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Elucidation of the Solution Conformations of Loloatin C by NMR
Spectroscopy and Molecular Simulation
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Guang Zhul®!

Keywords: Conformation analysis / Cyclic peptides / Molecular modelling / NMR spectroscopy

NMR experiments combined with molecular simulation with
X-PLOR have been employed to determine the solution con-
formation of the cyclic decapeptide loloatin C in three differ-
ent solutions. In DMSO, the molecule possesses a hydro-
phobic aromatic “wall” consisting of Trp® and Phe’, and a
type 1 B-turn structure involving Val!, Trp'°, Asp® and Asn®
with a hydrophobic head at Val'/Trp!® and a hydrophilic tail
at Asp? and Asn®; another type II' B-turn was also located
between Leu®, Tyr*, Pro®, and Trp®. In 70/30 [D;]TFE/H,0,
however, loloatin C possesses a dumbbell structure with all
the hydrophobic side chains projecting upward on one side,
forming a hydrophobic surface, and the hydrophilic side

chains projecting to the other side, together with most of car-
bonyl oxygen atoms, thereby forming a hydrophilic surface.
However, in 30:70 [D3]TFE/H,O, loloatin C possesses an in-
verse y-turn incorporating Tyr?, Pro®, and Trp% a hydro-
phobic zone involving the side chains of Leu®, Trp®, Trp!°
and Phe? and a hydrophilic tail involving the hydrophilic side
chains of Orn?, Asn® and Asp®. The amphiphilicity of the
dumbbell structure in 70/30 [D3]TFE/H,0 is of interest in re-
lation to the antibiotic activity of loloatin C.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

Loloatin C (1, Scheme 1) is a cyclic decapeptide contain-
ing two D-amino acids that was originally isolated from lab-
oratory cultures of a tropical marine bacterium collected
from the Great Barrier Reef at the southern coast of Papua
New Guinea.['l Because this compound exhibits potent
antibiotic activity against several resistant Gram-positive
and Gram-negative bacteria, it is a promising template to
use for the development of new antibiotics. Through the
total synthesis of loloatin C,”! we have acquired milligram
quantities of this compound. To establish a
structure —function relationship, which will assist in the de-
sign and prediction of the properties of new members of

[l Department of Chemistry, The Hong Kong University of
Science and Technology,
Clear Water Bay, Kowloon, Hong Kong, PR China
Fax: (internat.) + 852-2358-1594
E-mail: haynes@ust.hk

1 Current affiliation:
Research Global Chemistry Insecticides, Bayer CropScience,
Alfred-Nobel Strasse 50, 40789 Monheim, Germany
Fax: (internat.) + 49-2173-383342
E-mail: juergen.scherkenbeck@bayercropscience.com

[l Department of Biochemistry, The Hong Kong University of
Science and Technology,
Clear Water Bay, Kowloon, Hong Kong, PR China

[41 Current affiliation:
Department of Chemistry, University of Hong Kong,
Pokfulam, Hong Kong, PR China

Eur. J. Org. Chem. 2004, 3137 DOI: 10.1002/ejoc.200300476

D -Tyr-4
Val 1 L ou-3
H
Trp-10 H N
HN = Orn 2 Pro 5
NH._O NH
ASP -9 };5 D- Pl:‘:EE@ Trp6
Asn-8 NH,

1: Loloatin C

Scheme 1

this class,® we have carried out a study of the confor-
mations of loloatin A. Because we were unable to crystallize
the compound, we have used NMR, IR, and CD spectro-
scopies to elucidate its solution-state structures.

Recent developments in NMR spectroscopy have greatly
enhanced our ability to obtain information on the three-
dimensional structure of cyclic peptides,* especially when
used in combination with molecular modelling in solution
or in the crystalline state.>¢! Several programs, such as
CHARMM 24b20781 and the CHARMM 23.1 force
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field,-1% have been used for molecular mechanics/dynamics
calculations based on 2D and 3D NMR spectroscopic data.
The Crystallization and NMR system (CNS) program X-
PLOR! ! applies empirical energy functions combined with
experimental data to allow exploration of the confor-
mational space of macromolecules. We describe herein the
elucidation of the three-dimensional conformation of lo-
loatin C in different solvent systems through use of a com-
bination of NMR spectroscopy and molecular simulation
with X-PLOR.

Methodology

ID and 2D NMR spectroscopy experiments, including
DQF-COSY, "2 total correlation spectroscopy (TOCSY),!3!
and NOESY'¥ were performed on a Varian Unity INOVA
500 MHz spectrometer. The raw data from the spectrometer
were transformed into a data format readable by Sparky!!>!
in conjunction with the program NMRPipe.['® The spin
systems of loloatin C were assigned through the use of
DQF-COSY, TOCSY, and NOESY spectra in conjunction
with Sparky. The chemical shifts were then compiled into a
shifts table and inserted into the data directory of the pro-
gram X-PLOR. In this step, sequential NOEs together with
easily identifiable NOEs were manually, but unambigu-
ously, assigned; Sparky was utilized to assign unambigu-
ously all the NOEs based on the shifts table. The NOE data
were merged and transferred into a peaks table file. The
shifts and peaks tables are the most important data in the
program.

The vicinal coupling constant between the amide proton
and a-proton, namely 3Jyn. i, Was measured using the pro-
gram PRONTO!'”! based on the DQF-COSY spectrum,
which implemented the Ludvigsen fitting procedure.['®]
These data were translated into dihedral angles ¢ based on
the Karplus equation.!'” The program ARIAP%211 was em-
ployed to assign in iterative fashion useful but ambiguous
NOEs. The routines were interfaced to X-PLOR. The man-
ner is which X-PLOR was used for the structural simulation
studies are described in the Exp. Sect.

Results and Discussion

NMR Spectroscopy and Structures

Three solvent systems — [Dg]DMSO, [D;]TFE/H,O
(70:30), and [D5]TFE/H,O (30:70), designated as systems I,
I1, and III, respectively — were used. The spin systems of
loloatin C in the three solvent systems were assigned exactly
based on the methods described above. In Table 1 are listed
the experimental values of the chemical shifts of the amide
protons (HN) and the a-methine protons (Ha), and the val-
ues of the vicinal coupling constants, 3Jyn.pq, Which were
acquired according to the procedure described above.

32 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 1. Chemical shifts of the amide (HN) and a-methine protons
(Ha) of loloatin C, and vicinal coupling constants 3Jyn_pi, acquired
from DQF-COSY (recorded at 25 °C, 500 MHz) in solvent systems
I ([DgJDMSO), 11 ([D5]TFE/H,0, 70:30), and 1II ([D;]TFE/H,O0,
30:70)

SHN (ppm) dHa (ppm) *Jin-to (Hz)
Residues 1 11 mr I 1 mr I 11 111
Val! 7.65 8.10 8.11 4.66 440 444 954 9.53 9.32
Orn? 897 8.12 824 539 534 534 11.7 578 104
Leu? 8.06 8.40 8.36 4.63 n.d[ 459 11.5 nd. 998
D-Tyr* 928 827 842 430 427 424 648 12.0 341
Pro’ nd. nd. nd 411 411 416 nd. nd. nd
Trp® 7.30 7.69 7.71 4.57 4.66 4.66 11.8 8.38 7.67
D-Phe’ 9.27 821 834 569 574 576 11.7 114 103
Asn® 9.14 9.25 9.28 430 489 490 9.56 7.76 7.44
Asp? 843 8.03 8.44 433 432 480 7.78 10.6 n.d.
Trp!'? 8.74 8.40 8.10 4.58 4.80 4.32 12.5 10.1 3.72

2l n.d. = no data.

The chemical shifts of the amide protons vary in these
different solvents. Solvent system I (DMSO) acts as a hy-
drogen bond acceptor for the amide protons; such hydrogen
bonding causes a shift to higher field (lower chemical shift
values) for the relevant amide protons. On the other hand,
TFE is a hydrogen bond donor, and hydrogen bonding with
the carbonyl oxygen atom induces shifts of the signals in
the NMR spectrum of the neighboring amide proton to
lower field.?>2% The changes in chemical shifts of the am-
ide protons in the residues Val', Leu®, Trp®, and Asn® that
occur upon changing from solvent system I to solvent sys-
tem II are consistent with these effects. However, the
changes at the residues Orn?, Tyr*, Phe’, Asp®, and Trp!°
are in the opposite sense (Table 1); this situation is ascribed
to the changes in conformation of loloatin C in the different
solvent systems, as is discussed below.

Increasing the amount of water in TFE (systems II to
III) also induces changes in the chemical shifts of the amide
protons, as is shown clearly in Figure 1. The chemical shift
that has the largest downfield change is that of Asp® (D9,
AS = 0.412 ppm). There are three moderate downfield
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Figure 1. Difference in chemical shift of the amide protons between
solvent systems II ([D3;]TFE/H,O, 70:30) and III ([D;]TFE/H-0,
3070), where Ad = 6{{{ - 6]]
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changes: those of Orn? (02), Tyr* (Y4), and D-Phe’ (F7).
The largest upfield shift is that for Trp'® (W10, A§ =
—0.307 ppm) and a small upfield change is observed for
Leu? (L3). The chemical shifts of the amide protons of the
other three residues are relatively similar in both solvent
systems. Thus, loloatin C does display distinct structural
differences in each of the solvent systems II and III.

In DMSO (solvent system I), the chemical shifts of the
C*H proton are an indicator of the secondary structure. An
ensemble of several protons consistently having upfield
shifts of ca. 0.3 ppm, relative to the standard values associ-
ated with a random coil, provides a strong indication for a
helical structure. Conversely, an ensemble of several protons
consistently having downfield shifts is indicative of the pres-
ence of B-strands.’*! According to Table I, in solvent sys-
tem I, the chemical shifts of the a-protons of residues Val
and Leu® display 0.31 and 0.25 ppm downfield shifts,
respectively, relative to standard values, whilst that of Orn?,
when compared with the standard value of Lys, displays a
downfield shift of 1.03 ppm. No data could be used to com-
pare the chemical shift of the C*H proton of the D-Phe’
residue, although this proton appeared relatively downfield
of other protons at 6 = 5.69 ppm. These data overall are
indicative of a B-structure within residues 1—7, most likely
a B-turn. On the other hand, the chemical shifts of the C*H
protons for Pro®, Asn®, and Asp® are located upfield of
standard values by 0.33, 0.46, and 0.43 ppm, respectively.
These data are indicative of a structure approximating an
o-helix within residues 5—10. It must be borne in mind,
however, that geometric constraints within the relatively
small cyclic decapeptide will prevent it assuming a true o-
helical structure, although a helical turn structure>! can
be expected.

No comments as to the possible secondary structures in
systems II and III can be made at this stage, due to lack of
standard data for the TFE/H,O solvent systems.

The sensitivity of the chemical shifts of the amide pro-
tons to temperature (temperature gradientsAd/T) has been
examined for solvent system III to probe the presence of
intra- or intermolecular hydrogen bonds within the struc-
ture. The results are presented in Table 2. Only three of the
values of A8/T for the amide protons, namely those of Val!,
Trp®, and Trp'®, appear in the range from 2:1073 to 6:1073
ppm/K. This indicates that there may be hydrogen bonds
between these protons and other atoms having greater elec-
tronegativity.

The number of unique NOESY cross peaks were identit-
ied for all the three systems, in which the spin lock mixing
times (t,,) were 1 s, 1 s, and 500 ms for solvent systems I,
II, and III, respectively. There were 628, 380, and 247 un-
ique cross peaks for solvent systems I, 11, and III, respec-
tively. Whilest it seems that the NOE intensities in system |
are unreasonably large, a second NOESY experiment con-
ducted at 750 MHz (t,, = 100 ms), in which the cross peak
number is almost at the same level (651), rules out the pos-
sibility of spin diffusion during the high mixing time.
Sequential constraints are displayed in Figure 2.
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Figure 2. Schematic representation of the sequential and medium-
range connectivities of loloatin C in solvent systems [ ([Dg]DMSO),
1T ([D3]TFE/H,0, 70:30), and III ([D5;]TFE/H,0, 30:70)

Table 2. Temperature gradients of the chemical shifts of amide protons in solvent system III ([D;]TFE/H,O0, 30:70)

Temp. (K) Val! Orn? Leu? D-Tyr* Trp® D-Phe’ Asn® Asp’ Trp'©
283.5 8.08 8.12 8.29 8.36 7.67 8.24 9.20 8.34 8.04
288.5 8.11 8.21 8.37 8.38 7.69 8.31 9.26 8.43 8.09
293.5 8.11 8.24 8.36 8.42 7.71 8.34 9.28 8.44 8.1
298.5 8.14 8.29 8.38 8.47 7.74 8.36 9.32 8.48 8.13
303.5 8.17 8.38 8.43 8.52 7.76 8.40 9.36 8.54 8.15
313.5 8.20 8.38 8.46 8.55 7.80 8.40 9.39 8.56 8.17
ASIT X 1073 (ppm/K) 4.0 8.67 5.67 6.33 4.33 5.33 6.33 7.33 433
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In solvent system I, H*—H¢% H*-HY, HN-HY, and
HP—HN connectivities are within Val' to Trp'® although
some disconnectivities exist here and there. Short-range
HN—HN (i, i+2)-type connectivities are also identified be-
tween Tyr*—Trp®, Trp®—Asn®, and Asn®—Trp'%; taken to-
gether with the identification of H*—HN (i, i+2)-type con-
nectivities between Tyr*—Trp® and Asp®—Val', these indi-
cate the existence of two turns within these regions.

Less structural information could be acquired from the
analysis of NOE connectivities found in solvent systems IT
and II1. The uncovering of HN—HY (i, i+2)-type connec-
tivities between Asn®—Trp!® and Asp’®—Val! indicates the
possible existence of a turn structure in solvent system III.

3D Solution Structure Determined by X-PLOR

Molecular simulation with X-PLOR version 3.851 was
performed for the three solvent systems indicated above.

In Figure 3 is given the 3D solution structure of loloatin
C in DMSO. Within the structure, two B-turn secondary
structures are found. One is a type I B-turn between Val',
Trp'%, Asp®, and Asn® with a hydrogen bond of 2.741 A
between the Val! NH and the Asn® O atom, with an
O—H—N angle of 112.83°. The other is a type II' B-turn,
which is located between Leu?, Tyr* Pro°, and Trp® with a
hydrogen bond between the Leu® O atom and the Trp® NH
unit (2.512 A; 158.99°).

The backbone conformation displayed in Figure 3 ap-
proximates that of an antiparallel B-strand. A hydrophobic
aromatic “wall” consisting of Trp® and Phe’, and a type I
B-turn structure involving Vall, Trp!'°, Asp® and Asn® with
a hydrophobic “head’ at Val'/Trp'® and a hydrophilic “tail”
at Asp’/Asn® are apparent. As indicated in Table 3, the
backbone dihedral angles o in all cases are close to either
+180° or —180°, which suggests that there are no cis ele-
ments in the backbone. There is a strong NOE between
Trp'°HN and Val'HN, i.e., the dnn+2.+3 — the best diag-
nostic NMR spectroscopic parameter for identifying a type
I B-turn structure — provides strong support for a type I
B-turn structure between Val!, Trp!®, Asp®, and Asn®. An-
other secondary structural element is a type I’ B-turn be-
tween Leu?, Tyr#, Pro>, and Trp®, which is apparent because
of the presence of a strong NOE between dH(i+2) and

Figure 3. 3D structure of loloatin C in [Dg]DMSO based on a
molecular simulation by X-PLOR

HN(i+3). The torsion angles of the residues i+1 and i+2
presented in Table 3 also add support to the presence of the
corresponding secondary structures, and the conclusion is
consistent with the results from the NOESY analysis.
Structural simulation from data of solvent system II re-
veals a rather different structural arrangement. As is appar-
ent from Figure 4, no intramolecular hydrogen bonds are
observed within the molecule, and the overall shape ap-
proximates that of a dumbbell having an “intersection”
point at Orn? and D-Phe’. All the hydrophobic side chains
project upward on one side, forming a hydrophobic surface.
The hydrophilic side chains of the Orn?, Asp®, and Asn®
residues project from the other side, together with most of
the carbonyl oxygen atoms, which thereby form a hydro-
philic surface. The backbone dihedral angles listed in
Table 3 are consistent with this arrangement, i.e., all the
amide bonds are in the trans form, as previously observed
in solvent system I (DMSO). In all cases, the values of ®
are ca. 180° or —180°. Evidence from the NOESY spectrum
also supports the dumbbell structure: there are strong
NOE:s of dg(2.7), corresponding to1.912 A, and dgs2.7), cor-
responding to 1.766 A, between Orn? and Phe’.

Table 3. Backbone dihedral angles for the ensemble-average structure of loloatin C in solvent systems I ([Dg]DMSO), 11 (|D3;]TFE/H,0,

70:30), and 111 (|[D5]TFE/H,0, 30:70) determined by X-PLOR

© v ®
Residues 1 11 111 1 11 111 1 1I 11T

Val! ~162.3 —62.0 ~90.0 —42.5 ~37.8 ~39.8 ~179.2 179.8 179.5
Orn? ~170.4 59.3 —61.3 115.2 56.9 ~334 179.4 ~179.7 ~179.5
Lew® —84.2 ~59.2 623 51.8 —45.0 140.1 ~178.8 179.2 ~179.6
D-Tyr* 74.1 157.6 —64.1 ~122.1 ~53.9 ~127.5 179.4 179.5 179.3
Pro’ —61.0 —46.1 —72.1 —0.6 —42.1 51.9 ~179.6 179.1 ~178.6
Trp —66.5 ~162.0 ~78.2 —140.0 —98.7 —53.1 179.0 ~179.8 ~178.8
D-Phe’ 176.8 74.7 51.7 56.5 123.2 102.3 176.9 ~179.9 ~178.4
Asn® —164.6 —85.5 ~170.7 —143.5 ~53.4 -32.1 179.7 ~179.7 ~178.7
Asp? —60.8 ~165.7 ~176.6 -38.8 34.6 —47.5 179.3 ~179.3 ~179.3
Trp!© ~79.5 ~110.5 ~71.3 0.56 ~126.2 139.9 ~179.8 ~179.3 179.3

34 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. 3D structure of loloatin C in solvent system II ([D;]TFE/
H,O0, 70:30) based on a molecular simulation by X-PLOR incorpo-
rating the effect of water

In this specific conformation, therefore, there is an appar-
ent amphiphilicity arising from lipophilic side chains pro-
jecting from one side and the hydrophobic chains projecting
from the other side, a situation reminiscent of the “sided-
ness” displayed by gramicidin S. This feature appears to be
an important one for maintaining high levels of antibiotic
activity in analogues of gramicidin S.[?%! Although the pro-
nounced amphiphilicity of loloatin C is apparent only in
the 70:30 [Ds;]TFE/H,O solvent system, the amphilicity
does have an analogy with that of gramicidin S, and, thus,
this particular solution state structure is of interest because
of the potent antibiotic activities displayed by loloatin C.

Increasing the amount of water with respect to TFE, as
in solvent system III ([D;]TFE/H,O, 30:70), induced a
marked structural change from the dumbbell motif of sol-
vent system II. The structure is given in Figure 5.

Figure 5. 3D structure of loloatin C in solvent system III ([D3;]TFE/
H,0, 30:70) based on a molecular simulation by X-PLOR incorpo-
rating the effect of water

Eur. J. Org. Chem. 2004, 31—37 www.eurjoc.org

Only one secondary structural type was found, namely
the inverse y-turn incorporating Tyr*, Pro’, and Trp® in
which the hydrogen bond of 1.97 A between the Tyr* O
atom and the Trp® NH, with an O—H—N angle of 137.78°.
The hydrophobic side chains of Leu?, Trp®, Trp'?, and Phe’
are clustered together to form a hydrophobic zone (the
“head”) and the hydrophilic side chains of Orn?, Asn®, and
Asp® form a hydrophilic “tail’. The ring is relatively con-
stricted around Leu?, Tyr*, Pro®, and Trp®.

To illustrate the effectiveness of the convergence in the
X-PLOR simulation, superpositions of 10 minimum energy
structures of Loloatin C in the 30:70 [D3;]TFE/H,0 solvent
system is presented in Figure 6. It is apparent that the struc-
tures converge well.

Figure 6. Superposition of 10 minimum-energy structures of lo-
loatin C in solvent system III ([D3;]TFE/H,0, 30:70) calculated by
X-PLOR and displayed by molmol

Studying Circular Dichroism (CD)

CD was employed to check the 3D solution structure of
loloatin C. We chose to use a solution of 30 wt-% trifluoro-
ethanol (TFE) in 10 mM sodium acetate buffer as the me-
dium on the basis that TFE acts as a structure-promoting,
membrane-mimicking solvent.

In Figure 7 are displayed the curves. There is a positive
band at 190 nm and negative bands at 204 and 217 nm.
Thisis indicative of a blend of a-helix and B-turn structures.
As indicated by the shape of the curves, and by an on-line
deconvolution analysis using CDNN,?”! the domain con-
formation is believed to be a helix-like structure with a
small component of a B-structure. This conformation is
consistent with the results of the molecular simulation for
solvent system III (TFE/H,0, 30:70).

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 35
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Figure 7. CD spectra of loloatin C in TFE/buffer (30 wt-% tri-
fluoroethanol in 10 mm NaOAc, pH 5.5); concentrations are
2.34-107> M for the maroon line, 5.15-107° M for the yellow line,
and 1.29:10* M for the azure line

Conclusion

Based on the results obtained for the three solvent sys-
tems, it is apparent that the skeleton of loloatin C is rela-
tively flexible, with quite pronounced changes in confor-
mation taking place upon changes in the solvent. Thus, in
a solvent like DMSO, which can act as a hydrogen bond
acceptor, the inverse-turn secondary structure is stable,
whereas in solvents that can act as hydrogen bond donors,
such as TFE, the inverse-turn structures are destabilized.
Of particular interest is the dumbbell-like conformation dis-
played by loloatin C in solvent system II ([D3;]TFE/H-O,
70:30). In this specific conformation, the apparent amphi-
philicity, due to lipophilic side chains projecting from one
side and hydrophobic chains projecting from the other, is
reminiscent of the “sidedness” displayed by gramicidin S.
As this feature appears to play a role in maintaining high
levels of antibiotic activity in analogues of gramicidin S,
this particular solution state structure of loloatin C is of
interest in regard to the potent antibiotic activities dis-
played by this compound.

Experimental Section

NMR Experiments: Loloatin C was dissolved in a suitable solvent
(500 pL). Three solvent systems were employed: [Dg]DMSO,
[D;]TFE/H,0 (70:30) and [Ds]TFE/H,O (30:70). In the [D;]TFE/
H,O systems, 0.05 wt-% sodium 3-(trimethylsilyl)[2,2,3,3-D4]pro-
pionate (TMSP) was added as the internal standard. The peptide
concentration in [Dg]DMSO was 4 mm, in [D3]TFE/H,O (70:30) it
was 2 mM, and in [D;]TFE/H,O (30:70) it was 1 mM.

36 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The 'H and one- and two-dimensional NMR spectroscopy experi-
ments, including DQF-COSY, total correlation spectroscopy
(TOCSY), and NOESY experiments were performed at 25 °C on
a Varian Unity INOVA 500 spectrometer equipped with a triple
resonance probe and a z-axis pulse-field gradient. One NOESY
experiment, with a mixing time of 100 ms, was performed on a
Unity INOVA 750 spectrometer equipped with a triple resonance
probe and a z-axis pulse-field gradient. One-dimensional FIDs (free
induction decays) were typically acquired through presaturation of
the water signal using low-power irradiation, a sweep width of
12 ppm, and digitized into 6400 complex points. Two-dimensional
data sets were acquired typically using a 'H sweep width of 12 ppm
and presaturation of the water signal into matrices of 4096 to 2048
complex data points in 7, and 1024 to 2048 in ¢,; the signal was
averaged over 32 transients. Quadrature detection in F1 was
achieved using the States-TPPI method.?®! For the TOCSY spec-
tra, spin-lock mixing times of 70 ms for the DMSO system and 60
ms for the TFE/H,O systems were applied for long-range through-
bond connectivities. Shorter mixing times were not tried. Several
NOESY spectra were recorded using mixing times (t,,) between
100 ms and 1 s. Low-power (tpwr = 2) irradiation of the water
signal was used during the mixing time of the NOESY spectra.
Parameters used in the NOESY experiment with the 750 MHz
spectrometer were as follows: 1, = 4096; ¢, = 2048; nt = 32 transi-
ents; 1, = 100 ms. The spectra were referenced relative to the
chemical shift of methyl group (8§ = 2.60 ppm) of DMSO when it
was used as the solvent. For the TFE/H,O system, the spectra were
referenced relative to the chemical shift of methyl group in TMSP.
This value was set to & = 0. For the [D3;]TFE/H,O (30:70) solvent
system, temperature coefficients for the backbone amides were ac-
quired. The measurements were carried out by acquiring 1D spec-
tra in steps of 5 °C, between 10 and 40 °C, and by obtaining DQF-
COSY and NOESY spectra at 15, 25, and 30 °C.

Structure Calculations: NOE volumes were integrated with
SPARKY. Only the inter-residue NOEs were applied in the calcu-
lations. Structures were generated using simulated protocols pub-
lished in the literature using the extended latest version (v. 3.851)
of X-PLOR. To increase efficiency, modifications were introduced
in the protocols to include the ambiguous distance restraints, float-
ing assignment for prochiral groups and a reduced representation
for non-bonded interactions for part of the calculation. The exten-
sions of X-PLOR were necessary for the floating assignment ap-
proach used, the analysis and partial automatic assignment of the
ambiguous NOEs and the best-fitting procedure. The parameters
used in the refinement protocol were the same as those described
in the literature.

Molecular simulations with X-PLOR (v. 3.851) were performed for
the three NMR solvent systems indicated above. Before commenc-
ing the program, a sequence file — the LoC.seq file — was com-
piled to describe sequence of the peptide and it was included in the
data directory of the program. The sequence is: Val—Orn—Leu—Db-
Tyr—Pro—Trp—D-Phe—Asn—Asp—Trp. Secondly, as loloatin C is
a cyclic peptide containing an abnormal amino acid, namely orni-
thine, and two D-amino acids, D-phenylalanine, and D-tyrosine,
some modifications are required. The parameters for ornithine
were based on those of lysine, because there is only one methylene
unit difference between them. These parameters were added to the
file topallhdg5.2.pro of the database. Two allowances must be made
for the cyclic structure. Firstly, it is necessary to insert comments
on the first and last modifications of residues in the topallhdg.pep
file for normal proteins. Secondly, a syntax for making cyclic pep-
tides should be included in generate.inp, which is the file used for
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creating the template for loloatin C. The syntax is: patch pept refer-
ence = "—" = (resid 10) reference = "+" = (resid 1) end

In this file, the syntax for changing the a normal L amino acid into
a D amino acid is also included: patch Itod reference = nil =
(resid 4) reference = nil = (resid 7) end

Also, an improper parameter should be included in the file par-
allhdg5.2.pro of the toppar directory. Otherwise, the change from
an L to D configuration will not be effective. The syntax is as follow-
s: IMPRoper CH2E N C HA 500.00 {sd = 0.031} 0
67.7957 IMPRoper CH2E NH1 C HA 500.00 {sd = 0.031} 0
66.1640

At this point, the molecular simulation is ready to start.

At the outset, the number of scanned structures (nstruct) in an
iteration is set at 20, and keepstruct, the number of minimum-en-
ergy structures amongst the 20 raw structures is set at seven. Each
run contains eight iterations. Later iterations are based on the re-
sults of the previous ones. The last iteration, i.e., the eighth, will
analyze the structures retained in the previous iterations, and there
will be several cycles to establish if the structural imputations are
self-consistent. Manual examination of the assignments and the
NOEs based on the simulation results can be carried out, and pos-
sible errors can be corrected at this stage. A larger-scale run with
the commands nstruct = 60, keepstruct = 10, is then performed.
When all the evaluations based on energy, NOE violation, and con-
vergence are satisfied, the last is refined to include the effect of
water molecules on the structure. In this manner, the final mini-
mized structure was obtained. The 3D structures are displayed both
by molmol®! and TITAN (Wavefunction, Inc. and Schrodinger,
Inc., USA). The molecular simulations were performed on a Li-
nux platform.

Circular Dichoism (CD) Measurements: CD spectra were recorded
on a Jasco J-720 spectropolarimeter. The instrument sample com-
partment was fitted with a cell holder that retained the sample cu-
vette near the photomultiplier tube to minimize light-scattering ar-
tifacts. The pathlength of the cell was 0.1 cm. The compartment
and photomultiplier path were filled with high-purity N, (99.99%)
to avoid the generation of ozone, which will otherwise substantially
affect the spectra, especially in the near-UV range (180—200 nm).
For each sample, blank solution and sample solution spectra were
acquired simultaneously under identical conditions. The spectra
were averaged from five scans at one gain and a spectral resolution
of 0.1 nm for wavelengths from 190 to 265 nm. The true spectra
for the samples were then derived by subtraction of the blank from
the sample spectra. The ellipticity was recorded in terms of molar
ellipticity. Spectra were recorded in 10 mm sodium acetate buffer
(pH 5.5—6.0) containing 30 wt-% trifluoroethanol (TFE). Stock
solutions were prepared by dissolving the corresponding fresh pep-
tides in the corresponding solvent systems to a concentration of ca.
1-10~* mm. Working solutions were prepared by sequential dilution
of the stock solution by 5- to 10-fold.
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