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ABSTRACT: Cell−cell communication via endogenous peptides and their receptors is vital for controlling all aspects of human
physiology and most peptides signal through G protein-coupled receptors (GPCRs). Disordered peptides bind GPCRs through
complex modes for which there are few representative crystal structures. The disordered peptide neurotensin (NT) is a
neuromodulator of classical neurotransmitters such as dopamine and glutamate, through activation of neurotensin receptor 1
(NTS1). While several experimental structures show how NT binds NTS1, details about the structural dynamics of NT during and
after binding NTS1, or the role of peptide dynamics on receptor activation, remain obscure. Here saturation transfer difference
(STD) NMR revealed that the binding mode of NT fragment NT10-13 is heterogeneous. Epitope maps of NT10-13 at NTS1
suggested that tyrosine 11 (Y11) samples other conformations to those observed in crystal structures of NT-bound NTS1. Molecular
dynamics (MD) simulations confirmed that when NT is bound to NTS1, residue Y11 can exist in two χ1 rotameric states, gauche
plus (g+) or gauche minus (g−). Since only the g+ Y11 state is observed in all the structures solved to date, we asked if the g− state is
important for receptor activation. NT analogues with Y11 replaced with 7-OH-Tic were synthesized to restrain the dynamics of the
side chain. P(OH-TIC)IL bound NTS1 with the same affinity as NT10-13 but did not activate NTS1, instead acted as an antagonist.
This study highlights that flexibility of Y11 in NT may be required for NT activation of NTS1.
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■ INTRODUCTION

Neurotensin (NT) is a 13-residue peptide that is expressed in
the central nervous, gastro-intestinal, and cardiovascular
systems. NT is a neuromodulator of classical neurotransmitters
such as dopamine and glutamate, primarily through activation
of its major receptor, neurotensin receptor 1 (NTS1).

1 NT and
its receptors are implicated in nociception2 and inflammation,3

and in a variety of diseases and disorders including
schizophrenia,4 substance abuse,5 cancer,6 Parkinson’s dis-
ease,1 eating disorders,7 and high blood pressure.8

Eight crystal structures of thermostabilized variants of rat
neurotensin receptor 1 (rNTS1) have been solved in complex
with the strong affinity 8-13 fragment of NT (NT8-13).9−12

Using Cryo-EM, a structure of a hNTS1−Arrestin 2 complex13

and two structures of a hNTS1−Gαi1β1γ2 complex14 were
solved in the presence of NT8-13 and the synthetic peptide
JMV449(KKPYIL), respectively. In all NTS1 structures, the
agonist peptide adopts an extended conformation, with the C-
terminal four residues (PYIL) buried deeply in the orthosteric
site of the receptor. This conformation agrees with solid-state
NMR experiments showing that the NT8-13 backbone
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torsional angles are consistent with a β-strand arrangement
when in complex with NTS1.

15 NMR studies of peptide-GPCR
interactions indicate the retention of peptide flexibility after
receptor binding.16,17 Wuthrich and co-workers16 showed that
the N- and C-termini of dynorphin, a linear disordered
neuropeptide, remain highly mobile even when bound to its
cognate GPCR, the kappa opioid receptor. Furthermore, a

recent molecular dynamics (MD) study of NT bound to NTS1
revealed a coordination between conformational changes in
NT and the activation state of the receptor.18 Thus, the
question remains: how ordered is neurotensin in the assumed
orthosteric binding pose at NTS1?
Saturation transfer difference (STD)-NMR is a ligand-based

detection technique that does not require isotopic labeling of

Figure 1. The weak affinity peptide NT10-13 used for STD-NMR. (A) Inhibition of TAMRA-NT8-13 binding to MBP-enNTS1-muGFP using
varying concentrations of NT10-13. Values reported represent the mean and standard deviation (SD) of three independent experiments measured
in triplicate (n = 3) of the TAMRA fluorescence to the muGFP ratio calculated for each measurement, plotted against NT10-13 concentration. The
−log dissociation constant (pKi) of NT10-13 is reported with the standard error (SE) calculated from separate measurements. (B) IP1 dose
response curve of NT10-13 at HEK-293T cells expressing wild-type rNTS1. Values reported represent the mean and standard error of the mean
(SE) of two independent experiments measured in triplicate (n = 2). (C) STD-NMR spectrum of NT10-13 interacting with cleaved enNTS1
showing visible peptide hydrogen resonances. Hydrogens overlapping with DDM signals (gray areas) were omitted for clarity. The DDM signals
correspond to H1′ (5.28 ppm), H1 (4.30 ppm), the maltoside moiety (H2−H6 and H2′−H6′) and OCH2 of the n-dodecyl group (3.94−3.15
ppm), OCH2CH2 (1.50 ppm), (CH2)9 (1.19 ppm), and CH3 (0.78 ppm), which were assigned based on previously published data.70 (D) Close-up
of the NT10-13 Y11 Hδ1/δ2 and Hε1/ε2 hydrogen region of the STD-NMR experiment containing 5 μM cleaved enNTS1 and 500 μM NT10-13
(black) overlaid with a competition STD-NMR experiment containing five μM cleaved enNTS1, 500 μM NT10-13, and 20 μM NT8-13 (red), and
a control STD-NMR experiment containing 5 μM α1A-AR and 500 μM NT10-13 (green). (E) Skeletal formula of NT10-13 with hydrogen atoms
used for epitope mapping marked with black discs.
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the ligand or receptor. STD-NMR is widely used to probe
weak-affinity ligand binding to soluble proteins,19 and has been
used to probe the binding of small molecules to a number of
proteins including several GPCR complexes.20−25 STD-NMR
experiments require relatively low concentrations of protein
compared to protein-detected NMR experiments, and a 20- to
100-fold molar excess of ligand over protein. As the intensity
loss of the STD-NMR signal has an r−6 distance dependence,
the experiment allows the determination of ligand binding
modes via group epitope mapping (GEM),26 and can therefore
be employed to interpret the proximities of ligand protons to
the receptor protein. STD-NMR-based GEM is well
established for mapping binding epitopes of small molecules,
including peptides,27−34 to protein targets.
In this work, we combined STD-NMR-based GEM and

molecular dynamics (MD) to probe the solution binding mode
of a NT peptide (NT10-13) to a thermostabilized NTS1
variant (enNTS1).

35 Together, the NMR and MD data
revealed that the NT peptide adopts multiple conformations
in the bound state. Tyrosine 11 (Y11) exists in two
conformations, namely χ1 gauche plus (g+) and χ1 gauche
minus (g−). Of these two conformations, only g+ has been
observed in crystal and Cyro-EM structures, although a recent
molecular dynamics study suggested that conformational
changes of Y11 in NT may be important for NTS1 inactive−
active state transitions.18 To probe this hypothesis, we
designed a conformationally restrained synthetic peptide
based on the NT10-13 sequence (PYIL) in which Y11 of
NT10-13 was replaced with 7-hydroxy-3,4-dihydro-1h-isoqui-
noline-3 (7-OH-TIC). P(OH-TIC)IL bound rNTS1 with the
same affinity as NT10-13 but unlike NT10-13 was unable to
activate rNTS1-induced cell signaling. These results suggest
that NT samples multiple conformations when bound to NTS1
and that the g− conformation of Y11 may be important for
triggering inactive−active state transitions in NTS1 and hence
cell signaling. Knowledge of such molecular complexity will be
vital for developing novel NTS1 modulators.

■ RESULTS AND DISCUSSION
Detection of NT-NTS1 Binding Heterogeneity with

STD-NMR. Compared to most other peptide−GPCRs pairs,
the structural details of how NT8-13 interacts with NTS1 in its
final bound state is well characterized. While NT8-13 is
disordered in solution36,37 it adopts a β-strand conformation
when bound to NTS1.

9−11,15 To understand how NT
transitions from disordered to ordered upon binding NTS1,
and if any intermediate states exist, we aimed to map the
average binding epitope of a neurotensin derivative to NTS1
using STD-NMR. To detect the interaction of neurotensin
peptide derivatives with NTS1 using STD NMR, a sample of
purified, correctly folded NTS1 protein is required. We made
use of the thermostabilized NTS1 variant enNTS1, which can
be purified with relative ease, retains ligand binding properties
of wild-type NTS1 in solution, remains stable for many hours
in detergent, and when expressed in human cells is signaling
competent.35 Rapid transfer of magnetization from protein-
bound ligand molecules to the free ligand population in
solution is required for binding detection by STD-NMR.
Ligands with slow off-rates, such as NT (sequence
ZLYENKPRRPYIL, where Z is pyro-glutamate38) and the C-
terminal hexapeptide NT8-13, which bind enNTS1 with
subnanomolar affinities35 are not suitable.19 The C-terminal
tetrapeptide NT10-13, which contains the key activating

residues (PYIL), binds NTS1 with weaker affinity (reported
Ki > 4 μM).39 Despite this, NT10-13 is a full agonist at NTS1,
albeit with weaker potency (EC50 > 5 μM) compared to NT8-
13 (EC50 = 25 nM).39 Using fluorescence-based saturation and
inhibition binding assays, we determined the KD of NT8-13
and the Ki of NT10-13 at the MBP-enNTS1-muGFP construct
to be 0.83 nM35 and 15.8 μM (pKi = 4.8 ± 0.1), respectively
(Figure 1A). Using an inositol monophosphate (IP1) assay,
NT10-13 activated Gαq/11 signaling at wild-type rNTS1
(Figure 1B) and enNTS1 stably expressing human embryonic
kidney (HEK-293T) cells with an EC50 of 4.2 μM (pEC50 =
4.8 ± 0.4) compared to an EC50 of 3 nM for NT8-13
determined at enNTS1 in parallel (Figure S1). The binding
data suggested that NT10-13 would be suitable for STD-NMR
experiments.
The superior stability of enNTS1 in n-dodecyl-β-D-

maltopyranoside (DDM) micelles allowed us to acquire a
series of STD-NMR spectra on single samples for more than
24 h without significant loss of signal. The STD-NMR spectra
for NT10-13 binding to cleaved enNTS1 are shown in Figure
1C and Figure S2B. Observable NT10-13 protons (Figure 1E)
were assigned via a 2D 1H−1H TOCSY experiment (Figure
S3; and Table S1) and most 1D 1H counterparts could be
identified in 1H reference and STD-NMR spectra. In the
presence of 20 μM NT8-13 (>99.9% binding saturation), the
signal intensity of NT10-13 was decreased by up to 70%, as
illustrated for the Y11 Hδ and Hε STD signals (Figure 1D),
which is indicative of competitive behavior. The nearly absent
signals for NT10-13 in control experiments using a thermo-
stabilized α1A−adrenergic receptor (α1A-AR)

21 (Figure S2D)
suggested that the STD-NMR signals observed for enNTS1
were specific.
To epitope map the binding of NT10-13 to enNTS1, STD

build-up curves of NT10-13 binding enNTS1 were obtained by
acquiring STD-NMR spectra at nine different saturation times
(0.5 to 5 s) (Figure S4A−C). For each of these spectra, the
peak intensities were transformed to obtain STD amplification
factors (STDAF) using eq 1 and the resultant curves were fitted
using eq 2. The saturation that ligand protons receive when
bound to protein is affected by their longitudinal relaxation
times (T1) in the free state, which can lead to misinter-
pretations of large STD effects at long saturation times.19 Thus,
the initial rate of magnetization transfer, STDFIT, was
determined from each build-up curve (Figure S4D and Table
S2). We subsequently compared the STDFIT method to the
Group Epitope Mapping Considering Relaxation of the Ligand
(GEM-CRL) method,40 whereby STD enhancements obtained
using long saturation times are corrected using experimentally
derived T1 relaxation times. GEM-CRL was performed using a
saturation time of 3 s with T1 correction using eq 4. Since the
STDFIT and STDGEM‑CRL values were generally in good
agreement (Figure S4D), the less time-intensive GEM-CRL
method was used for competition STD experiments. Saturation
transfer competition difference (STCD) spectra were obtained
by subtracting STD-NMR spectra from receptor samples
containing NT10-13 and 20 μM NT8-13 competitor from
STD-NMR spectra of NT10-13, thus removing noncompet-
able signals (Figure S5). By applying GEM-CRL to the
competition STD-NMR (STCD) approach, we could differ-
entiate the signals derived from NT10-13 binding to the
orthosteric binding site of enNTS1 from signals derived from
interactions with the DDM surfactant and secondary, non-
orthosteric interactions of the peptide with the receptor
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(Figure 2A). Table S4 lists the remaining signal intensities for
each proton after subtraction of the competition experiment,
suggesting that all ligand protons received significant magnet-
ization outside of the orthosteric binding site. The signal for
P10 Hα was completely abolished while I12 Hβ, I12 Hα/L13
Hα, and L13 Hδ1 were reduced to 33%, 35%, and 41% of the
original signal indicating that particularly those protons are
involved in nonspecific peptide-detergent and/or peptide-
secondary receptor interactions.
As expected, key differences were observed between the

NT10-13 STCD epitope map and an epitope map calculated
from the crystal structure of NT8-13 bound to NTS1 (PDB
4BUO, Figure 2B,C). Peptide binding to GPCRs is a highly
dynamic process16,44 and the contributions of multiple binding
modes at the orthosteric binding site will be averaged in the
STCD epitope map, whereas the crystal structure represents a
single possible binding mode. The most obvious difference
between the STCD epitope map and the crystal structure was

the increased apparent binding intimacy of Y11 in the NMR
approach. Y11 of NT is known to be important for binding
NTS1, with substitution to other amino acids reducing binding
affinity.45,46 Thus, to gain insight into the dynamics of the
system, molecular dynamics (MD) simulations of enNTS1
bound to both NT10-13 and NT8-13 were conducted.

MD Simulations of NT10-13 and NT8-13 Binding. MD
simulations were employed to assess if the dynamics of NT10-
13 and NT8-13 while bound to enNTS1 would explain the
increased Y11 binding observed with STD NMR. We built
homology models of enNTS1 (enNTS1model) bound to
NT10-13 and NT8-13 and ran four independent simulations
of each complex. Each simulation had a duration of more than
2.3 μs. In the simulations, the protein structure deviated little
from the starting conformation; over all simulations, the
protein transmembrane Cα atoms had average RMSD values of
1.4 Å with respect to the starting structures. (Table S5).
Analysis of the bound peptides showed that the C-termini are

Figure 2. Comparison of experimental and crystal structure-derived epitope maps. (A) Experimental epitope map based on the STCD experiment.
The corresponding values are P10 Hα, 0%; P10 Hβ2, 22%; P10 Hγ2, 42%; P10 Hβ2/γ3, 43%; Y11 Hβ2, 100%; Y11 Hβ3, 85%; Y11 Hδ1/δ2, 68%; Y11
Hε1/ε2, 68%; I12 Hβ, 27%; I12 Hα/L13 Hα, 55%; L13 Hβ2/β3/Hγ, 87%; and L13 Hδ1, 64%. (B) Epitope map generated using theoretical STD
enhancements calculated based on a NTS1 crystal structure (PDB 4BUO, chain A). The corresponding values are P10 Hα, 42%; P10 Hβ2, 49%; P10
Hγ2, 34%; P10 Hβ3/γ3, 74%; Y11 Hβ2, 34%; Y11 Hβ3, 25%; Y11 Hδ1/δ2, 20%; Y11 Hε1/ε2, 42%; I12 Hβ, 9%; I12 Hα/L13 Hα, 21%; L13 Hβ2/β3/Hγ,
100%; and L13 Hδ1, 56%. (C) Schematic representation of residues (sequential and Ballesteros-Weinstein numbering) within 5 Å of protons used
to generate the theoretical 4BUO (chain A) epitope map (Figure 2B). Arrows represent individual contributions to STD enhancements as a
function of interproton distances ranging from 2.27−3 Å (thick arrows, magenta) to 4−4.5 Å (thin arrows, lightblue). Dotted lines represent
hydrogen bonds. Gray circles represent residues resulting in loss of NT8-13 binding affinity when mutated to other residue types.41−43 Data sets for
epitope mapping (panels A and B) were normalized to the largest value of each set.
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tightly bound and that the N-termini are relatively more
flexible (see Figure 3A,B). The NT10-13 peptide showed
larger fluctuations than NT8-13.
Each set of MD trajectories was clustered into 10 groups and

representative structures were chosen from the center of each
cluster (Table S6). Superimpositions of the 10 cluster
representatives demonstrate the variability of ECL2 observed
in the RMSF plots (Figures S6A,B). The bound ligand
conformations closely align with the crystal structure
conformation (Figures S6C,D), although the NT10-13
conformations are slightly more heterogeneous than the
conformations observed for the same residues in the NT8-13
cluster frames. The backbone Cα atoms of the peptides were
aligned (Figures S6C,D and Figure S7), and the torsion angles
were compared between cluster frames (Supplementary Tables
7 and 8). Generally the backbone conformation of both NT8-
13 and NT10-13 largely retained the extended conformation of
the crystal structure. The Y11 side chain, however, adopted
two distinct conformations in both complexes characterized by
a gauche plus (g+) or gauche minus (g−) χ1 torsion angle. The
presence of two distinct Y11 side chain conformations in
simulations of both NT peptides suggests that the Y11
dynamics are not due to NT10-13 being a shorter fragment
than NT8-13. Side chain RMSF plots indicate that the Y11
side chain is the most mobile of the C-terminal four residues in
both peptides (Figure 3B). The Y11 side chain in the crystal
structures of NTS1-bound NT8-13 has a χ1 g

+ conformation,
predominantly stabilized by hydrogen bonds between the
phenolic OH of Y11 and the peptide carbonyls of L55 of the
receptor N-terminus and H132 in ECL1 (Table S9). However,
in the MD simulations the Y11 side chain also occupies a χ1 g

−

conformation stabilized by hydrogen bonds of the phenolic
OH of Y11 to the Q211 Nε2 and S214 Oγ of β-strand 1 in
ECL2 (Table S10). Generally, we observe a looser fit for
NT10-13 in the orthosteric binding pocket compared to NT8-
13, where the positively charged arginine side chains
complement the net-negative charge of the receptor extrac-
ellular vestibule.
STD Enhancement Analysis. Theoretical STD enhance-

ments (STDMD; eq 6) for the ligand protons were calculated
using the cluster representatives from the MD simulations of
NT10-13 and NT8-13. The STDMD values were weighted by
cluster population to obtain average STDMD enhancements for
the protons observed in our STD experiments (Figures S6E,F).
The averaged STDMD enhancements for both NT10-13 and
NT8-13 were reduced for all P10 protons as well as the two
Y11 Hβ protons but are otherwise in good agreement with the

theoretical enhancements determined for the crystal structure
as indicated by the agreement factor R (using eq 7) of 0.38 and
0.23, respectively (Table S11). The agreement factor is a
straightforward method to evaluate the correspondence
between observed and calculated values where a lower R-
factor indicates better and R = 0 perfect agreement.
The calculated STD enhancements of NT10-13 based on

the X-ray structure of NT8-13 poorly matched the
experimental STCD enhancements (R = 0.74) as did the
averaged STDMD enhancements for both NT10-13 (R = 0.85)
and NT8-13 (R = 0.74). We thus extended the fitting
procedure to the individual cluster representatives (Figure 4A)
and identified NT10-13 cluster 1 to correlate better with the
STCD experiments (R = 0.40) than other cluster representa-
tives (Figures S8, S9 and Table S11). NT10-13 cluster 1
includes 1225 out of 9479 frames (13%) of the combined
NT10-13 trajectories. The most noticeable difference between
NT10-13 MD cluster representative 1 and the other cluster
representatives is the greater enhancement of all Y11 protons
(Hβ2/β3, 67%/66%; Hδ1/δ2, 59%; and Hε1/ε2, 35%) (Figure S8)
that best approaches the high enhancements of the Y11
protons observed in the STCD epitope map (Hβ2, 100%; Hβ3,
85%; Hδ1/δ2, 68%; and Hε1/ε2, 68%) shown in Figure 2A. Our
fitting procedure identified another cluster, NT10-13 cluster 7,
to correlate almost as well with the STCD experiment (R =
0.43) when compared to NT10-13 cluster 1. NT10-13 cluster
7 is less populated (568 frames) and the relative enhancements
of the Y11 protons (Hβ2/β3, 55%/54%; and Hδ1/δ2, 48%) except
Y11 Hε1/ε2 (36%) are slightly reduced (Figure S8). Because of
the absence of stereospecific assignments for P10 Hγ2/γ3, Y11
Hβ2/β3, and L13 Hδ1/δ2, we also calculated the R-factor ratios
for possible alternative assignments of those protons (Table
S12). NT10-13 cluster 1 remained the best ranking cluster for
any of the alternative assignment combinations with mostly
improved R-factor ratios. Swapping of P10 Hγ2 with P10 Hγ3

and L13 Hδ1 with L13 Hδ2 resulted in R-factor ratios of 0.38
and 0.37, respectively, while interchanging both proton pairs
concomitantly yielded an R-factor ratio of 0.35.
The conformation of NT10-13 in cluster 1 is consistent with

the conformation of NT residues 10−13 in the crystal
structure, except for the I12 and Y11 side chain conformations
(Figure S10). As the resonances of most I12 protons are
poorly resolved, we are unable to comment on possible
alternative conformations of the I12 side chain compared to
the crystal structure. Analysis of the Y11 side chain
conformation revealed that it adopts a g− χ1 rotamer in
NT10-13 MD cluster representative 1 (Figure 4C), stabilized

Figure 3. Average RMSF per MD trajectory and residue. (A) Cα RMSF plots of NT10-13 and NT8-13 peptides bound to enNTS1model from MD
trajectories. Peptide residues and Cα RMSF (Å) are shown on the x and y axis, respectively. (B) Side-chain RMSF plots of NT10-13 and NT8-13
peptides from MD trajectories. Peptide residues and side chain RMSF (Å) are shown on the x and y axis, respectively.
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by hydrogen bonds of the phenolic OH of Y11 to the Q211
Nε2 and S214 Oγ, which are part of β-strand 1 in ECL2. The
peptide NH of Y11 forms a hydrogen bond to the D54 Oγ1 in
the receptor N-terminus. In the crystal structure, the phenolic
OH of Y11 forms hydrogen bonds with the peptide carbonyls
of L55 of the receptor N-terminus and H132 in ECL1, which
requires the Y11 χ1 angle to adopt a g+ rotamer (Figure 4D).
Both conformations share a hydrogen bond between the
peptide carbonyl of Y11 and T266 OHγ1 located in β-strand 2
which acts as an anchor point of Y11 in this highly structured

part of ECL2. Analysis of the Y11 χ1 angles over the whole
trajectories (Figures 4E,F) revealed that both the g+ and g−

conformations tend to be stable throughout the simulations.
For the NT8-13 bound enNTS1model MD simulations the
final Y11 χ1 angle was maintained in the production runs: that
is a χ1 g− conformation in trajectories 1 and 2, and a χ1 g+

conformation in trajectories 3 and 4. NT8-13 trajectory 3,
however, has fluctuations at the start of the simulation
(between 87 and 360 ns) whereby the Y11 side chain does
not toggle to the other side of ECL2 but is pushed into the

Figure 4. Alternative Y11 χ1 angle rotamer supported by epitope mapping. (A) R-factor ratios comparing epitope maps based on theoretical STD
enhancements and the experimental STCDAF‑CRL epitope map. Theoretical epitope maps were generated based on the NTS1 crystal structure (PDB
4BUO); based on the averaged STD enhancements over four MD trajectories (MDav) of NT10-13 and NT8-13 bound to enNTS1model; and
based on the individual cluster representatives (clusters 1−10) extracted from the NT10-13 and NT8-13 bound MD trajectories. (B) Epitope map
based on STD enhancements of NT10-13 MD cluster representative 1 normalized to the maximum value. This cluster showed the lowest R-factor
(R = 0.40) among the theoretical epitope maps generated. The corresponding values are P10 Hα, 22%; P10 Hβ2, 23%; P10 Hγ2, 17%; P10 Hβ2/γ3,
48%; Y11 Hβ2, 66%; Y11 Hβ3, 65%; Y11 Hδ1/δ2, 56%; Y11 Hε1/ε2, 40%; I12 Hβ, 26%; I12 Hα/L13 Hα, 21%; L13 Hβ2/β3/Hγ, 100%; and L13 Hδ1,
48%. (C) Close-up of the ECL2 region of NT10-13 MD cluster representative 1 showing that the Y11 side chain adopts a χ1 g

− conformation. (D)
Close-up of the ECL2 region of 4BUO showing the Y11 side chain in a χ1 g

+ conformation. Close-ups have been reduced to residues interacting
with Y11 for clarity (two-dimensional ligand maps showing all receptor residues interacting with NT10-13 given in Figure S12). (E and F) Rotamer
χ1 angle of Y11 in four independent MD simulations of NT10-13 and NT8-13, respectively, bound to enNTS1model.
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pocket toward ECL1 to form transient interactions with H133.
The NT10-13 bound enNTS1model MD simulations all
started with a Y11 χ1 g+ conformation. This conformation
was maintained throughout trajectory 2 but switched to a g−

conformation in the other three trajectories (after 184 ns in
trajectory 3, 365 ns in trajectory 4, and 564 ns in trajectory 1).
Once flipped, the χ1 angle remained g−, with only one
transition from g− to g+ and back again observed within 50 ns
(from 863 to 913 ns in trajectory 3).
In summary, in some of the MD simulations, Y11 was

observed to be stable in the χ1 g+ conformation, whereas in
others Y11 was stable in the χ1 g− conformations. Both Y11
conformations are consistent with previously reported muta-
genesis and binding studies of NTS1.

45−47 Substitution of Y11
with Phe, Trp, and the bicyclic aromatic amino acid 3-(1-
naphthyl)-L-alanine (Nal) reduces binding affinity 5, 2, and 10-

fold, respectively.45,46 Phe, Trp, and Nal retain the aromatic
function at position 11 and the ability to activate NTS1 but
remove the capability of the Tyr OH group to engage in
hydrogen bonds. Taken together, our NMR and MD findings
suggest that hydrogen bonding of the Y11 OH is more diverse
than suggested by crystal structures.

Design and Characterization of Synthetic, Conforma-
tionally Restrained NT Analogues. A recent molecular
dynamics study suggested that conformational changes of Y11
in NT may be important for NTS1 inactive−active state
transitions.18 Thus, to explore the relevance of Y11 dynamics
to NTS1 activation we sought a peptide analogue where, upon
binding, the Y11 side chain of neurotensin would be restrained
to some degree. Hydroxy-3,4-dihydro-1h-isoquinoline-3-car-
boxylic acid (TIC) is an unnatural amino acid that has been
used as a conformationally restrained phenylalanine and

Figure 5. Conformationally restrained P(OH-TIC)IL peptide. (A) Rotamer χ1 angle of Y11 in MD simulations of P(OH-TIC)IL (black trace) and
RRP(OH-TIC)IL (red trace) bound to enNTS1model. (B) Snapshot taken at 1000 ns from the MD trajectory of P(OH-TIL)IL bound to
enNTS1model showing OH-TIC. Other ligand residues and enNTS1 residues not interacting with OH-TIC or Y11 in the χ1 g

+ conformation
(Figure 4D) were omitted for clarity. (C) FAM-NT8-13 competition binding to HEK 293-T cells expressing WT rNTS1. Four nM FAM-NT
binding was competed with increasing concentrations of NT8-13 (purple open circles), NT10-13 (black crosses), and P(OH-TIC)IL (black open
squares). Values reported represent the mean and standard deviation (SD) from three independent experiments (n = 3). (D) IP1 accumulation
assay on HEK-293T cells expressing WT rNTS1. Cells were treated with either vehicle (blank), 2.5 nM NT8-13, 50 nM NT8-13, or 10 mM
Carbachol in the absence (blue bars and solid black circles) or presence (red bars and open black squares) of 500 μM P(OH-TIC)IL. Values
reported represent the mean and standard deviation (SD) of three independent experiments. (E) xCELLigence dose response curves for NT10-13
(black crosses and black curve) and P(OH-TIC)IL (black open squares and red curve) at HEK 293T cells transfected with WT hNTS1.
xCELLigence assays measure the impedance changes (cell index or CI) that cells impart over time on gold electrode-embedded microplates when
treated with ligands. Area under the curve values were extracted from xCELLigence CI traces such as those in Figure S14 and normalized to the
area under the curve given by 250 nM NT8-13 (100%). Values reported represent the mean and standard deviation (SD) of three independent
experiments (n = 3).
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tyrosine replacement in peptides and thus was explored as a
candidate for replacing Y11 in NT10-13. Several GPCR-acting
peptides containing TIC substitutions have been synthesized
to probe structure−activity relationships,48−51 including neuro-
tensin.52,53 TIC-containing peptides have also been used to
validate the biological relevance of tyrosine χ1 angles seen in
crystal structures.54 Compared to phenylalanine, TIC has an
additional six-membered ring formed from a bridging
methylene group between the ortho carbon of the benzene
ring and the peptide nitrogen (Figure S11A). This bridge
restrains TIC so it can only sample χ1 g

− and g+, with the trans
conformation being excluded. We synthesized an NT10-13
analogue in which Y11 was replaced with 7-hydroxy-3,4-
dihydro-1h-isoquinoline-3-carboxylic acid, termed P(OH-
TIC)IL. Docking and MD simulations revealed that P(OH-
TIC)IL can still bind enNTS1model, but with the χ1 angle
remaining stable in g+ (Figure 5A,B), possibly due to the
additional bulk of 7-OH-TIC sterically excluding the χ1 g−

NTS1-bound conformation. In the laboratory P(OH-TIC)IL
bound purified MBP-enNTS1-muGFP (Figure S11B) and
wild-type (WT) rNTS1 expressed in HEK 293-T cells (Figure
5C), with comparable affinity to NT10-13. In a WT rNTS1
signaling assay, however, 500 μM P(OH-TIC)IL was unable to
stimulate IP1 accumulation (Figure 5D), whereas NT10-13 is a
full agonist in IP1 assays (Figure 1B). In fact, when WT rNTS1
expressing cells were treated with both 500 μM P(OH-TIC)IL
and 2.5 nM NT8-13, P(OH-TIC)IL blocked the NT8-13 IP1
response (Figure 5D). Higher concentrations of NT8-13 could
overcome the antagonism of WT rNTS1 by P(OH-TIC)IL
(Figure 5D). P(OH-TIC)IL had no significant effect on IP1
accumulation stimulated by endogenously expressed muscar-
inic acetylcholine receptors with carbachol (Figure 5D),
indicating that the inhibition of IP1 accumulation was a WT
rNTS1-specific effect.
We further characterized the pharmacology of P(OH-

TIC)IL on WT human NTS1 (WT hNTS1) expressing cells
due to the availability of more direct receptor activation assays.
Activation of NTS1 leads to the recruitment of β-arrestin 1 and
β-arrestin 2, which is important for receptor desensitization.55

Using a bioluminescent resonance energy transfer (BRET)
assay, NT8-13 and NT10-13 were both able to stimulate the
recruitment of human β-arrestin 2 to WT hNTS1-nano-
luciferase (NanoLuc) fusion protein expressed in HEK 293T
cells (Figure S12A,B). P(OH-TIC)IL, on the other hand,
failed to significantly stimulate β-arrestin 2 recruitment at two
concentrations (Figure S12A−D). When cells were pretreated
with 250 μM P(OH-TIC)IL for 30 min, the NT8-13-induced
β-arrestin 2 recruitment to WT hNTS1−NanoLuc was
significantly reduced (Figure S13C,D), consistent with
P(OH-TIC)IL being a weak antagonist.
A hNTS1-induced G protein activation assay was used to

further explore the action of P(OH-TIC)IL. Using this BRET
assay, NT8-13 robustly stimulates, in a dose dependent
manner, the dissociation of a Gβγ-Venus fusion from Gα,
allowing it to associate with a membrane anchored GRK3-
NanoLuc fusion protein, which is detected through BRET
(Figure S13A,B). P(OH-TIC)IL at 500 μM was unable to
significantly inhibit hNTS1 induced Gβγ release by 1 nM NT8-
13 (Figure S13C,D). There was a trend for 500 μM P(OH-
TIC)IL to stimulate Gβγ release, although this was not
significant (Figure S13C−D).
We have previously shown that the impedance-based

xCELLigence system provides a highly sensitive assay for

NTS1 cellular activation
35 and thus was suited to determine if

P(OH-TIC)IL was a low efficacy agonist. As expected,
treatment of HEK 293-T cells transfected with WT hNTS1
with saturating concentrations of NT8-13, induced robust
xCELLigence responses (Figure S14A and B). High concen-
trations (50, 100, and 250 μM) of NT10-13 induced similar
xCELLigence responses to NT8-13, validating that NT10-13 is
a full agonist at NTS1 (Figure S14A and Figure 5E). P(OH-
TIC)IL treatment at the same concentrations (50, 100, and
250 μM), did induce significant xCELLigence responses
through WT hNTS1 stimulation (Figure S14B and Figure
5E); however, the maximum response induced by P(OH-
TIC)IL stimulation was significantly reduced at each
concentration compared the NT10-13 and NT8-13. While
these data suggest that P(OH-TIC)IL is a weak partial agonist
at hNTS1, the lack of efficacy in the other signaling assays
above makes unambiguous classification of P(OH-TIC)IL as a
partial agonist impossible.
Overall these data suggest that the conformationally

restricted OH-TIC residue prevents P(OH-TIC)IL from
fully activating NTS1, even though it binds with the same
affinity as the full agonist NT10-13. This, in turn, suggests that
transitions between the g+ and g− χ1 conformations of Y11 may
be important for NT-stimulated transition of NTS1 into active
states after initial NT binding through the crystallographic
pose. This is consistent with a recent MD study of NT and
NTS1, in which NT Y11 χ1 oscillations between g

+ and g− were
observed and postulated to be a means by which receptor
activation is triggered.18 The authors observed that the NT
Y11 χ1 angle correlated to the side chain flipping of W3216.48 in
TM6 of the receptor, even though W3216.48 is distant from the
peptide binding site and is in fact part of the CWxP motif
(rotamer toggle switch) known to transmit agonist binding-
induced changes in the orthosteric site to the microswitches
that control receptor conformational states.18 Thus, by
disallowing NT Y11 χ1 oscillation with P(OH-TIC)IL, this
conformational transition in W3216.48 may not be triggered. In
addition to all inactive-state NTS1 crystal structures,

10 active-
like NTS1 crystal structures9,11,12 and active-state NTS1
effector protein complexes14,56 also show Y11 of the agonist
peptide in the g+ conformation. Our data suggests that
intermediate states with Y11 of the agonist peptide in the g−

conformation may be the missing link to fully understand
NTS1 activation. It will be interesting to see if Y11 populates
the g− conformation when an NT-bound NTS1 active state
(Gq-complex) structure is solved in the future. Overall, this
study has demonstrated the power of combining solution-
based NMR techniques with MD to gain insight into the
dynamics of peptides when bound to GPCRs and how this
knowledge can be applied to design novel GPCR-modulating
ligands.

■ METHODS
Protein Expression and Purification. A detailed

description of the enNTS1 mutant, how it compares to WT
rNTS1, and how it is expressed and purified to >90%
homogeneity has been published previously.35 Briefly,
enNTS1 was expressed in the cytoplasmic membrane of E.
coli C43(DE3) cells using a pQE-30-derived vector with a N-
terminal maltose binding protein (MBP) and a C-terminal
monomeric ultrastable green fluorescent protein (muGFP)57

sequence flanking enNTS1. The cells were disrupted by
sonication in 100 mM HEPES, 400 mM NaCl, and 20%
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glycerol, and the membranes were solubilized by adding 1.6%
n-decyl-β-D-maltopyranoside (DM), 0.12% cholesterol hemi-
succinate (CHS), and 0.6% CHAPS-hydrate (CHAPS). The
fusion protein was captured using immobilized metal affinity
chromatography (IMAC) and the buffer exchanged to 25 mM
HEPES, 300 mM NaCl, 10% glycerol, 0.05% DDM pH 8.
Protein from this step (MBP-enNTS1-muGFP) was used for
the NT10-13 and P(OH-TIC)IL competition binding assays.
The fusion proteins were removed via HRV 3C protease
cleavage followed by reverse IMAC as both fusion proteins but
not enNTS1 contained a His10-tag. The flowthrough containing
cleaved enNTS1 was exchanged into phosphate buffer (50 mM
potassium phosphate, 100 mM NaCl, 0.02% DDM, pH 7.4)
and further purified by size exclusion chromatography (SEC).
The enNTS1 containing SEC fractions were pooled and 86 μL
aliquots at 29 μM receptor containing 20% d5-glycerol were
snap frozen in liquid nitrogen and stored at −80 °C. Stabilized
α1A-AR

21, used as negative controls, was prepared as described
for cleaved enNTS1.
NT10-13 Competition Binding Assay. Competition

binding experiments were performed as described previously,35

using 0.5 nM 5-carboxytetramethylrhodamine (TAMRA)
labeled NT8-13 (TAMRA-NT8-13, 5-TAMRA-Ser-Ala-Arg-
Arg-Pro-Tyr-Ile-Leu) incubated with varying concentrations of
unlabeled NT10-13. NT8-13 and TAMRA-NT8-13 were
synthesized by GL Biochem (Shanghai) and dissolved to 20
μM in H2O. Purified MBP-enNTS1-muGFP fusion protein was
immobilized on Streptavidin T1 Dynabeads (Life Technolo-
gies) as described previously,58 and resuspended in 50 mM
potassium phosphate buffer, 100 mM NaCl, 0.02% DDM, pH
7.4. Receptor-bound beads were distributed into 96-well
kingfisher plates, with approximately 20 pmol receptor per
well. To determine nonspecific binding, paired samples were
exposed to the same concentrations of TAMRA-NT8-13, but
in the presence of 1 μM unlabeled NT8-13. Beads were
washed for 5 min in buffer then transferred to black 96-well
plates for measurement in a fluorescence plate reader (Omega
polarstar, BMG Labtech). Each concentration point was
measured in triplicate with the ratio of TAMRA fluorescence
to muGFP calculated for each well and plotted against
TAMRA-NT8-13 concentration. The data were analyzed
using Graphpad Prism. Values reported represent the mean
and standard error (SE) of three pKi values calculated from
separate measurements.
IP1 Assay. Gαq/11 signaling assays were carried out using

the IP-One HTRF Assay Kit (Cisbio Bioassays, France)
measuring inositol monophosphate (IP1) using the manufac-
turers protocol on the wild-type rNTS1 or enNTS1 stably
expressing HEK-293T cells described in Bumbak et al., 2018.35

The assay was conducted using 10 000 cells per well in a
HTRF 365 well white plate and 7 μL of each treatment with
stimulation for 1 h and 30 min at 37 °C. Time-resolved
fluorescence measurements were conducted using a POLAR-
star Omega Microplate reader (BMG Labtech, Ortenburg,
Germany). Samples were measured in triplicate, and the
experiment was repeated at least twice. Data were analyzed
using Graphad Prism.
NMR Sample Preparation. All peptides were synthesized

by Genscript or GL Biochem and prepared at >95% purity.
Thawed aliquots of purified enNTS1 were complemented with
ligand, topped up with STD-NMR buffer (50 mM potassium
phosphate, 100 mM NaCl, 0.05 or 0.02% (w/v) DDM, 10%
D2O, pH 7.4) to 500 μL and added to a 5 mm NMR tube 1 h

prior to measurement. The ligands used were kept as frozen
stocks at concentrations of 223 mM NT10-13 in 100% d6-
DMSO and 9.4 mM NT8-13 in 100% D2O. NT10-13 was
added to final concentrations of 500 μM, and NT8-13 was
used as the competitor at a final concentration of 20 μM.

NMR Experiments and Proton Assignments. NMR
spectra were acquired at 25 °C on a 700 MHz Bruker Avance
III HD spectrometer equipped with a triple-resonance TCI
CryoProbe. Chemical shifts were referenced to internal DSS (0
ppm) for assignment purposes and in initial competition and
control experiments. External referencing was employed for
data collection samples. Samples for STD-NMR contained 500
μM NT10-13 in the presence of 5 μM cleaved enNTS1.

STD-NMR. Single saturation time STD-NMR spectra were
acquired as described previously.19,26 Saturation was achieved
using a train of 60 Gaussian shaped 50 ms pulses for saturation
with a B1 field of 130 Hz, separated by 4 μs delays. The
saturation time was 3 s and an additional relaxation delay
between transients was set to 0.1 s. For the initial competition
STD experiments with NT10-13 and the control experiment
with cleaved α1A-AR, the on-resonance frequency was set to −1
ppm. For all other experiments the on-resonance frequency
was set to 10 ppm, as excitation of the ligand or DDM was
minimal at this frequency. The off-resonance frequency was set
to 55 ppm. A T1ρ relaxation filter using a 40 ms spin-lock pulse
was applied to suppress protein background signals. Excitation
sculpting was employed for solvent suppression. Either 512 or
2048 transients were averaged over 32 K data points and a
spectral width of 16 ppm. The data were multiplied by an
exponential function with 2 Hz line-broadening and zero-filled
once prior to Fourier transformation. STD-NMR build-up
spectra were recorded analogous to single saturation time
spectra but with saturation times set to 0.5, 0.75, 1, 1.5, 2, 2.5,
3, 4, and 5 s. An additional relaxation delay between transients
for all build-up experiments was set so that the total time of
saturation and relaxation delay equaled 5.1 s. Build-up curves
were generated by plotting STD amplification factors (STDAF)
calculated for each proton at each saturation time measured as
proposed by Mayer and Meyer:26

=
−

×
I I

I
STD ligand excessAF

0 sat

0 (1)

where I0 is the intensity of a proton signal in the off-resonance
spectrum and Isat is the corresponding intensity in the on-
resonance spectrum. The STDAF allows direct comparison of
experiments using different ligand and/or protein concen-
trations. The build-up curves were then fitted to a rising
exponential function:59

= − − ×STD STD (1 e )k t
AF max

( )sat (2)

where, as defined in eq 1, STDAF was determined for a given
proton at saturation time t, STDMax is the maximal obtainable
STD intensity at long saturation times, and ksat is the observed
saturation rate constant. The initial slope 0 s saturation
(STDFIT) is obtained by multiplying ksat with STDMax:

= ×kSTD STDFIT sat max (3)

This slope (STDFIT) corresponds to the STD intensity in the
absence of T1 correction. For simplicity and comparability
STDFIT values are usually normalized by referencing the proton
with the largest STDFIT values.59
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Group Epitope Mapping Considering Relaxation of the
Ligand (GEM-CRL) was applied as proposed by Kemper et
al.40 The STD enhancements were measured using a single
saturation time significantly longer than the T1 relaxation time
of any ligand proton analyzed. The inversion−recovery
method was used to measure 1H T1 relaxation times of a
sample containing 500 μM NT10-13 in the presence of 5 μM
enNTS1. The experimentally derived STD enhancements for
each proton at 3 s saturation time were then modified as
follows:

=− T
STD

STD
GEM CRL

max

1 (4)

where T1 is the longitudinal relaxation time of the
corresponding proton as determined by inversion recovery
and STDMax is the equilibrium corrected STDAF value (eq 2)
which was introduced for resonances (particularly Y11 Hδ1/δ2

and Y11 Hε1/ε2) that do not reach equilibrium at a saturation
time of 3 s. STDMax values were calculated by rearranging eq 2:

=
− − ×STD
STD

1 e k tmax
AF

( )sat (5)

where STDAF is the experimentally determined STD enhance-
ment at 3 s saturation time, ksat was extracted from the
exponential fit of the build-up data of the corresponding
proton and t was set to 3 s. STDGEM‑CRL values were
determined in four individual STD-NMR experiments and
normalized to the largest value of each experiment (Table S3)
prior to averaging across the four experiments.
STD-NMR spectra were processed in Topspin 3.2 (Bruker);

the peak intensities for each saturation time were extracted
using Mnova NMR (Mestrelab), and STDAF were calculated in
Microsoft Excel. STDAF were plotted and fitted using
Graphpad Prism 6 to calculate the initial build-up rates (k0)
for each peak. Statistical analysis was performed using one-way
ANOVA with statistical significance valued at P < 0.05.
2D Total Correlation Spectroscopy (TOCSY) and

Proton Assignments. 1H resonances of NT10-13 were
assigned using total correlation spectroscopy (TOCSY) with
60 ms mixing time, acquired under the same conditions as the
STD-NMR experiments and in the presence of enNTS1. The
TOCSY spectrum was processed using NMRPipe using a 90°
shifted squared-sinebell window function in both dimensions
and polynomial baseline correction after Fourier trans-
formation. Peaks were assigned using the NMRFAM
distribution of SPARKY.50 The Y11 HN was not apparent in
any of the NMR spectra, probably due to fast exchange at pH
7.4. I12 HN (8.05 ppm) was observed in the 1H−1H TOCSY
and in 1D 1H reference spectra but not in STD-NMR spectra.
The detergent resonances dominated the STD-NMR spectra
and partially masked ligand proton signals of P10 Hδ2/δ3 (3.28/
3.26 ppm), I12 Hδ1 (0.76 ppm), I12 Hγ12/γ13 (1.34/1.04 ppm),
I12 Hγ2 (0.80 ppm), and L13 Hδ1/δ2 (0.80 ppm), which were
excluded from epitope mapping. P10 Hβ2 (2.33 ppm) and P10
Hβ3 (1.89 ppm) were stereospecifically assigned based on
previously published work.60 P10 Hβ3 hence overlaps with the
upfield resonance assigned to P10 Hγ2/γ3 (1.95/1.89 ppm).
The resonance at 1.89 ppm was thus treated as the sum of the
two protons P10 Hβ3 and either P10 Hγ2/γ3. Y11 Hβ2/β3 (2.94/
2.86 ppm) and L13 Hδ1/δ2 (0.83/0.80 ppm) were clearly
resolved in the TOCSY experiment but not assigned
stereospecifically. I12 Hα (4.07 ppm) and L13 Hα (4.08

ppm) partially overlap and were thus treated as ambiguous.
L13 Hβ2/β3 overlap with L13 Hγ and the corresponding peak
(1.45 ppm) is thus assumed to represent the sum of the three
protons. L13 HN was excluded due to possible solvent
exchange processes. Our assignments are in good agreement
with previously published assignments of free NT in the
presence of dodecylphosphocholine (DPC) micelles.61 For
convenience and representation, in the subsequent text
downfield resonances are labeled P10 Hγ2 (1.95 ppm), Y11
Hβ2 (2.94 ppm), and L13 Hδ1 (0.83 ppm), and upfield
resonances were labeled P10 Hγ3 (1.89 ppm), Y11 Hβ3 (2.86
ppm), and L13 Hδ2 (0.80 ppm).

Model System Construction. The homology model of
the NTS1 mutant used in the present study (termed
enNTS1model) was derived from the crystal structure of the
NTS1−H4 mutant10 (PDB code 4BWB). NTS1−H4 was
chosen because it represents the crystallized NTS1 mutant with
the smallest number of substituted residues when compared
with the enNTS1 mutant used herein. RosettaBackrub62 was
used to generate enNTS1model, substituting D113S, L125V,
L167R, A201S, I202L, and A260I. The nine N-terminal
residues of enNTS1 (TSESDTAGP) were truncated in the
construct used to generate the NTS1−H4 crystal structure
because they were not resolved in the NTS1 GW5-T4L
structure (PDB 4GRV).11 Furthermore, residues R91 to L95
(RKKSL) of ICL1 were not resolved while residues E273 to
T290 of ICL3 were not present in the crystal structure. The
free termini of the missing loop residues were joined together
similar to previous work63 without perturbation of either TM1,
TM2, TM5 or TM6. The backbone conformation of the
lowest-energy homology model generated was effectively
identical to the template structure 4BWB. The ligand that
was carried over from 4BWB was replaced with NT8-13 in the
conformation derived from 4BUO (chain C), since only
residues NT8-12 were resolved in 4BWB. Residues R8 and R9
were removed manually for NT10-13 bound simulations. The
enNTS1model−peptide complex was embedded into a
rhombic dodecahedron cell containing a 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC) bilayer (40 lipids in
each leaflet) and solvated with 4668 (NT10-13) and 4704
(NT8-13) simple point charge (SPC) water molecules.64

Twenty-three sodium and 30 chloride ions were added to
obtain neutral systems at approximately 150 mM NaCl. The
complete systems contained approximately 21370 atoms. The
systems were checked for clashes between the receptor and
POPC molecules in VMD, and clashes were resolved manually
prior to relaxation. Each protein−bilayer system was relaxed
over 100 ns, as outlined below.

MD Simulations with NT10-13 and NT8-13 peptides.
Simulations were performed using Gromacs version 5.0.665

with the GROMOS 54a7 united-atom force field66 under
periodic boundary conditions and using heavy-hydrogen
atoms.67 The neighbor list and Lennard-Jones interaction
cut-offs were set to 0.9 nm. The particle mesh Ewald (PME)
algorithm68 was utilized for long-range interactions beyond
these cut-offs. Four independent MD simulations using
different random seeds for each NT10-13 and NT8-13
bound enNTS1 were performed. All systems were first
subjected to energy minimization, followed by 500 ps of
heating to 298 K with position restraints on the protein and
the POPC headgroup phosphorus atoms under constant
volume conditions. This was followed by 5 ns of MD under
constant pressure with restraints on the protein atoms. A third
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equilibration phase with the V-rescale thermostat69 (310 K)
and the Parrinello−Rahman barostat70 was performed for 1 ns,
using a 2 fs time step and no position restraints on any atoms.
The production runs were performed for at least 2.3 μs per run
using the same conditions as the final equilibration phase, but a
5 fs time step. The MD frames for analysis were obtained by
saving 1 frame for every nanosecond. All simulations were
carried out on the Victorian Life-Science Super Computing
Initiative (VLSCI) platform.
MD Simulations with OH-TIC Constrained NT Pep-

tides. From unbiased simulations of the NT8-13 and NT10-
13 peptides in complex with enNTS1model, one snapshot of
the system coordinates with the Y11 χ1 angle in the g+ position
was captured. To protonate the new complexes with OPLS3e
atom types, we used the Protein Preparation Wizard71 tool of
Maestro.72 The Y11 χ1 angles of each peptide (NT8-13 or
NT10-13) were constrained to the adjacent amide in the g+ via
the Y11 amide on the peptide backbone. A heavy atom
restrained minimization was then performed to alleviate
potential clashes using the Macromodel tool of Maestro,
using implicit73 VGSB solvent and harmonic position
constraints on all heavy atoms, with a force constant (k) of
0.1 kcal Å−1 mol−1. Subsequently, protein−ligand complexes
were centered in an orthorhombic periodic cell74,75 and fit with
OPLS-3e76 parameters using Desmond.77 These periodic
boundary conditions were constructed such that the minimum
distance of protein−ligand complex from the “face” of the cell
was 10 Å. The system was then solvated with SPC water to a
density of 1 g mL−1. To neutralize the charge on the system
and to bring the salt concentration of the system to 150 mM,
water(s) were replaced with Na+ or Cl− counterion(s).
System Equilibration. Using Desmond,77 an uncon-

strained, steepest descent energy minimization was performed
on the system over a maximum of 2000 steps, using a
convergence threshold of 0.1 kcal mol−1. The minimized
system was then equilibrated and relaxed using the default
Desmond relaxation protocol,78 which involves a series of
minimizations and short MD simulations, to bring the system
from its original state, to NVT (constant temperature)
conditions and then to NPT (constant pressure) conditions.
The final equilibration phase was conducted using the RESPA
integrator79 with a 2 fs time step, the Nose-Hoover
thermostat80 with τT = 1 ps to maintain a temperature of
300 K, and the Martyna-Tobias-Klein barostat81 using τP = 2
ps to sustain an average pressure of 1.0 bar. Short range
Coulombic and vdW interactions were calculated with a 9.0 Å
cutoff. Finally, the 1.0 μs MD production run was performed
using the same NPT conditions as the last equilibration phase
described above. Structures were outputted to the trajectory at
a rate of 1 frame per nanosecond.
MD Data Analysis. Hydrogen-bond occupancies were

calculated using the “hbond” tool of the MDTraj analysis
software package.82 The Baker-Hubbard83 criteria were used:
hydrogen bonds are between 2.5 and 4.0 Å long with angles
(D−H−A) between 120° and 180°. Structures from all four
MD trajectories were clustered with MSMBuilder 3.3.084 based
on all ϕ, ψ, and χ1 angles of the receptor and the peptide with
the -k-means method85 used and with the cluster number set
to 10. The frame closest to each cluster center was selected for
further analysis. Nonpolar hydrogen atoms, which are
implicitly treated in the united-atom force field, were added
to ligand and protein using ICM-Pro (MolSoft L.L.C., San
Diego) without further minimization. The distances (r)

between ligand and receptor protons within 5 Å, excluding
exchangeable hydroxyl protons, were extracted from MD
frames and the NTS1 crystal structure (4BUO) using a custom
script for ICM-Pro. Interproton distances shorter than the sum
of the van der Waals radii were manually set to the sum of the
respective atomic radii.86 This manual correction was
necessary, as distances less than 2 Å introduce a strong bias
due to the r−6 relationship of the NOE effect. Theoretical STD
enhancements (STDMD) for each frame were calculated from
the measured ligand−protein distances using the equation:87

∑=
=

i
r

STD ( )
1

j

N

ij
MD

1
6

(6)

where i is a ligand proton and j are the receptor protons within
5 Å of i. The STDMD of equivalent methyl, diastereotopic P10
Hγ2/3 methylene and the stereochemically ambiguous Y11
Hδ1/2 and Hε1/2 protons of the ligand that were observed as a
single peak in the STD-NMR experiments were averaged. To
calculate the average STDMD values across the 10 clusters, each
cluster representative was weighted according to the cluster
size. The averaged STDMD values were then normalized to the
largest value. The agreement of normalized STDMD sets with
normalized experimental STDAF sets was assessed via the
agreement factor R:88

=
∑ −

∑
R

(%STD %STD )

(%STD )
k k

k

MD, exp,
2

MD,
2

(7)

where % STDMD,k and % STDAF,k represent the normalized
theoretical and experimental STD enhancements, respectively,
for proton k. MDTraj was run using the Anaconda Python
distribution (Python 3.5.1, Continuum Analytics) in combi-
nation with the Jupyter notebook server 4.1.0 (www.ipython.
org). RMSF data were calculated using the g_rmsf utility of
Gromacs, and peptide torsion angles were measured using
WhatIF.89 Further analysis of the MD trajectories and cluster
representative frames was carried out using VMD 1.9.2.90

Representations of molecules were generated using PyMol
1.8.91

Cell-Based Competition Binding Assays. HEK 293-T
cells stable expressing WT rNTS1

35 were resuspended into
Freestyle 293 expression medium (ThermoFisher Scientific) at
a concentration of around 1 000 000 cells per mL. Competition
binding concentration series were setup in V bottom 96 well
plates, with each well containing 50 μL of Freestyle 293
expression medium, 8 nM FAM-NT, and 2× the desired
concentration of each particular competitor; 50 μL of the cell
solution was added to each ligand well, resulting in a mixture of
4 nM FAM-NT, 50 000 cells, and various concentrations of
competitor. The 96 well plates were incubated at 20 °C for 1 h
before being measured with flow cytometry on a LSR Fortessa
flow cytometer (BD biosciences). For each experiment,
particular competitor concentrations samples were measured
in duplicate, with 5000 cells recorded, and the mean FAM
fluorescence intensity of each replicate determined. Experi-
ments were repeated at least three times for each competitor.
Data were analyzed in Graphpad Prism, and competition
curves were fitted to a one site, fit Ki equation using the known
Kd of FAM-NT on these cells (0.4 nM). Ki values from each
experiment were combined to determine mean Ki ± SD for
each competitor.
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β-Arrestin Recruitment Assays. HEK 293-T cells were
seeded in 6-well plates at 600 000 cells per well and
cotransfected the following day with a construct encoding
WT hNTS1 with a C-terminal NanoLuc tag (50 ng) and
another encoding human β-arrestin 2 with a C-terminal Venus
tag (200 ng). The cells were harvested 24 h later in phenol-red-
free-DMEM containing 10% FBS and 40 000 cells in 80 μL per
well plated out in a white 96-well plate (Nunc) and incubated
at 37 °C under 5% CO2 for 24 h. For the BRET assays 10 μL
of phenol-red-free-DMEM containing 10% FBS and 100 μM
Furimazine were added to the wells and incubated in the dark
for 30 min. At this stage any preincubated ligands (10 μL)
were also added at the relevant concentration (i.e., 2.5 mM
P(OH-TIC)IL for experiment in Figure S13C,D). To initiate
the β-arrestin recruitment assay, 10 μL (or 11.1 μL for wells
with preincubated ligands) of a 10 times concentrated agonist
(or vehicle) was added to the well, and luminescent signals
were immediately measured in a PHERAstar Omega plate
reader (BMG LABTECH, Germany) prewarmed to 37 °C.
Emitted light was measured at 410−490 nm for NanoLuc and
520−550 nm for Venus simultanueously. Signals were
measured from each well every 30−40 s for up to 1 h.
Ligand-induced BRET was calculated by subtracting the ratio
of emission through the acceptor wavelength window (Venus)
over emission through the donor wavelength window (Nano-
Luc) for a vehicle-treated cell sample vs peptide treated cells.
For each experiment, duplicate treatments were measured
simultaneously, and the resulting signals were averaged. For
presented data, each experiment was repeated three times, and
the averages from each experiment per treatment and time
point were pooled. Data were analyzed in Graphpad prism,
including area under the curve calculations (done on
experimental replicates, not the pooled data) and one-way
ANOVA with Tukey multiple comparisons test.
G Protein Activation Assays. HEK 293-T cells were

seeded in 6-well plates at 600 000 cells per well and
cotransfected the following day with the following plasmids:
(1) a construct encoding WT hNTS1 (50 ng); (2) a construct
encoding human Gαq (100 ng); and (3) a custom vector
encoding Venus fragment (1−155) fused to human Gγ2, Venus
fragment (156−239) fused to human Gβ1, and masGRK3 C-
terminus fused to NanoLuc (50 ng). A sequence encoding a
self-cleaving P2A peptide separates the human Gγ2 and the Gβ1
encoding fusions in plasmid (3). The split-Venus G protein
fusions and masGRK3-luciferase designs in plasmid (3) are
based on work by Hollins et al.92 The cells were harvested 24 h
later in phenol-red-free-DMEM containing 10% FBS and
40 000 cells in 80 μL per well plated out in a white 96-well
plate (Nunc) and incubated at 37 °C under 5% CO2 for 24 h.
For the BRET assays 10 μL phenol-red-free-DMEM
containing 10% FBS and 100 μM Furimazine were added to
the wells and incubated in the dark for 30 min. At this stage
any preincubated ligands (10 μL) were also added at the
relevant concentration (i.e., 1 nM NT8-13 + 5 mM P(OH-
TIC)IL in Figure S14C,D). To initiate the G protein activation
assay, 10 μL (or 11.1 μL for wells with preincubated ligands)
of a 10 times concentrated agonist (or vehicle) was added to
the well and luminescent signals were immediately measured in
a PHERAstar Omega plate reader (BMG LABTECH,
Germany) prewarmed to 37 °C. Emited light was measured
at 410−490 nm for NanoLuc and 520−550 nm for splitVenus
simultanueously. Signals were measured from each well every
30−40 s for up to 1 h. Ligand-induced BRET was calculated by

subtracting the ratio of emission through the acceptor
wavelength window (Venus) over emission through the
donor wavelength window (NanoLuc) for a vehicle-treated
cell sample vs peptide treated cells. For each experiment,
duplicate treatments were measured simultaneously, and the
resulting signals were averaged. For the presented data, each
experiment was repeated three times, and the averages from
each experiment per treatment and time point were pooled.
Data were analyzed in Graphpad prism, including area under
the curve calculations (done on experimental replicates, not
the pooled data) and one-way ANOVA with Tukey multiple
comparisons test.

xCELLigence Assays. Label-free signaling assays were
performed using the xCELLigence Single Plate Real Time Cell
Analyzer (RTCA) (Acea Biosciences Inc.) as described
previously.35 The xCELLigence device measures the impe-
dance that cells impart over time on gold electrode-embedded
microplates. Background impedance readings were initially
recorded in 96-well E-Plates containing 50 μL of complete
DMEM media per well before seeding each well with 18 000
HEK 293-T cells. Twenty-four hours later cells were
transfected with a plasmid encoding WT hNTS1. After another
24 h the medium was aspirated and replaced with 90 μL of
0.5% FBS DMEM. Cells were then left for 4 h to establish a
semiquiescent state for determining a baseline before
stimulation. Stimulations were then conducted using an
Eppendorf Research Pro multichannel pipet to quickly add
10 μL of treatment solutions per well. For each experiment,
triplicate treatments were measured simultaneously and the
resulting signals were averaged for each time point. For the
presented data, each experiment was repeated three times.
Data were analyzed in Graphpad prism, including area under
the curve calculations (done on experimental replicates, not
the pooled data). Dose response curves were generated by
plotting the area under the cell impedance curves for 1 h after
treatment with different doses of NT8-13 or P(OH-TIC)IL.
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