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Cyclisation of peptides by forming thioether (lanthionine),
disulfide (cystine) or methylene thioacetal bridges between side
chains is established as an important tool to stabilise a given
structure, enhance metabolic stability and optimise both
potency and selectivity. However, a systematic comparative
study of the effects of differing bridging modalities on peptide
conformation has not previously been carried out. In this paper,
we have used the NMR deconvolution algorithm, NAMFIS, to
determine the conformational ensembles, in aqueous solution,

of three cyclic analogues of angiotensin(1–7), incorporating
either disulfide, or non-reducible thioether or methylene
thioacetal bridges. We demonstrate that the major solution
conformations are conserved between the different bridged
peptides, but the distribution of conformations differs appreci-
ably. This suggests that subtle differences in ring size and
bridging structure can be exploited to fine-tune the conforma-
tional properties of cyclic peptides, which may modulate their
bioactivities.

Introduction

Beyond rule-of-five (bRo5) macrocycles (500–5000 Da) are a
major focus of interest in medicinal chemistry and chemical
biology.[1,2] They have the potential to occupy conformational
space that cannot be covered by traditional small molecule
drugs and probes, and thus can address undruggable targets
such as protein-protein interactions.[3,4] Cyclic peptides are an
important class of bRo5 macrocycles,[5,6] particularly cystine-
bridged peptides, which can be designed from naturally
occurring bioactive peptide sequences and are readily synthes-
ised. Cyclising bioactive peptides by forming disulfide bonds
frequently stabilises the structure, increases potency and
selectivity, enhances stability to proteases and can also lead to
increased membrane permeability.[7,8] However, such disulfide

bridges can be easily reduced or scrambled, which limits the
in vivo stability of these peptides.[9,10]

To further improve the metabolic stability and retain the
potency and selectivity of cystine-bridged peptides, both
thioacetal and thioether (lanthionine)-bridged analogues have
been explored. A simple protocol for the rebridging of
disulfides by the insertion of a methylene group to form a
stable thioacetal has recently been reported[11] and has been
used to prepare biologically active analogues of peptides with
increased serum stability.[11,12] The first thioether-bridged ana-
logue of a medicinally relevant peptide was reported in 1997 by
Goodman and co-workers, who prepared lanthionine-bridged
somatostatin analogues which had greater receptor binding
selectivity and a longer half-life in vivo than cystine-bridged
peptides.[13] Since then, lanthionine analogues of several other
classes of biologically active peptides have been prepared and
shown to be highly potent, receptor-selective and resistant to
proteolysis.[14–20] However, in a few cases, this cyclisation modal-
ity resulted in the peptide analogues having reduced or no
binding to the target receptor.[21,22] Excitingly, a thioether
stabilised angiotensin(1–7) analogue, cAng(1–7) exhibits signifi-
cantly enhanced vasodilation and plasma stability compared
with the naturally occurring linear peptide.[23] cAng(1–7) can be
delivered orally and via the lung[24] and a variant sequence with
a D-Lys at the N-terminus, LP2, has completed preclinical and
in-human safety studies for treatment of cardiovascular
disease[25] and colorectal cancer.[26] Solid-phase synthesis of
lanthionine-bridged peptides using orthogonally protected
lanthionine monomers has been established[27,28] with mono-
mers corresponding to all possible lanthionine diastereoisomers
being available.[27,29] In a complementary approach, the post-
translational modification enzymes have been exploited for the
biosynthesis of engineered lanthionine-type therapeutic
peptides.[30–32] They have also been used to generate phage
display libraries[19] and lanthipeptide libraries[20] in E. coli.
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However, what is currently lacking is a molecular level
understanding of the effect that these three different bridging
modalities - disulfide, methylene thioacetal and thioether - have
on the underlying conformational properties of the resulting
cyclic peptides, for instance as shown in Figure 1. Replacement
of disulfide bonds will cause changes in polarity, hydro-
phobicity, bond length and bond angles, properties which are
typically consistent and well characterised across cystine
bridges. These bond length/angles and polarity deviations can
cause global conformational changes or peptide-target polarity
mismatches which can prove either detrimental, or beneficial,
for biological activity and target selectivity.[33] Moreover, macro-
cycles are conformationally flexible. This allows them to adapt
to give high-affinity binding to a variety of targets, and can also
confer solubility in both aqueous and non-polar environments
resulting in enhanced cell permeability.[1–6] Understanding the
structures of the individual conformers that make up the
solution ensemble is vital to understanding these medicinally
desirable properties.[34–36] Despite this, there have been virtually
no studies comparing the effects of different cyclisation modal-

ities on the solution conformation of these peptides. Conforma-
tional analyses by NMR of disulfide and lanthionine-bridged
sandostatin analogues[37] and of disulfide- and lanthionine-
bridged peptides binding to death receptor 5[19] have been
reported. In these studies, similar conformations with the
backbone atoms overlaying closely were seen for both pairs of
peptide analogues, however only a single average conformation
was reported for each peptide.

Deriving a single time-averaged structure from NMR leads
to an unrealistic structure for flexible systems. Time-averaged
structures are heavily skewed towards the shortest found
distances. This is because NOE intensity is proportional to the
inverse of the sixth power of the distance (r� 6) between two
nuclei and is most accurate for short distances (<2.5 Å) due to
non-linear scaling of NOE-derived interproton distances. In-
stead, NMR data is best interpreted by a set of rapidly
interconverting conformations giving rise to a single set of
time-averaged signals. A solution to this problem is to use an
NMR deconvolution algorithm. For example, NAMFIS (NMR
Analysis of Molecular Flexibility In Solution)[38] deconvolutes the
individual conformers that make up the time-averaged set of
signals observed in the NMR spectra into its constituent
conformers and their molar fractions.[39] We have previously
applied this to the analysis of macrocyclic peptides[36,40,41]

including the bicyclic N-terminus of the lantibiotic nisin, which
has both a lanthionine and a methyl lanthionine bridge.[42]

In this paper, we have used NAMFIS to determine the
solution ensemble of three macrocyclic peptides. These are
analogues of cAng(1–7) which differ only by the presence of a
lanthionine (thioether), disulfide or methylene thioacetal bridge.
This has allowed us for the first time to compare the effects of
these three modes of side-chain peptide bridging on the
conformations of the peptides in solution.

Results and Discussion

Design and Synthesis of the Cyclic Angiotensin(1–7)
Analogues

Due to the increased in vivo stability and enhanced vasodilatory
effect of cAng(1–7) compared with angiotensin(1–7), we used
cAng(1–7) as a model system for this study (Figure 1). This
peptide has a relatively small macrocyclic ring (12-membered
ring formed from four amino acid residues bridged by a
thioether) but still has potent GPCR agonist activity.[23] No
conformational analysis of this peptide has previously been
carried out and none of its bioactive, target-bound or unbound
structures were known. In the original report,[23] cAng(1–7) 1
was produced using bacteria expressing the relevant enzymes
for post-translational modification of peptides to give lanthio-
nine bridges. This results in (S)-stereochemistry at residue 4 and
(R)-stereochemistry at residue 7. Although the related analogue,
LP2, is the first lanthipeptide GPCR agonist to pass stage 1
clinical trials, the additional N-terminal D-Lys residue was added
to provide protection against aminopeptidases and does not
alter the receptor binding properties.[25] Moreover, only the

Figure 1. Macrocyclic peptides with the sequence 1Asp-2Arg-3Val-c-
[D4Xaa-5Ile-6His-7Xaa]: cAng(1–7) 1 (lanthionine bridge) 2 (disulfide bridge)
and 3 (methylene thioacetal bridge).
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residues involved in the macrocycle would be subject to
analysis with NAMFIS, as the more flexible parts of the peptide
such as the N-terminal tail are unlikely to adopt rigid or well-
defined conformations and are less likely to be fully sampled by
conformational searches.

To examine the effects of expanding the bridge, we
designed the novel peptide analogues 2 (disulfide bridged) and
3 (methylene thioacetal bridged). In order to preserve the
4Xaa(S) and 7Xaa(R) stereochemistry in the analogues, we
included D-Cys at residue 4 in peptides 2 and 3 (Figure 1). As
these two peptides were previously unreported, receptor bind-
ing and/or bioactivity data are not available. However, this
series of peptides were chosen as a model system for
investigating the effect of increasing bridge size and different
bridge composition on conformational ensembles of cyclic
peptides. We synthesised cAng(1–7) 1 using the solid-phase
peptide synthesis (SPPS) methodology that we and others have
previously developed and used for lantibiotic synthesis
(Scheme 1).[42–48] Orthogonally protected (Alloc, allyl/Fmoc)
lanthionine 4 was prepared using a modification of previously
published routes[46,48] (Supporting Information) and added to 2-
chlorotrityl chloride (CTC) resin to afford 5. The trityl resin was
used, as it has previously been shown to be effective in
suppressing racemisation which can often occur when Cys is
the first residue.[49] Standard SPPS was then used to form the
resin-bound linear peptide 6. Selective removal of the allyl and
Alloc protecting groups,[45] followed by Fmoc deprotection,
gave 7. This was then cyclised on-resin using HOAt, PyAOP and
DIPEA[50] to afford 8. Standard SPPS to install residues 1–3 was
followed by resin cleavage and side chain deprotection to give
1 in 25% yield.

Peptide 2 was synthesised using standard SPPS methods
and the linear peptide was oxidised with I2 to afford the
disulfide-bridged peptide in 28% overall yield. The crude linear
peptide intermediate was also directly converted to the
methylene thioacetal analogue 3, employing a preliminary
treatment with TCEP followed by bridging with CH2I2
(Scheme 2) to afford 3 in 8% overall yield.

NAMFIS Analysis

All three peptides were highly soluble in water. The NMR
experiments were carried out in 9 :1 H2O:D2O mixtures, as
cAng(1–7) (and LP2) are GPCR agonists and therefore act
extracellularly. The peptides were isolated after HPLC purifica-
tion as their trifluoroacetic acid salts and the pH of the peptides
was not adjusted. The NMR experiments were thus carried out
at pH ranging between 3 and 4 in which the 2Arg and 6His side
chains and the terminal � NH2 group were all protonated, and
the 1Asp and C-terminal � COOH groups deprotonated.

NAMFIS uses NOE-derived interproton distances and 3JHH
scalar coupling constants to find the best fit solution between a
population weighted combination of theoretical conformations
and experimentally determined distances and coupling con-
stants from the NMR derived data.[38,39] Figure 2 summarises the
inter-residue distances and 3JNH-αH couplings that were used in

the NAMFIS analyses for each peptide. A full list of interproton
distances is given in the Supporting Information (Tables S7–S9).
H2O:D2O mixtures allowed for the examination of backbone
amide protons, however the use of solvent suppression
obscured and altered the integrals of the α protons nearby the
suppressed solvent signal. Interproton distances for the α
protons were instead determined in D2O with EASY ROESY
without solvent suppression in the instance where insufficient
NOEs were present in the NOESY spectra for structural analysis.

All the peptide bonds were orientated in the lower-energy
trans configuration prior to Monte Carlo Multiple Minima
(MCMM)[51,52] simulations as the orientation of the peptide
bonds are not inverted from trans to cis during the calculations.
In linear peptides which do not have Pro or N-alkylated
residues, the amide bonds are almost exclusively (>99.9%)

Scheme 1. Reagents and Conditions: (i) 2-chlorotrityl resin, DIPEA, CH2Cl2 (ii)
Fmoc deprotection with 40%, then 20%, piperidine in DMF (iii) Fmoc-
His(Trt)-OH, DIC, HOBt.xH2O, DIPEA, DMF (iv) Fmoc-Ile-OH, HATU, DIPEA, DMF
(v) Pd(PPh3)4, phenylsilane, CH2Cl2 (vi) HOAt, PyAOP, DIPEA, DMF (vii) SPPS of
remaining amino acids (Fmoc-Val-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Asp(OtBu)-
OH) (viii) TFA, TIPS, H2O.
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trans.[53,54] This is also observed in both linear and small to
medium-sized cyclic peptides, including disulfide-bridged
peptides.[55] As conversion from trans to cis isomers is slow on
the NMR timescale, any cyclic peptides containing cis amide
bonds would be observed as a distinct set of NMR signals[55–57]

instead of within the time-averaged set of signals that was
subject to NAMFIS analysis. Hence it is not necessary to sample
the conformational space of peptides containing cis peptide

bonds.[58] Unless stated otherwise, all heavy atoms within the
macrocycle backbone in addition to the amide nitrogen at
residue 4 were used for pairwise RMSD comparisons.

The stereotopic assignments of diastereotopic protons were
determined by finding the best fit between the back-calculated
and experimentally-derived interproton distances and coupling
constants following NAMFIS analysis of each stereotopic assign-
ment. For stereotopic assignments that resulted in identical
RMSD values, the assignment that resulted in the least degree
of overfitting was chosen.

Within the NMR spectra for cAng(1–7) 1 and disulfide-
bridged peptide 2, the diastereotopic β-proton signals of 4Lan
and 7Cys, respectively, were overlapping. In previous work,
overlapped NOEs could not be used to determine accurate
distances as it is unknown how much of each separate NOE
contributes to the overlapped signal. However, we have found
that it is possible to account for these overlapped NOEs, as the
observed intensities are the sum of the NOEs to each of the
overlapping protons. This overlap can be accounted for within
the theoretical ensemble by averaging the distances to the two
overlapping protons according to Equation (1):

r ABf gZ ¼ rAZ
� 6 þ rBZ

� 6ð Þ
�
1
6 (1)

where rAZ and rBZ are the distances derived from the theoretical
ensemble between proton HZ with the overlapping protons HA

and HB respectively, and r{AB}Z is the ‘combined distance’. This
‘combined distance’ equates to the interproton distance
derived from overlapping NOEs. Due to the inverse sixth power
relationship between NOE build-up rates and interproton
distances, the observed distance of two overlapping protons is
shorter than either component distance. Using this approach,
we have been able to add additional NOE-derived interproton
distances from overlapping signals that could not be resolved,
thus significantly improving the reliability of the NAMFIS
analysis.

Solution Ensembles

The solution ensembles of all three peptides are strikingly
similar, despite the different bridge length and accordingly
different bridge geometries (Figure 3). For each of the peptides,
two major conformational families, A and B, are observed
(Figure 3). In family A, the 4Xaa NH is oriented towards the
macrocyclic R groups, whereas in family B the 4Xaa NH is
oriented away from the macrocyclic R groups. The overall
orientation of the acyclic N-terminal residues (1Asp-2Arg-3Val) is
thus dependent on the 4Xaa NH orientation. There are two sub-
populations of the family A conformers, A1 and A2, which are
highly conserved between all three peptides and which differ
only by the orientation of the amide bonds between the 5Ile
and 6His residues, and a less well-defined 7Xaa carboxylic acid
position for A2 likely due to the shortage of inter-residue
interproton distances from this residue (Figure 2). The backbone
of peptides 1, 2 and 3 overlay almost exactly in conformations
A1 and A2, with low pairwise RMSD range between each of the

Scheme 2. Reagents and Conditions: (i) TCEP.HCl, Na2CO3 (ii) CH2I2, Et3N.

Figure 2. Inter-residue interproton distances (blue lines) and scalar couplings
(purple lines) used in the NAMFIS analyses. The red line indicates an
interproton distance that when removed during validation causes an 18%
change in the solution ensemble of peptide 2.
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three peptides (0.57–0.77 Å). The principal variations in the
macrocycle conformations are between the lanthionine/disul-
fide/methylene thioacetal bridges. However, the distribution of
sub-conformers varies with the ring size and bridging structure.
The lanthionine bridged cAng(1–7) peptide 1 is biased towards
conformation A1, whereas the disulfide bridged peptide 2
favours conformation A2. The methylene thioacetal bridged
peptide adopts similar amounts of the two conformations.

In contrast, the population of family B conformers is small
(less than 10%) and the percentage that adopt the B family of
conformations is consistent irrespective of ring size (Supporting
Information, Figures S4–S7). As the ring size increases, a small
number of minor conformations related to the A family are also
observed for peptides 2 and 3 which vary only by the
orientation of backbone amides. These minor conformers
however appear at low abundances (8–15%) (Supporting
Information, Figures S5 and S6). Conformers with abundances
below 5% were not considered further as these might in the
worst cases be fitting artefacts. Due to the insufficient number
of interproton distances to the 7Xaa αH, from which the position
of the carboxylate group is inferred, the position of the C-
terminal � COOH is uncertain, even within the same conforma-
tional family. It is also worth noting that no interproton
distances to the 4Xaa αH could be determined due to the use of
solvent suppression. Interproton distances to this α-proton

could have given more confidence in determining the popula-
tions of families A and B with 4Xaa NH oriented towards and
away from the macrocyclic R groups, respectively. For the
NAMFIS analysis of peptide 2, EASY ROESY spectra in neat D2O
without water suppression were also acquired to determine
interproton distances to the 4Cys α-proton. The EASY ROESY
and NOESY data were then combined. Despite this, the removal
of the only inter-residue interproton distance to 4Cys caused
significant (18%) changes in the solution ensemble. This is
however expected in regions of low information.[58]

The NAMFIS analysis of all three peptides incorporated the
peptide backbone of residues c[D4Xaa-5Ile-6His-7Xaa]. All the β-
carbons of these four residues were additionally incorporated,
allowing us to be confident of the overall orientation of the
side chains. For cAng(1–7) 1, the analysis also successfully
incorporated the entire flexible 5Ile side chain. However, for
peptides 2 and 3, the flexible side chains of 5Ile and 6His had to
be omitted, and thus the position of these R groups can
therefore only be characterised as far as the β-carbons. It is a
common procedure to neglect the analysis of flexible side
chains at the determination of macrocycle conformations, in
order to avoid the risk of contaminating the calculations with
uncertain data of flexible regions that are cumbersome or
impossible to properly sample computationally.[42,59] For peptide
3, despite numerous interproton distances to the methylene

Figure 3. Major conformational families adopted by macrocyclic peptides 1, 2 and 3. The peptide backbones are overlaid and the spread of RMSD of the
backbones is given for each of the conformational families.
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thioacetal CH2 group, a valid NAMFIS result could not be
obtained when incorporating the methylene interproton dis-
tances. This is likely due to the inability to fully sample all of the
possible conformations in the theoretical ensemble for this part
of the peptide, suggesting that the thioacetal bridge is highly
flexible and adopts many conformations. Attempts to sample
this conformational space were made with additional MCMM
calculations while fixing torsion angles of the macrocyclic
backbone into conformations already determined from prelimi-
nary NAMFIS analyses. However, this larger theoretical ensem-
ble still failed to produce a valid solution ensemble. Due to this,
interproton distances to the methylene thioacetal CH2 group
were not used in the NAMFIS analysis and the position of the
methylene thioacetal bridge is not accurately defined in the
solution ensemble. However, overall we have a reliable analysis
of the conformations of the macrocyclic core of this potent
GPCR agonist (and analogues 2 and 3) and the orientations of
the 5Ile and 6His sidechains. We predict that this is likely to
represent the part of the molecule that is of relevance to the
receptor binding.[41,42]

Conclusions

In order to compare the effects on the conformational
preferences of peptides that have been cyclised via structurally
similar side-chain bridges, we have synthesised three cyclic
angiotensin(1–7) analogues incorporating either a cystine
bridge, or non-reducible lanthionine or methylene thioacetal
bridges. We have determined the solution ensembles of the
macrocyclic core of these three peptides by using the NMR
deconvolution algorithm NAMFIS. For each peptide, two distinct
classes of conformers (A and B) arise from the orientation of the
4Xaa residue, resulting in distinct directions of the N-terminal
tail. For all three peptides, the about 90% of the solution
ensembles adopt family A conformations in which the 4Xaa NH
is oriented towards the macrocyclic R groups, and the
remaining 10% orientated away from the macrocyclic R groups
(family B). Within this family, there are two sub-populations (A1,
A2) which are conserved between all three peptides, however
the populations of each can differ by around 30% as the ring
size changes. As the macrocycle ring size increases, the number
of conformations present in solution also increases, an
indication of an increased flexibility. These conformational
changes, however, are relatively small in most instances,
primarily being the orientation of the backbone amides. Despite
being only small changes, it is interesting to observe that these
amide bond orientation changes are less frequent in the smaller
macrocycles. Because the proportion of these family B con-
formations does not change across the series, it can be inferred
that the small differences in the size of the macrocycle do not
have a significant impact on global conformational changes
beyond the macrocycle.

In the system studied here, both thioether and methylene
thioacetal bonds are demonstrated to be suitable non-reducible
isosteric replacements for disulfide bonds that do not signifi-
cantly change the macrocycle or global peptide conformation.

The differing distributions of conformations between the major
A1 and A2 conformers suggests that thioether, disulfide and
methylene thioacetal linages can be used to fine-tune affinity
for a desired biological target, by alteration of the populations
of conformers. As no structural data is currently available for
the cAng(1–7)-receptor interaction, or for analogues 2 and 3,
these results will be particularly important and will inform
future structural and pharmacology studies. Even if the major
solution conformer may not correspond to the biologically
active conformation,[34,42] the protein-bound conformation of
low-molecular-weight ligands is generally presumed to be
represented to a measurable extent in the ensemble of
conformations for the compound free in solution.[60–63] A bind-
ing induced major conformational change requiring large
energy investment is unlikely.

For cAng(1–7) we have demonstrated that the three
cyclisation modalities cannot be regarded as completely
interchangeable. The peptides encompassing different cyclisa-
tion modalities have different distributions of conformations
within the same broad conformational ensemble. In addition,
we have extended the scope of NAMFIS analysis by developing
an approach to derive interproton distances where NOE signals
overlap. This significantly improves the accuracy of the analysis.

Understanding the conformational preferences of flexible
macrocycles, including cyclic peptides, is vital to predict their
bioactivity. The conformations of a peptidic macrocycle will
depend on the macrocycle size, side-chains and local environ-
ment. Whereas it is not possible to provide general rules for all
types of cyclic peptides based on the three model systems
examined herein, we envisage that the powerful approach
presented in this paper will allow the investigation of further
examples. This will provide extensive datasets that can be used
to parameterise future molecular dynamic simulations and
provide training sets for machine learning approaches. Cur-
rently, conventional molecular dynamics (MD) simulation
methods are unable to identify relevant solution conformations
and tend to get trapped in a large number of local minima.[64]

This is in part because these methods have been developed
and tested on limited datasets that derive from solid state or
ensemble average structures,[34] and partly because the energy
difference between the conformations is frequently rather
small. Combining data from experimentally determined ensem-
bles with MD simulations with enhanced sampling techniques
and improved force fields,[65] medicinal chemists will finally be
able to realise the elusive goal of prediction, design and
synthesis of conformationally constrained peptides which are
exquisitely fine-tuned to occupy the desired conformational
space for potent biological activity. The recent publication of
bRo5 cyclic peptides incorporating other types of thioether
linkages[66,67] or different cyclisation modalities[68–70] with nano-
molar target affinities, high stability, membrane permeability
and oral availability has further emphasised the critical
importance of understanding their solution ensembles, and we
envisage that the lessons learned from this study of three key
cyclisation modalities will ultimately be applicable to all bRo5
macrocycles.
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Materials and Methods
Experimental procedures and characterisation data for the synthesis
of (Alloc, allyl/Fmoc) (2S, 6R)-lanthionine 4 and peptides 1, 2 and 3
are given in the ESI. The complete experimentally determined NMR
data, 1H and 13C assignments of the peptides, information about the
theoretical conformational ensembles and the output ensembles
(including tables of the interproton distances and coupling
constants) for the three peptides are also presented in the
Supporting Information (Tables S1–S23, Figures S4–S7).

NMR Spectroscopy

For the assignment and NAMFIS analyses, 1H, 13C, COSY, TOCSY,
HSQC, HMBC and NOESY spectra were recorded in a 9 :1 mixture of
H2O:D2O at 25 °C using excitation sculpting water suppression pulse
programmes (using standard Bruker sequences, noesyesgpph).
Additional EASY ROESY[71] spectra were obtained for peptide 2 in
D2O without solvent suppression. 1.5 mg of each peptide were
dissolved in 0.6 mL of solvent. All spectra of peptides 1 and 2 were
acquired on a 900 MHz Bruker Avance III HD spectrometer
equipped with a 5 mm TCI cryogenic probe, except for the EASY
ROESY spectra which were acquired on a 500 MHz Bruker Avance
NEO equipped with a 5 mm TXO cryogenic probe. NOESY spectra
of peptide 3 were acquired on an 800 MHz Bruker Avance III HD
equipped with a TCI cryogenic probe and 1H, 13C, COSY, TOCSY,
HSQC and HMBC were acquired on a 700 MHz Bruker Avance NEO.
Seven NOESY spectra were acquired for each peptide with mixing
times from 100–700 ms (100 ms increments). For peptides 1 and 2
each NOESY spectrum was recorded with a relaxation delay of 2.5 s,
16 scans, 2048 points in the direct dimension and 512 in the
indirect dimension, and a spectral window of 10 ppm. For peptide
3, each NOESY spectrum was recorded with a relaxation delay of
3.0 s, 16 scans, 1536 points in the direct dimension and 512 in the
indirect dimension, and a spectral window of 10 ppm. Seven EASY
ROESY spectra for peptide 2 were recorded with mixing times 50–
350 ms (50 ms increments), each recorded with a relaxation delay
of 2.5 s, 16 scans, 2048 points in the direct dimension and 512 in
the indirect dimension, and a spectral window of 10 ppm.

Interproton distances were generated from NOE build-up curves
from a series of NOESY and EASY ROESY spectra using the initial
rate approximation[72] and using two geminal methylene protons
(1.78 Å) as a reference.[73] Interproton distances were thus calculated
according to Equation (2):

rAB ¼ rref �
sref

sAB

� �1
6

(2)

where rAB is the interproton distance between protons HA and HB
in Ångström, rref is 1.78 Å, and σref and σAB are the gradient of the
build-up curve for the reference pair and proton pair of interest,
respectively.

Cross-peak intensities were normalised to diagonal peak intensity
by applying “peak amplitude normalisation for improved cross-
relaxation” (PANIC)[72,74] (Equation 3):

Inorm ¼
cross peakAB � cross peakBA

diagonal peakA � diagonal peakB

� �0:5

(3)

In most instances, only proton-pairs with at least five mixing times
that gave rise to a linear NOE build-up curve (R2�0.95) were used
for distance calculations.

3JNH-αH were measured directly from the amide signals in 1H spectra.
Overlapping NOE signals were integrated in their entirety to give
rise to combined interproton distances which were used in the
NAMFIS analyses.

Conformational Sampling

A total of six MCMM conformational searches were performed for
peptide 2, eight for peptide 1 and fourteen for peptide 3 to create
the theoretical input ensembles. All conformational searches were
set-up using MacroModel as implemented within the Schrödinger
suite.[51,52] A combination of implicit solvent systems (water and
chloroform)[75] and different force-fields (OPL4, OPLS 2005, MMFF
and AMBER*) were performed for each peptide with a high energy
cut-off to ensure sampling of the entire conformational space. The
MCMM searches were performed using 100,000 steps with the
energy window for saving compounds 42 kJ/mol, a minimum
RMSD difference for saving compounds of 0.5 Å and the Polak-
Ribiere type conjugate gradient (PRCG) with a maximum of 5000
iteration steps for the energy minimization. These conditions were
to maximise the number of different conformers and decrease the
risk of real conformers not being sampled within the theoretical
ensemble rather than providing a realistic ensemble for any
particular solvent system. Additional MCMM searches for peptide 3
while fixing torsion angles within the macrocyclic backbone to
those found within preliminary NAMFIS analyses were conducted
to better sample the conformational space. The results of
conformational searches performed with the four different force
fields and two solvent models each, for each peptide were
combined and redundant conformers were eliminated. This was
done by comparison of all heavy atoms within the macrocycle (4Xaa
to 7Xaa) for peptide 1 and all heavy atoms until the β carbons for
peptides 2 and 3 using an RMSD cut-off between 0.9 and 1.1 Å. The
combined and reduced ensemble originating from the 8 Monte
Carlo conformational searches were used as input for the NAMFIS
analyses.

NAMFIS Analyses

The version of NAMFIS used, and instructions for installation, are
available at the open access repository Zenodo with DOI:10.5281/
zenodo.6866837.[38,39] The conformational ensembles of peptides 1,
2 and 3 were determined using the NAMFIS algorithm by fitting the
back-calculated interproton distances and coupling constants from
the conformations in the computer-generated theoretical ensem-
bles to those determined experimentally, following previous
work.[38,39]

J couplings were given a flat error of �1 Hz,[39,76] whereas
interproton distances were given an error proportional to their
length as described by Nevins et al.,[77] whereby longer distances
are given larger errors. Distances were grouped in ranges of 0.5 Å
(<2.50, 2.50–2.99, 3.00–3.49, >3.49) and each group given
incrementally increased errors (�0.3–1.2 Å).[38,77]

Theoretical distances to methyl groups were averaged according to
Equation (4):

rX;Me ¼
rAX
� 6 þ rBX

� 6 þ rCX
� 6

3

� �� 1
6

(4)

where rAX-rCX are the interproton distance between each proton of
the methyl group to the proton of interest HX.

The theoretical distance arising from an overlapping pair of NOE
signals were calculated according to Equation (1). Scalar couplings
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of the theoretical ensemble conformers were back-calculated using
the following modified Karplus equation for 3JNH-αH couplings

[76, 78, 79]

(Equation 5):

3JNH� aH ¼ 9:4 cosðqÞ2 � 1:1cos qð Þ þ 0:4 (5)

Conformations of each peptide were clustered based on similar
backbone RMSD values (<0.80 Å). The most populated of each of
these conformers within a cluster were then used as the
representative structure when used to compare the conformers
between the different peptide analogues. Conformations between
peptides were considered the same if the representative structure
of each cluster had pairwise RMSD values below 0.80 Å.

Populations obtained by NAMFIS analyses were validated by the
removal of each data point in turn, by the addition or subtraction
of up to 5% random noise to the experimental data to simulate the
expected experimental error of interproton distances of 3–7%,[39,72]

and by comparison of the experimental data to the NAMFIS back-
calculated values. NAMFIS solutions that did not change by more
than 10% during the validation process were considered valid. An
exception was made for the disulfide bridged analogue 2 which
varied by 18% during validation when a single interproton distance
was removed in an area of the peptide with few distance restraints.
NAMFIS has been shown to unlikely detect conformers of 5% or
less, and have a maximum accuracy of around �9%.[39] For these
reasons, conformers with populations of 5% or less were not
considered, as these may be mathematical artefacts of the fitting
process.

For each peptide the flexible N-terminus (1Asp-3Val) was too flexible
to incorporate into the NAMFIS analysis. Likewise, for peptides 2
and 3 the side chains of the macrocyclic residues (4Cys to 7Cys)
beyond the β-carbons were too flexible to incorporate into the
NAMFIS analysis. For peptide 1 the entire 5Ile side-chain was
successfully incorporated into the NAMFIS analysis but not the 6His
side-chain beyond the β-carbon.

Supporting Information Summary

The original NMR spectroscopic data (FIDs) of each peptide;
NMReDATA of each peptide;[80,81] theoretical ensemble of con-
formers; and the solution ensembles of each peptide, are
available at Zenodo: DOI:10.5281/zenodo.11073289. The au-
thors have cited additional references within the Supporting
Information.[82–85]
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