrane proteins.15

Nonetheless, SLAPS is broadly applicable to a variety of

FIGURE 4 SLAPS protocol. (top) Model illustrating that receptors which are solubilized in detergent, prior to 19F-labeling, will

sequester unreacted probe molecules (red) in addition to the correctly conjugated probe (orange). SLAPS follows a simple four-step protocol:

(1) physically disrupt cell membranes in the absence of detergent, (2) incubate membranes with cysteine-reactive 19F-probes, (3) remove

excess unreacted 19F-probe molecules via ultracentrifugation, and (4) solubilize in the detergent of choice
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cysteine-reactive lipophilic probes, other GPCRs, and
additional membrane protein classes solubilized in deter-
gent micelles or lipid mimetics.

4 | MATERIALS AND METHODS

4.1 | enNTS1 plasmid construct and
protein expression

The previously characterized functional variant enNTS1
26

was available in an expression vector (termed pDS170)
with an open reading frame encoding an N-terminal
maltose-binding protein signal sequence (MBPss), fol-
lowed by a 10x His tag, a MBP, a NNNNNNNNNNG
linker and a HRV 3C protease site (LEVLFQGP), which
were linked via a BamHI restriction site (resulting in
additional residues GS) to residue T42 of the receptor. C-
terminally T416 of the receptor was linked via a NheI
restriction site (resulting in additional residues AS) to an
Avi-tag for in vivo biotinylation, a HRV 3C protease site,
a GGSGGS linker and a monomeric ultra-stable green
fluorescent protein (muGFP).34 enNTS1 plasmids were
transformed into BL21(DE3) E. coli cells and plated over-
night on LB agar supplemented with 100 μg/ml carbeni-
cillin at 37�C. Liquid LB starter cultures were
supplemented with 100 μg/ml carbenicillin, seeded with
colonies, and incubated overnight at 37�C and 220 RPM.
One-liter 2xYT media supplemented with 100 μg/ml car-
benicillin and 0.3% (w/v) glucose were inoculated with
overnight LB starter culture, and incubated at 37�C and
220 RPM to an OD600 ffi 0.15. The cultures were then
cooled to 16�C. Once each culture reached an
OD600 ffi 0.6, they were induced with 0.3 mM IPTG and
incubated for �21 h at 16�C and 220 RPM. The cultures
were harvested via centrifugation at 4,000g and stored
at �80�C.

4.2 | Conventional 19F-labeling protocol

Cell pellets were solubilized on ice in solubilization buffer
(100 mM HEPES, 400 mM NaCl, 20% [v/v] glycerol,
10 mM MgCl2, 10 mM imidazole, pH 8.0), 100 mg lyso-
zyme, 1-unit DNAse, 0.2 mM PMSF, and one protease
inhibitor cocktail tablet. Solution was then sonicated on
ice 2 min processing time (10 s on, 20 s off) at 30% maxi-
mum amplitude. Following sonication, the receptor sam-
ple was solubilized at a final concentration of 0.6% (w/v)
CHAPS, 0.12% (w/v) CHS, 1% (w/v) DM detergent, 5 mM
19F-BTFMA (�20,000:1 19F-BTFMA:enNTS1), and
0.2 mM PMSF. The solution was stirred at 4�C for
2 h. After incubation, 16 mg aldrithiol was added to the

solution and stirred at 4�C for an additional 10 min.
Insoluble material was removed by centrifugation at
24,424g for 45 min, then subsequently purified as
described in the “enNTS1 protein purification” Methods
section.

4.3 | IMCM 19F-labeling protocol

Cell pellets were solubilized on ice in solubilization buffer
(100 mM HEPES, 400 mM NaCl, 20% [v/v] glycerol,
10 mM MgCl2, 10 mM imidazole, pH 8.0), 100 mg lyso-
zyme, 1-unit DNAse, 0.2 mM PMSF, and one protease
inhibitor cocktail tablet. Solution was then sonicated on
ice 2 min processing time (10 s on, 20 s off) at 30% maxi-
mum amplitude. Following sonication, 5 mM 19F-
BTFMA (�20,000:1 19F-BTFMA:enNTS1) and 0.2 mM
PMSF was added to the solution and stirred at 4�C for
1 h. After incubation, 16 mg aldrithiol was added to the
solution and stirred at 4�C for an additional 10 min. Next,
the receptor sample was solubilized at a final concentra-
tion of 0.6% (w/v) CHAPS, 0.12% (w/v) CHS, and 1%
(w/v) DM detergent. The solution was stirred at 4�C for
2 h. Insoluble material was removed by centrifugation at
24,424g for 45 min, then subsequently purified as
described in the “enNTS1 protein purification” Methods
section.

4.4 | SLAPS 19F-labeling protocol

Cell pellets were solubilized on ice in solubilization buffer
(100 mM HEPES, 400 mM NaCl, 20% [v/v] glycerol,
10 mM MgCl2, 10 mM imidazole, pH 8.0), 100 mg lyso-
zyme, 1-unit DNAse, 0.2 mM PMSF, and one protease
inhibitor cocktail tablet. Solution was then sonicated on
ice: 2 min processing time (10 s on, 20 s off) at 30% maxi-
mum amplitude. Following sonication, 5 mM 19F-
BTFMA (�20,000:1 19F-BTFMA:enNTS1) and 0.2 mM
PMSF was added to the solution and stirred at 4�C for
1 h. After incubation, 16 mg aldrithiol was added to the
solution and stirred at 4�C for an additional 10 min. The
following ultracentrifugation steps are unique to the
SLAPS method: To remove excess 19F-BTFMA probe, a
membrane preparation was performed via ultracentrifu-
gation at 100,000g for 10 min. The supernatant was dec-
anted and the pellet was resuspended in the same
volume of fresh solubilization buffer. A second membrane
preparation was performed via ultracentrifugation at
100,000g for 10 min. Following ultracentrifugation, the
receptor sample was solubilized at a final concentration
of 0.6% (w/v) CHAPS, 0.12% (w/v) CHS, and 1% (w/v)
DM detergent. The solution was stirred at 4�C for
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2 h. Insoluble material was removed by centrifugation at
24,424g for 45 min, then subsequently purified as
described in the “enNTS1 protein purification” Methods
section.

4.5 | enNTS1 protein purification

The remaining enNTS1 supernatant was then incubated
with equilibrated TALON resin (25 mM HEPES, 10%
(v/v) glycerol, 300 mM NaCl, 0.15% (w/v) DM, pH 8.00)
at 4�C for 15 min. Following TALON resin binding, the
receptor solution was placed into a gravity column to
remove unbound proteins. The TALON resin was then
subjected to two subsequent wash steps: TALON wash #1
(25 mM HEPES, 10% (v/v) glycerol, 500 mM NaCl, 0.15%
(w/v) DM, 10 mM Imidazole, 4 mM ATP, 10 mM MgCl2,
pH 8.0) and TALON wash #2 (25 mM HEPES, 10% (v/v)
glycerol, 350 mM NaCl, 0.1% (w/v) LMNG, 10 mM Imid-
azole, pH 8.0). It is important to note that the second
wash step also serves as a detergent exchange step from
DM to LMNG. Following detergent exchange, enNTS1
was eluted with TALON elute buffer (25 mM HEPES, 10%
(v/v) glycerol, 500 mM NaCl, 0.01% (w/v) LMNG,
350 mM Imidazole, pH 8.0) and incubated with 3 mg 3C
precision protease for 2–16 h at 4�C to remove MBP and
muGFP expression tags. The cleaved enNTS1 was con-
centrated in a 50 MWCO concentrator via centrifugation
at 3,500g and then diluted 10-fold in SP equilibration
buffer (20 mM HEPES, 10% (v/v) glycerol, 0.01% (w/v)
LMNG, pH 7.4). This resulting solution was loaded onto
an equilibrated 5 ml SP ion-exchange (IEX) column via
GE AKTA Pure system. The SP IEX column was washed
with SP wash buffer (20 mM HEPES, 10% (v/v) glycerol,
250 mM NaCl, 0.01% (w/v) LMNG, pH 7.4) until the
AU280 stabilized. An equilibrated 1 ml Ni2+-NTA column
was attached in-tandem following the 5 ml SP IEX col-
umn, and the receptor eluted with SP elute buffer (20 mM
HEPES, 10% (v/v) glycerol, 1 M NaCl, 0.01% (w/v)
LMNG, 25 mM Imidazole, pH 7.4). The enNTS1 solution
was then concentrated in a 50 MWCO concentrator via
centrifugation at 3,500g and injected onto a GE S200
Increase SEC column equilibrated in NMR buffer (20 mM
HEPES, 50 mM NaCl, 0.01% (w/v) LMNG, 50 μM TFA,
pH 7.5). Following SEC, the desired enNTS1 fractions
were pooled, concentrated to 100–300 μM, and flash-
frozen via liquid nitrogen and stored at �80�C.

4.6 | 19F NMR

19F NMR spectra were collected on a 14.1 T Bruker
AVANCE NEO (Indiana University, Bloomington) or

Bruker AVANCE HD 14.1 T (Indiana University School
of Medicine) spectrometer equipped with a 5 mm TCI
CryoProbe tunable to the fluorine frequency. Free induc-
tion decay (FID) signals were collected by applying a π/2
pulse length of 13.5 μs, a recycling time of 0.8 s, and an
acquisition time of 0.15 s. A total of 8,192 scans were col-
lected generating a FID comprised of 2,499 complex
points, which were zero-filled to 8,000 complex points,
and apodized with a 30 Hz exponential function. T1

inversion recovery and T2 CPMG experiments were col-
lected in a fully interleaved fashion to account for protein
degradation effects on peak intensities/height. T1 experi-
ments were collected with variable delays between
50 and 1,000 ms and a recovery delay of 2 s. The normal-
ized peak heights of the deconvoluted inversion recovery
T1 spectra were fit to a monoexponential model. T2 exper-
iments were collected using a train of 1 ms CPMG spin-
echo periods over a 1–6 ms total delay and the normal-
ized peak heights of the deconvoluted CPMG T2 spectra
were fit to a monoexponential model. NMR spectra were
deconvoluted using MestReNova as previously
detailed.16,35

4.7 | 1H NMR

1H NMR spectra were collected on a 14.1 T Bruker
AVANCE NEO (Indiana University, Bloomington) spec-
trometer equipped with a 5 mm TCI CryoProbe. FID sig-
nals were collected by applying a π/2 pulse length of
7.15 μs, a recycling time of 1 s, and an acquisition time of
0.72 s. A total of 64 scans were collected generating a FID
comprised of 16 k complex points, which were zero-filled
to 128 k complex points, and processed with a cosine-
squared window function using MestReNova.16,35

4.8 | Mass spectrometry

4.8.1 | Intact protein analysis

Samples were analyzed on a Synapt G2S equipped with
an iClass Acquity HPLC (Waters). Buffer A was 0.1%
(v/v) formic acid in water and Buffer B was 0.1% (v/v)
formic acid in acetonitrile. Proteins were separated using
a 9-min gradient from 5% to 99% Buffer B at a flow rate
of 50 nl/min. Proteins were separated using a
5 cm � 0.5 mm column in-house packed with Jupiter
5 μm C4 resin (Phenomenex). The time-of-flight (ToF)
was set to positive ion mode and the analyzer mode was
set to “resolution.” The mass range was set to 100–
1,500 Da with a scan time of 1 s and data collected in
continuum mode. The electrospray capillary voltage was
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set to 3.0 kV. The source and desolvation temperatures
were 120�C and 350�C, respectively. The resulting LC–
MS data was summed across the protein elution window.
The resulting spectra were smoothed with a Savitzky–
Golay filter with a window of four and two iterations.
The protein charge state envelope was deconvoluted
using MaxEnt1 in the Waters software.

4.8.2 | Protein digestion for peptimass
spectrometry

Samples were resuspended and denatured in 8 M urea
with 100 mM ammonium bicarbonate (pH 7.8). Disulfide
bonds were reduced by incubation for 45 min at 57�C
with a final concentration of 10 mM Tris (2-carboxyethyl)
phosphine hydrochloride (#C4706, Sigma Aldrich). A
final concentration of 20 mM iodoacetamide (#I6125,
Sigma Aldrich) was then added to alkylate these side
chains and the reaction was allowed to proceed for 1 h in
the dark at 21�C. Samples were diluted to 1 M urea using
100 mM ammonium bicarbonate, pH 7.8. Trypsin
(V5113, Promega) or chymotrypsin (#11418467001,
Sigma Aldrich) was added at a 1:100 ratio and the sam-
ples were digested for 14 h at 37�C.

4.8.3 | Peptide ass spectrometry

Individual samples were desalted using ZipTip pipette
tips (EMD Millipore), dried down and resuspended in
0.1% (v/v) formic acid. Fractions were analyzed by LC–
MS on an Orbitrap Fusion Lumos equipped with an Easy
NanoLC1200 HPLC (Thermo Fisher Scientific). Buffer A
was 0.1% (v/v) formic acid in water. Buffer B was 0.1%
(v/v) formic acid in 80% acetonitrile. Peptides were sepa-
rated on a 30-min gradient from 0% to 3% Buffer
B. Precursor ions were measured in the Orbitrap with a
resolution of 120,000. Fragment ions were measured in
the Orbitrap with a resolution of 15,000. The spray volt-
age was set at 1.8 kV. Orbitrap MS1 spectra (AGC
1 � 106) were acquired from 350 to 2,000 m/z followed
by data-dependent HCD MS/MS (collision energy 30%,
isolation window of 2 Da) for a 3 s cycle time. Charge
state screening was enabled to reject unassigned and sin-
gly charged ions. A dynamic exclusion time of 30 s was
used to discriminate against previously selected ions.

4.8.4 | Database search

The LC–MS/MS data was searched against the protein
sequence using Protein Prospector (v5.22.1). The

database search parameters for the tryptic search allowed
for two missed cleavages and one nontryptic cleavage.
The search parameters for the chymotryptic search
allowed for four missed cleavages and one nonchymo-
tryptic cleavage. A precursor and fragment mass toler-
ance of 10 ppm was used. Oxidation of methionine,
pyroglutamine on peptide amino termini, carbamido-
methylation of cysteine, and protein N-terminal acetyla-
tion were set as variable modifications. In addition,
modification of cysteine residues by conjugated 19F-
BTFMA (C9H6F3NO) was set as a variable modification.
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