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Abstract

Cyclic peptides are increasingly being recognized as valuable templates for drug discovery or design. To
facilitate efforts in the structural characterization of cyclic peptides, we explore the use of pulse-field
gradient experiments as a convenient and non-invasive approach for characterizing their diffusion properties
in solution. We present diffusion coefficient measurements of five cyclic peptides, including dichC, SFTI-1,
cVvcl.l, kBl and kB2. These peptides range in size from six to 29 amino acids and have various
therapeutically interesting activities. We explore the use of internal standards, such as dioxane and
acetonitrile, to evaluate the hydrodynamic radius from the diffusion coefficient, and show that 2,2-dimethyl-
2-silapentane-5-sulfonic acid, a commonly used chemical shift reference, can be used as an internal standard
to avoid spectral overlap issues and simplify data analysis. The experimentally measured hydrodynamic
radii correlate with increasing molecular weight and in silico predictions. We further applied diffusion
measurements to characterize the self-association of kB2 and showed that it forms oligomers in a
concentration-dependent manner, which may be relevant to its mechanism of action. Diffusion coefficient
measurements appear to have broad utility in cyclic peptide structural biology, allowing for the rapid

characterization of their molecular shape in solution.
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Introduction

Pulsed-field gradient NMR (PFG-NMR) is a convenient and non-invasive technique for characterizing
translational motion of biomolecular systems.! Some prominent applications of PFG-NMR include
monitoring of protein association,?® evaluation of protein diffusion under the crowded conditions found in
cells,” characterization of protein-ligand interactions,®® and determination of the size and shape of protein-
micelle complexes.!®'* Compared to other methods used to derive similar biophysical parameters, such as
ultracentrifugation, quasi-elastic light scattering, small-angle X-ray scattering, or small-angle neutron
scattering, PFG-NMR has the advantage that the measurements can be carried out under conditions that
closely mimic those used for NMR structure determination and other biophysical/structural studies in

solution.

PFG-NMR can be used to measure the translational diffusion constant, D, of molecules of various sizes.
For spherical particles undergoing Brownian motion, their hydrodynamic radius, Rn, can be derived directly
from Dr according to Stokes-Einstein relationship.? Ry is an important parameter that describes the effects
of hydration and shape on the apparent size of a molecule and is different by definition to other radii terms
used to describe molecular size (Figure 1). Once the Dt is obtained from a PFG-NMR experiment, Rn can be
determined by (i) correcting the measured diffusion coefficients for temperature and solvent viscosity and
extrapolating to zero solute concentration, or (ii) introducing a small organic molecule as an internal
standard against which measured diffusion coefficients are compared. Of the two approaches, the use of
internal standards is arguably more robust and straightforward because it can be readily applied to a range of

sample mixtures.™

Herein, we explore the use of PFG-NMR to study the translational diffusion of cyclic peptides, a class of
molecules attracting increasing attention as pharmaceutical or agricultural agents.}*® A selection of these
peptides with therapeutic and agrochemical potential were examined in this study (Table 1), comprising four
naturally-occurring macrocyclic peptides and one synthetically cyclized peptide. Aside from their interesting

natural bioactivities, cyclic peptides are increasingly being recognized as an important and under-exploited



structural class for drug design and development.r” Because of their size and constrained conformations,
they have advantages over linear peptides, including increased stability and binding affinities, potentially
leading to improved pharmacokinetic properties. For example, a cyclized analogue of a venom peptide from
Conus victoriae, cVVcl.1, displayed potent oral activity against neuropathic pain whereas the linear analogue
was not active when delivered orally.’® Other cyclic peptides, such as SFTI-1%° and cyclotides,?*?! are
promising molecular templates for stabilizing biologically active linear peptide sequences. For example,
kalata B1 has been modified using molecular grafting to engineer stable immuno-modulatory peptides for
the treatment of multiple sclerosis?> and orally active peptide bradykinin B1 receptor antagonists for

inflammatory pain.?®

R, - hydrodynamic radius

Rg - radius of gyration
R, - radius of peptide rotated about geometric center

R, - radius of a sphere with same mass and specific volume

Figure 1: Comparison of the various radius terms used to characterize peptides. The peptide is
shown as a sphere representation. The various radii parameters are shown illustratively as circles

of different colors.

In this study, PFG-NMR was used to provide rapid structural information on cyclic peptides. Although PFG-
NMR has been used to study the translation diffusion of short linear peptides®* and some aspects of cyclic
peptide structure,?®>2" we provide here a detailed investigation of the PFG-NMR method and its application
to a range of cyclic peptides with different amino acid and disulfide-bond content, recognizing the growing
need for useful tools in cyclic peptide structural biology. We investigate the use of internal standards to
interpret acquired diffusion coefficients. We measure the Rn of a range of cyclic peptides with varying
molecular weights and further apply this approach to the characterization of self-association (which may be

relevant to the peptide's mode of action/biological activity). We compare our observed data to computational
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predictions relating to the size and shape of the cyclic peptides to validate our method. This study provides a

foundation for future studies on the behavior of cyclic peptides in solution.

Table 1: Sequence, classification and activities of cyclic peptides studied in this work.

Peptide? Sequence® Peptide Class® Activity/Applications
dichC Orbitides Inhibitory activity against
cyclo (GTFLYA)
(0SS) (Stellaria dichotoma) lymphocytic leukemia
cells?®
SFTI-1 cyclo (GRCTKSIPPICFPD) BBI-like trypsin Trypsin inhibition, drug
L
S . 19
(159) inhibitor design scaffold
(Helianthus annus)
cvcll cyclo (GECSDPRCNYDHPEICGGAAGE) Conotoxin Oral activity against
|
. . L
259) (synthetically cyclized) neuropathic pain
kB1 cyelo (GLPVCGETCVGGICNTPGCTCSHPVCTRN) Cyclotide Uterotonic,* pesticidal, -
i ni 33 i- 34
(35S) (Oldenlandia affinis) anti-HIV,
immunosuppressant,®
drug design scaffold?*
kB2 cyclo (GLPVCGETCFGGTCNTPGCSCTWPICTRD) Cyclotide Nematocidal,
| | | |
. - L e .
(3 59) (Oldenlandia affinis) pesticidal,*** drug design

scaffold?

2 The peptides used in this study include dichotomin C (dich C), sunflower trypsin inhibitor-1 (SFTI-1), cyclic Vcl.1

(cVvcl.1), kalata B1 (kB1), kalata B2 (kB2). The number of disulfide bonds is indicated in parentheses.

b The peptides have a head-to-tail cyclic backbone. The cysteine residues are shown in bold and the disulfide bond

connectivity indicated

¢ The peptide family and the original source of the peptide



Experimental Methods

General

N-terminal protected amino acids, resin and coupling agents were purchased from ChemImpex International,
and all other reagents were purchased from Auspep, Merck and Sigma, and used without further
purification. DO (D, 99.96%) and acetonitrile-d3 (D, 99.8%) were purchased from Cambridge Isotope

Laboratories, Inc.

Peptide synthesis

DichC was synthesized on 2-chlorotrityl chloride (2CTC) resin on 0.25 mmol scale using
Fluorenylmethyloxycarbonyl chloride (Fmoc)-chemistry. Couplings were performed using 4 equiv. Fmoc-
protected amino acid, 3 equiv. HCTU (O-(6-Chlorobenzotriazol-1-y1)-N,N,N',N'-tetramethyluronium
hexafluorophosphate) and 6 equiv. N,N-diisopropylethylamine (DIPEA) in dimethylformamide (DMF) (0.1
M in amino acid) for 2 x 10 min. Fmoc deprotection was carried out with 30% (v/v) piperidine in DMF.
After each coupling and deprotection step, the resin was washed with DMF (3x), dichloromethane (DCM)
(3x) and DMF (3x). DichC was cleaved from the resin using 1% (v/v) TFA (trifluoroacetic acid) in DCM
(dichloromethane). Head-to-tail cyclization was performed in DMF with 3 equiv. HATU and 6 equiv.
DIPEA. Following removal of the solvent, side-chain protecting groups were removed in 94:3:3 TFA/TIPS
(triisopropylsilane)/water. After cyclization, the peptides were purified by reverse-phase (RP) preparative
high performance liquid chromatography (HPLC). Purity of fractions was assessed using ESI-MS and

analytical HPLC.

SFTI-1, cVcl.l, kBl and kB2 were synthesized on 0.5 mmol scale using tert-butyloxycarbonyl (Boc)-
chemistry. Peptides were assembled on Boc-Gly-PAM resin via thioester linker, allowing cyclization by
native chemical ligation. Following peptide cleavage from the resin using hydrofluoric acid (HF), the crude
peptides were purified by RP-HPLC. Cyclization and oxidation were subsequently carried out in a one-pot
reaction in NH4HCOs buffer (0.1 M, pH 8.5) overnight. Peptides were purified by preparative RP-HPLC and

purity of fractions assessed by ESI-MS and analytical HPLC.



NMR sample preparation

NMR samples were prepared by dissolving dried peptide in 100% (v/v) D20 or 30% (v/v) acetonitrile-d3, 70%
(v/v) D20 to a concentration of ~1 mM and a volume of 550 ul. Concentration of the peptides were
determined based on their absorbance at 280 nm. Concentrated samples of 1,4-dioxane (1% v/v dioxane in
D20) or 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS; 10 mg/ml in D20O) were prepared and added to the
samples as internal standards. Unless otherwise specified, 1.5 ul of dioxane and 7.5 ul of DSS standards

were added to samples.

The pH of samples was measured using a micro pH combination electrode (Sigma-Aldrich) and adjusted
using small amounts of concentrated DCI and NaOD. pH* is the direct reading of the pH in a D20 solution
of the H.O-calibrated pH-meter. The conversion of pH* into pD was accomplished by adding a constant of

0.4'36

PFG-NMR spectroscopy

PFG-NMR spectra were acquired at 25°C (or other temperatures as indicated) on a Bruker Avance-500 MHz
spectrometer. A PFG longitudinal eddy-current delay (LED) pulse sequence incorporating bipolar phases
was used to reduce the effects of eddy currents,®” which are induced in the metal structures of the magnet
and probe by gradient pulses. This pulse sequence has been widely used for the study of translational
diffusion of proteins. All diffusion measurements were recorded using pseudo-two-dimensional experiments,
acquiring 32 spectra across a range of gradient strengths ranging from 2% to 95% of the maximum gradient
strength. A sine bell gradient shape was used and the diffusion time was set to 100 ms and the gradient
length ranged from 750 to 1250 ms. Spectra were recorded using 32, 64 or 128 scans. The diffusion
measurements were performed in triplicates. The gradient coil of the probe head was calibrated using a 5

mm NMR tube using 99.96% D,0, which gave a Dt of HDO (99.96% D,0) of 2.00 x 10° m?s* at 298 K.



Translational diffusion induced signal attenuation and data processing

Signal attenuation in the presence of a single pair of pulsed field gradients is given by

Equation 1:

[ = 1,790 (8-3)

where vy is the gyromagnetic ratio and g, 6 and A are the amplitude, duration and separation of the single pair
of gradient pulses, respectively.® It is worth noting that different shapes of the gradient can affect the form
of the equation above.3%4% All spectra were processed using TOPSPIN (Bruker). An exponential window
function with 2 Hz line broadening was applied before Fourier transformation, followed by baseline
correction. Data analyses were accomplished using the relaxation T1/T2 routine. For each measurement, at

least four peaks across the spectrum were used in the fitting and the average value was reported.

Internal standard for diffusion measurements
For spherical particles undergoing Brownian motion, the Stokes-Einstein relationship can be used to relate

the hydrodynamic radius, Rn, to Dr.1?

Equation 2:

_ kgT
~ 6mnRy,

Dr

where T is the temperature (in Kelvin), ks is Boltzmann's constant, and 7 is the solvent viscosity.

Small molecule internal viscosity standards can be used to avoid complexities arising from variations in
sample conditions. An internal viscosity standard with a known Ry for the same solvent (and at the same
temperature) as that used for the sample peptide can be used to evaluate the effective hydrodynamic radius

of the peptide according to Equation 3.3 Previous studies have used dioxane as an internal viscosity
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standard; the hydrodynamic radius of dioxane in an aqueous buffer at 298 K has been determined to be 2.12

A.13

Equation 3:

standard

T
Rh — Ris‘ltandard %
Dr

When comparing diffusion coefficients measured from two different solvents (i.e. solvent A and solvent B),
Equation 4 can be used to account for the differences in solvent viscosities. At 298 K, the viscosity of H.O
has been reported to be 0.89 ¢P and D20 is 1.10 cP.*! The viscosity of 30% (v/v) acetonitrile, 70% (v/v) H20
is 0.92 cP at 298 K.*> We assume that the ratio of the viscosities of 100% (v/v) H20 to 30% (v/v) acetonitrile,
70% (v/v) H20 is equivalent to the ratio of viscosities of 100% (v/v) D20 to 30% (v/v) acetonitrile-d3, 70%

(v/v) D20O; therefore, we estimate the viscosity of 30% (v/v) acetonitrile-d3, 70% (v/v) DO to be 1.14 cP.

Equation 4:
DA A
RE = Rf x —% X 77_3
DT

Molecular dynamics simulation

Molecular dynamics simulations of cyclic peptides were generated in water and 30% (v/v) acetonitrile. The
structures of SFTI-1 (PDB ID: 1SFI), cVcl.1 (P04244; http://www.conoserver.org), kB1 (PDB ID: 1NB1)
were used as starting structures. The structure of dichC was modelled using YASARA. Force field
parameters for acetonitrile were obtained from SwissParam (http://www.swissparam.ch/). Each peptide was
equilibrated using a stepwise relaxation procedure. All heavy-atoms were harmonically restrained with a
force constant of 2 kcal mol* A2 before a conjugate gradient minimization of 5000 steps was applied using
NAMD 2.7 and CHARMMZ27 force field parameters. The simulation was heated to 298 K before gradual
release over 2.5 ns under NPT conditions and periodic boundary conditions. A Langevin thermostat with a
damping coefficient of 0.5 ps™ was used to maintain the system temperature. The system pressure was
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maintained at 1 atm using a Langevin piston barostat. The particle mesh Ewald algorithm was used to
compute long-range electrostatic interactions at every time step and non-bonded interactions were truncated
smoothly between 10.5 A and 12 A. All covalent hydrogen bonds were constrained by the SHAKE
algorithm (or the SETTLE algorithm for water), permitting an integration time step of 2 fs. Production runs
of 10 ns were carried out using ACEMD. These simulations were performed under NVT with otherwise
identical force field and simulation parameters as above. Coordinates were saved every 500 simulation steps

producing 10000 frames per run.

Calculation of biophysical properties of cyclic peptides
The sequences of the cyclic peptides were obtained from either CyBase, a database of cyclic proteins,* or
from ConoServer, a database of venom peptides.*®> The molecular weights, MW, of the peptides were

calculated using the Digest Peptide tool on CyBase.®

Diffusion coefficients of the peptides in water (i.e. solvent density of 1 g cm™ and viscosity of 0.89 cP) were

predicted using the program HYDROPRO* with mode 2 (i.e. shell-model from residue-level) using the

average conformation of the peptides from the molecule dynamics simulation.
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Results & Discussion

Diffusion constants can provide valuable information about the conformation of biomolecules in solution.
We investigated PFG-NMR as a convenient and non-invasive approach for evaluating the diffusion
constants of cyclic peptides and subsequently deriving their hydrodynamic radii. The methods developed in
this work will be relevant to the growing number of structure-guided projects on cyclic peptides, their

mechanism of action and potential therapeutic applications.*®

As mentioned in the Introduction, derivation of Ry from the measured Dt can be achieved using Equation 2
by adjusting the measured Dt for temperature and solvent viscosity and extrapolating to zero solute
concentration to correct for the effects of the solute on solvent viscosity. To illustrate this, we measured the
Dt of dioxane at various concentrations in D>O and evaluated the Dt of dioxane at infinite dilution to be
9.63 x 1071° m? s by extrapolation of the measured values to zero dioxane concentration (Supplementary
Figure S1). Using Equation 2, the Ry of dioxane was calculated to be 2.06 A, which is similar to the reported
value of 2.12 A1 Alternatively, it has been proposed that Rn can be derived from the measured Dt using
Equation 3 and an internal standard with a known Rn and Dt (Experimental Methods). Dioxane and other

small molecule internal standards have been used in previous studies on proteins and linear peptides.®

Figure 2 shows 1D 'H NMR spectra of the cyclic peptides in this study with and without the addition of
dioxane and DSS. One complication arises when the dioxane resonance overlaps with the peptide resonance
at 3.7 ppm. The observed attenuation of the dioxane signal peak is then distorted by the diffusion properties
of the peptide. One solution is to fit the signal attenuation to a two component decay function,*? as shown in
Supplementary Figure S2. An alternative is to use an internal standard which has a resonance that does not
overlap with any peptide resonance peaks. For this purpose, we investigated the utility of DSS, which

typically lies far up-field in NMR spectra and is commonly used as a chemical shift reference.
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Figure 2: 1D *H NMR spectra of cyclic peptides studies in this work (dichC and kB2) with and
without the addition of small molecule internal standards (dioxane and DSS indicated by a circle
and a star, respectively). The spectra were acquired for peptides in 30% (v/v) acetonitrile-d3 and

70% (v/v) D20 at 298 K with a pD ~4. The spectra were referenced to DSS at 0 ppm.

To characterize whether DSS is a suitable small molecule internal standard, its diffusion properties were
measured in D20 and in the presence of dioxane at varying temperatures and solvent pD. As shown in Table
2, the Dt of DSS remains relatively consistent at around 5.95 x 101° m? sover a range of pD values from
3.7 to 7.4. The Dr of dioxane is around 9.61 x 10" m? s over the same pD range, giving a consistent ratio
of the two D+ values of about 1.62. According to Equation 3, the Ry of DSS in D20 at 298 K was evaluated
to be 3.34 A. The diffusion properties of DSS were also measured in 30% (v/v) acetonitrile-d3, 70% (v/v)
D20 at varying temperatures and solvent pD (Table 3). Similar to the result obtained in 100% (v/v) D20, the
Dt of DSS and dioxane remains relatively consistent over a range of pD values from 3.6 to 7.5. At 298 K
and a pD of 3.6, the Dt of DSS was 5.98+0.22 x 1071 m? s!, which was input into Equation 4 to give a Ry of
3.47 A. It is worth noting that DSS has been reported to be protonated at extremely low pH ("pH -6")*¢ and

can bind to some proteins*’ or possibly interact with other small molecules, such as urea,*? indicating that
12



the diffusion properties of DSS will change under those conditions and therefore affect the utility of DSS as
an internal viscosity standard. As expected and according to the Stokes-Einstein equation, the diffusion
coefficient of DSS increases with temperature (Table 2 and Table 3); however, the accuracy of measured
values for non-ambient temperatures (e.g. at 308 K) may be affected by thermal convection. This effect
arises from the Rayleigh-Bernard instability and depends on the magnitude and the direction of the
temperature gradient within the sample, as well as the geometry and physical properties of the sample.*®
Nonetheless, the Dt of DSS remains relatively consistent from 288 K to 303 K. These results suggest that
DSS is a suitable small molecule internal standard for diffusion measurements, particularly at ambient

temperature, as performed in this study.

Table 2: Effect of pD and temperature on the diffusion measurements of small molecule internal

standards 1,4-dioxane and DSS in 100% (v/v) D-O.

dioxane DSS dioxane/DSS
Dr (100 m2 s1)? Dt (10 m? s1)? Dr ratio
Effect of pDP
3.7 9.68  +0.09 5.99 +0.07 1.62 +0.02
4.5 9.60  +0.08 5.93 +0.03 1.62 +0.02
5.5 9.60  +0.12 5.96 +0.04 1.61 +0.01
6.7 9.53 +0.09 5.93 +0.04 161 +0.02
74 9.65 +0.11 5.95 +0.06 162 +0.03
Effect of temperature (K)°
288 7.21 +0.05 4.44 +0.04 1.63 0.01
293 8.33  +0.06 5.21 10.01 1.60 +0.01
298 9.68 +0.11 5.99 +0.06 161 +0.03
303 10.97 +0.07 6.85 +0.04 160 0.01
308 12.29 +0.08 7.96 +0.04 154 +0.01

a Diffusion coefficient reported as average and standard deviation of triplicate measurements

b Measurements conducted in 100% (v/v) DO at 298 K

¢ Measurements conducted at pD 3.6
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One advantage of PFG-NMR is the ability to use a large range of solvent systems. To measure Dt for a
range of cyclic peptides, we prepared samples in a mixture of D>O and acetonitrile, which is often used to
improve the solubility of hydrophobic peptides. Before measuring the diffusion coefficients, we conducted
molecular dynamics simulations of the peptides in water and in 30% (v/v) acetonitrile. Figure 3 shows a
superposition of the cyclic peptide structures extracted from various time points of the simulation, showing
that the presence or absence of acetonitrile only has a minor effect on the local structural flexibility of the

cyclic peptides.

Table 3: Effect of pD and temperature on the diffusion measurements of small molecule internal

standards 1,4-dioxane and DSS in 30% (v/v) acetonitrile-d3, 70% (v/v) D20.

acetonitrile dioxane DSS dioxane/DSS
Dt (100 m2 s1)? Dt (10 m? s1)? Dt (10 m?2 s1)? Dr ratio
Effect of pDP
3.6 15.35  +0.59 9.75 +0.35 5.98 +0.22 1.63 +0.03
4.5 1543  +0.24 9.92  +0.24 6.00 +0.18 1.65 +0.03
55 15.82 +0.24 10.17 +0.21 6.22 +0.26 1.66 =+0.01
6.4 14.99 +0.15 9.66 +0.11 5.86 +0.04 1.65 +0.03
7.5 15.56 +0.07 10.02 +0.14 5.90 +0.07 1.70 +0.01

Effect of temperature (K)°

288 11.76  #0.16 751  $0.07 4.47 +0.07 1.68 =+0.01
293 13.41  +0.06 851 #0.16 5.04 +0.06 1.69 =+0.04
298 1535  +0.59 9.75  #0.35 5.98 +0.22 1.63 +0.03
303 1722 +0.16 10.98  +0.23 6.73 +0.03 1.63 +0.04
308 20.80  *0.15 1409  +0.07 9.17 +0.27 154 +0.04

a Diffusion coefficient reported as average and standard deviation of triplicate measurements
b Measurements conducted in 30% (v/v) acetonitrile-d3, 70% (v/v) D,O at 298 K

¢ Measurements conducted at pD 3.6
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Figure 3: Molecular dynamics simulation of cyclic peptides. Backbone structures of cyclic
peptides at selected time points of the simulation in water (colored blue) and in 30% (v/v)
acetonitrile (colored red). Certain residues are labeled and the disulfide bonds, if present, are

colored in yellow.

The Dt values for a series of cyclic peptides were then measured in 100% (v/v) D20 and in 30% (v/v)
acetonitrile-d3, 30% (v/v) D20 at two different pD values. As shown in Table 4, the Dt values of the cyclic
peptides and DSS were similar across the different solvent conditions tested. Importantly, the ratio of Dt
values of the peptide to DSS, a measure of the size of the peptide corrected for solvent viscosity, remains
relatively consistent. One exception was observed for cVcl.1 in 30% (v/v) acetonitrile at pD 6.8, which
might be due to a change in the size and shape of c\VVcl.1 or in the diffusion properties of DSS. The ratio of
Dt values of the peptide relative to dioxane was also calculated and is shown in Supplementary Table S1.
Encouragingly, the measured Dt values are consistent with predicted values using HYDROPRO, a
computational algorithm that maps a hydrodynamic model to a known structure.** From the measured Dt
values we can then estimate the Ry of the cyclic peptides using Equation 2 or Equation 3; the results are
shown in Table 4. For Equation 2, which relies on interpretation of the absolute values of the measured Dr,
errors in the calculated R can arise from differences between the expected and actual sample temperature
and solvent viscosity; the latter of the two variables might also be affected by solute concentration.
Additionally, the measured Dr is subject to errors both from inaccuracies in measuring the exact shape and

strength of the gradient pulse and from spin-echo instability.®* Therefore, Equation 3 has previously been
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used to avoid these complexities.’? It should be noted though that Equation 3 relies on accurate
characterization of the diffusion properties of the internal standard and rests on the assumption that the Rn of
the standard is unchanged upon addition of the peptide. To validate the results obtained from Equation 3,
different internal standards can be used to obtain a consensus result.!? Nevertheless, Ry values obtained from
Equation 2 and 3 are similar and provide an estimate of the R of the cyclic peptides in solution. As expected,
there was a positive correlation between the number of residues of the cyclic peptide and its calculated
hydrodynamic radius (Table 4 and Figure 4). For example, SFTI-1, a 14-residue cyclic peptide, had a Ry of

8.77+0.05 A, whereas kalata B1, a 29-residue cyclic peptide, had a Ry of 10.64+0.16 A.

dichotomin C SFTI-1

Figure 4: Schematic representation of the Ry of cyclic peptides mapped onto their corresponding
three-dimensional structures. The structures of the peptides are represented in ribbon
representation and disulfides, if present, are colored in yellow. Ry is shown as an arrow from the
centre of mass, and as an overlapping sphere. The values for Rn were calculated using Equation 3
and are shown in Table 4. Please note that the structures contain some degree of anisotropy and

the sphere is only shown as a visual aid.
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Table 4: Diffusion coefficients of cyclic peptides

Dt (100 m? s1)° Dr ratio peptide Rn (A)°

solvent? Hydropro® peptide DSS DSS/peptide Eq. 2 Eq. 3
dichC (6 residues)

100% D0, pD =6.9 3.29 3.40 +0.04 5.97 +0.02 179 +0.02 585 +0.06 6.22 +0.07

30% CDsCN, pD = 6.8 3.60 +0.09 6.33 +0.16 1.76 +0.02 532 +0.14 586 +0.05

30% CDsCN, pD = 3.7 3.40 +0.04 6.02 $0.22 179 +0.03 5.72 +0.20 5.98 +0.10
SFTI-1 (14 residues)

100% D0, pD = 6.8 2.47 2.37 0.01 5.99 +0.02 253 +0.05 8.36 +0.03 8.77 +0.05

30% CDsCN, pD = 6.8 245 +0.05 6.03 $0.02 246 +0.05 7.82 +0.15 8.23 +0.16

30% CDsCN, pD = 3.6 235 +0.11 579 +0.09 246 +0.11 8.15 +0.37 822 +0.34
cVvcl.1 (22 residues)

100% D0, pD =6.8 2.25 2.18 +0.03 5.84 +0.01 2.70 +0.04 9.17 +0.16 9.36 +0.15

30% CDsCN, pD = 6.8 2.18 +0.07 555 +0.08 255 +0.08 8.78 +0.28 850 +0.26

30% CDsCN, pD =34 222 +0.01 597 +£0.10 2.71 +0.03 8.69 +0.08 9.03 +0.12
kB1 (29 residues)

100% D0, pD =6.8 2.07 1.95 +0.03 598 +0.02 3.07 +0.05 10.18 +0.14 10.64 +0.16

30% CDsCN, pD = 6.8 1.99 +0.03 598 +0.03 3.01 +0.04 9.63 +0.13 10.04 +0.09

30% CDsCN, pD = 3.6 2.06 +0.04 6.03 £0.02 2.93 +0.04 9.30 +0.14 9.76 +0.15

@ Three solvent systems were used: 100% v/v D,0 (100% D-0) at pD ~7; 30% v/v acetonitrile-d3, 70% v/v DO
(30% CDsCN) at pD ~7; and 30% v/v acetonitrile-d3, 70% v/v D,O (30% CDsCN) at pD ~3. The concentrations
of SFTI-1 and cVcl.1 were 1.40 and 1.20 mM, respectively. The concentration of dichC was 0.47 mM in 100%
(v/v) D20 and 1.01 mM in the other two solvents. The concentration of kB1 was 0.3 mM in 100% (v/v) DO and
0.98 mM in the other two solvents. The concentration of dichC and kB1 were lower in the absence of acetonitrile
in the solvent because of reduced solubility.

b Diffusion coefficient reported as average and standard deviation of triplicate measurements at 298 K

¢ Evaluated using Equation 2 and 3 (Experimental Methods)

4 Computed using the program HYDROPRO* (Experimental Methods)

We were further interested in using diffusion measurements to study self-association of cyclic peptides. We
focused on kalata B2, a cyclic plant peptide that possesses potent insecticidal activity.*® Previous analytical
ultracentrifugation studies suggest that self-association of kalata B2 might play an important role in its
mechanism of action.*® Diffusion measurements of kalata B2 were conducted in DO at different peptide
concentrations. As shown in Table 5, the calculated Rn of kalata B2 increased with increasing peptide

concentration. More specifically, at 0.22 mM, kalata B2 was mostly or completely monomeric, with a Dt of
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2.0120.02 x 10"%° m? s and a calculated Ry of 10.43+0.13 A (which is similar to the value measured for
kalata B1), but at 1.70 mM, there was strong evidence of self-association, which was indicated by a
significantly smaller Dt of 1.22+0.03 x 102 m? s* and a larger Ry of 17.06+0.22 A. Interestingly, this result
suggests that kalata B2 forms a tetramer and is consistent with a predicted Dt of 1.15x 107° m? s using
HYDROPRO* and a computational model of the tetramer.>® Furthermore, in the presence of 30% (v/v)
acetonitrile-d3 and at 1.5 mM peptide concentration, a concentration expected to induce self-association,
kalata B2 was largely monomeric, as indicated by a calculated Ry of 10.25+0.11 A (Table 5). This finding is
probably due to ability of acetonitrile to disrupt the hydrophobic interactions between individual kalata B2
molecules that have recently been suggested to be responsible for kalata B2 self-association in solution.®
Overall, these studies show that diffusion measurements are sensitive to the supra-molecular structure of

cyclic peptides and, therefore, is a valuable tool for characterizing oligomerization of cyclic peptides.

Table 5: Diffusion measurements of the self-association of kalata B2

peptide DSS kalata B2 (29 residues)
concentration

(mM) Dr (1010 m? s1)d Dt (100 m? shye Eq. 2: Ry (A)¢ Eq. 3: Ry (A)f
1.502 591 +0.42 2.08 +0.16 9.58 $0.71 9.86 +0.05
1.50° 591 +0.21 2.00 +0.08 9.93 +0.38 1025  +0.11
0.22¢ 6.06 +0.12 2.01 +0.02 9.85 +0.76 1043  +0.13
0.28¢ 6.02 +0.01 1.86 +0.01 10.70 +0.09 11.26  +0.10
0.61¢ 6.03 +0.02 1.53 +0.02 12.95 +0.14 1366  +0.12
1.10° 5.93 +0.20 1.34 +£0.02 14.78 +0.16 1533  +0.36
1.70° 5.98 +0.15 1.22  +0.03 16.30 +0.33 17.06  +0.22

a Diffusion measurements in 30% (v/v) acetonitrile-d3, 70% (v/v) D20, pD 3.6, 298K

b Diffusion measurements in 30% (v/v) acetonitrile-d3, 70% (v/v) D0, pD 6.9, 298K

¢ Diffusion measurements in 100% (v/v) D20, pD 6.9, 298K

d Diffusion coefficient reported as average and standard deviation of triplicate measurements
¢ Evaluated using Equation 2 (Experimental Methods)

f Evaluated using Equation 3 (Experimental Methods) and DSS as an internal standard
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Conclusions

In conclusion, we have conducted fundamental studies on the diffusion properties of a range of small cyclic
peptides that have therapeutic potential. We demonstrated that using internal standards, such as DSS, the
hydrodynamic radius of cyclic peptides can be characterized, providing information on solvent and shape
effects on motion in different solvent solutions. In a recent study on proteins, the hydrodynamic radius was
compared to other radii terms, such as the radius of gyration, to investigate protein shape and flexibility.>
We postulate that a similar method could be used to characterize structures of cyclic peptides (an analysis of
radii terms is shown in Supplementary Tables S2 and S3). We further postulate that diffusion measurements
are likely to be useful in exploring the effect of shape on the diffusion of cyclic peptide drug leads through a
membrane, which would facilitate the development of new rules to guide the design of drugs using this
emerging molecule class. Furthermore, we demonstrated that diffusion measurements can be applied to
understand the self-association behavior of cyclic peptides, which may provide structural insight into their
mechanism of action. The ability to characterize interactions of cyclic peptides with each other suggests that
diffusion measurements are likely to be useful for studying the interaction of cyclic peptides with a

molecular target, which may assist in guiding future drug design efforts using cyclic peptides as templates.
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