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Abstract: The recently isolated broad-spectrum antiparasitic apicidin (1) is one of the few naturally occurring cyclic tetrapeptides
(CTP). Depending on the solvent, the backbone of 1 exhibits two y-turns (in CHsClg) or a g-turn (in DMSO), differing solely in
the rotation of the plane of one of the amide bonds. In the X-ray crystal structure, the peptidic C=0s and NHs are on opposite
sides of the backbone plane, giving rise to infinite stacks of cyclotetrapeptides connected by three intermolecular hydrogen bonds
between the backbones. Conformational searches (Amber force field) on a truncated model system of 1 confirm all three backbone
conformations to be low-energy states. The previously synthesized analogs of 1 containing a reduced amide bond exhibit the same
backbone conformation as 1 in DMSO, which is confirmed further by the X-ray crystal structure of a model system of the desoxy
analogs of 1. This similarity helps in explaining why the desoxy analogs retain some of the antiprotozoal activities of apicidin. The
backbone-reduction approach designed to facilitate the cyclization step of the acyclic precursors of the CTPs seems to retain the
conformational preferences of the parent peptide backbone. Copyright © 2005 European Peptide Society and John Wiley & Sons,
Ltd.
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INTRODUCTION linear tetrapeptide is the synthetically most challenging
obstacle, we have -calculated the transition state
energies (semiempirical AM1 method) of the possible

amide bond formations in some monodesoxy model

A small group of cyclic tetrapeptide (CTP) natu-
ral products (Figure 1) interfere with the regulatory

process in the control of chromatin structure and
gene expression via a pharmaceutically yet unex-
ploited mechanism by interacting with a nuclear
enzyme, histone deacetylase [1,2]. The potent broad-
spectrum antiparasitic agent apicidin (1) has been
shown to have activity against malaria parasites Plas-
modium falciparum in vitro and Plasmodium berghei
in mice [3,4]. Apicidin was originally isolated from
cultures of Fusarium pallidoroseum [3] and sev-
eral syntheses have subsequently been published
[5,6].

However, the generation of SAR data for apicidin
derivatives had to rely on degradation experiments
rather than the more convenient forward synthesis
[7,8]. The reason is the difficulty in achieving the
intramolecular cyclization of the linear tetrapeptide
precursor due to intermolecular competition reactions
[9-12]. In addition, the differentiation between the CTP
and its dimer, cyclo-octapeptide (COP), can be equivocal
[7]. As an alternative approach to the 12-membered ring
template, we had chosen to synthesize a backbone-
reduced analog [13]. As the cyclization step of the
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compounds. The energetically most favoured cyclization
reaction to build the prospective 12-membered ring
is predicted for the secondary D-amino acid at the
C-terminus and the reduced amide bond in the central
position of the linear precursor (Scheme 1) [13]. In
a model system for apicidin, the monodesoxy amide
linear precursor has given the cyclic tetrapeptoid 2 in
high yield (82%). Several monodesoxy compounds, more
closely related to apicidin, have also been synthesized
(3-5) and were shown to retain some of its biological
activities [13].

We present herein a detailed analysis of the
solid phase and solution structures of apicidin and

n=2,R'=H,R>=Bn Trapoxin A R=0Me Apicidin 1
n=1,R'=H,R’=Bn Trapoxin B R=H Apicidin A
n=1,R'=R?>=Me Chlamydocin

Figure 1 Naturally occurring CTPs.
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Scheme 1 Synthesis of a backbone-reduced truncated
apicidin analog.

several desoxy analogs supported by computational
data.
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METHODS

NMR spectra were recorded on a Varian Inova 750 MHz at
25°C. Signals are referenced to the residual DMSO signal
at 2.5 ppm unless otherwise stated. 'H NMR resonance
assignments are based on the two-dimensional 'H-'H COSY,
IH-13C HMQC and phase-sensitive rotating frame NOE
(ROESY, 250-ms mixing time, 3-kHz spin lock) spectra
obtained with the standard Varian pulse sequences. Analytical
HPLC was run on a Hewlett-Packard 1050 instrument using
an ABZ + Plus Supelcosil column (33 mm, 4.6 mm, 3 um) with
7 min gradient time (1 ml/min) 10-95% solvent B in A, then
95% solvent B for 1 min; solvent A: 0.1% TFA in water; solvent
B: 0.05% TFA in MeCN/H5O (95:5); UV detection at 215 nm.

X-ray crystallography

Data for 1 and 2 were measured on Bruker SMART| CCD
diffractometers. For 1, synchrotron radiation (A = 0.6875 A)
was used at Daresbury Laboratory SRS. For 2, Mo K« radiation
(A = 0.71073 A) was used.

Crystal data for 1.0.25CHCI3. C34H47N506:0.25CHCl3, M =
651.6, crystal dimensions 0.18 x 0.06 x 0.02 mm, orthorhom-
bic, P212;2,, a= 19.176(2), b =20.272(2), ¢ = 38.540(4) A,
V =14982(3) A", Z = 16, peaca = 1.156 g/cm®; 78 700 reflec-
tions measured, 21428 independent, R= 0.097 (F values,
11 662 reflections with F,2 > 20 (F,2), Ry = 0.263 (F2 values,
all data), S = 0.962, 1652 parameters, 1110 restraints, resid-
ual electron density 0.56/—0.30 e/A3.

Crystal data for 2. C30H3gN507S, M = 613.7, crystal dimen-
sions 0.57 x 0.42 x 0.10 mm, orthorhombic, P2:2:2,, a=
1(3).1858(5), b = 15.9243(8), c = 18.8691(10) A, V = 3060.6(3)
A°, Z=4, pealea = 1.332 g/cmB: 19 866 reflections measured,
7348 independent, R = 0.044 (F values, 6131 reflections with
Fo? > 26(Fy2), Ry =0.103 (F2 values, all data), S=0.990,
392 parameters, no restraints, residual electron density
0.69/-0.62 e/A’.

Copyright © 2005 European Peptide Society and John Wiley & Sons, Ltd.

The crystallographic results have been deposited at the
Cambridge Crystallographic Data Centre. For 1, the deposition
number is CCDC 274844; for 2, a preliminary report of which
was published previously [13], the REFCODE is QIRRUE.

Calculations

Calculations were carried out on a Silicon Graphics Indigo 2
with Macromodel (version 5.5) using the BatchMin facility [14].
Conformational searches used the standard settings of the
Monte-Carlo multiple minimum search method [15] and the
conjugate gradient method for energy minimizations employing
the Amber force field [16,17] (implicit hydrogens) and the
Macromodel-internal GB/SA solvation treatment for water
[18]. No conformational constraints were imposed and the
default torsional constraint on the amide bonds was removed
during the searches.

RESULTS AND DISCUSSION
Apicidin

In the original structural analysis of apicidin, undis-
closed NOE data (in CD,;Cl, and CsHsN) as well
as the temperature and concentration dependence of
NH chemical shifts were given as evidence for three
intramolecular H-bonds, leading to a set of three
7-membered rings within the apicidin backbone [3].
However, we could not accommodate simultaneously
more than two of these y-turns within this CTP, nei-
ther in a ball-and-stick model nor in computer sim-
ulations (vide infra). Our proton chemical shifts in
CD,Cl, agree without exception with those published
(CD4yCly) [3], but the trends of our amide protons’ tem-
perature dependences (CDyCly) are distinct from the
ones in pyridine, published recently by the same group
(Table 1) [19]. Whereas the relatively large values in
pyridine (—4 to —9 ppb/°C) [19] seem to indicate sol-
vent exposure of all 3 amide protons [20], much smaller
values in CDyCl, for 2 amide protons (0 to —2 ppb/°C)
give rise to the backbone geometry depicted in Figure 2:
y-turns at Trp(OMe) and D-pipecolic acid (D-Pip), while
the Trp(OMe) amide proton is solvent-exposed (—6
ppb/°C). All our other NMR data (couplings, ROEs)
support the CDy;Cl, backbone configuration shown
in Figure 2. The third H-bond has previously been
postulated between the Trp(OMe) NH and Pip C=0
[3,19]; however, this cannot be realized in the model in
Figure 2. This H-bond is 3.4 A long in our computed
structure (Figure 4; 2.2-4 A in the MD simulations of
Ref. 19).

In DMSO solution, the NMR spectra indicate that
three conformations are present at room temperature
(ratio of ca 13:3.5:1). The three different forms exhibit
show exchange of magnetisation on the NMR time scale.
In the major form, all peptide bonds are again in the
trans configuration, but now all three NHs are anti with
respect to their intra-residue « protons, as indicated by

J. Peptide Sci. 2006; 12: 383-388
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Table 1 Selected NMR data of Apicidin in CD5Cly and DMSO-dg at 750 MHz and in CsHsN at 400/500 MHz?

Residue Solvent Strong ROE «CH/NH 3J «CHNH [Hz] SA/T NH [ppb/K]

Aoda CD»Cly No 10.5 0.0P
DMSO-dg No 10.5 +0.8P
CsDsN? — — —5.1¢

Trp(OMe) CD3Cly Yes 7.0 —6.0°
DMSO-dg No 9.5 +0.8P
CsDsN? — — -9.3¢

Ile CD,Cly No 10.5 —2.0P
DMSO-dg No 10.0 -3.7
CsDsN? — — —4.0°

aRef 19.

bAT =25-65°C.

¢AT = —10-70°C.

OMe OMe
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Figure 2 Backbone conformations of apicidine in CDyCla
and DMSO solution as deduced from NMR data (R = heptan-
5-one as part of Aoda).

the large intra-residue coupling constants and relatively
small ROEs (Table 1). Hence, the rotation of the amide
bond between (2S-)-2-amino-8-oxodecanoic acid (Aoda)
and TrpOMe by ca 180° with regard to the backbone
conformation in CDyCl, allows the NH of TrpOMe to
form an H-bond with the carbonyl of Ile, consistent with
the small temperature dependence of the NH chemical
shift observed (Figure 2; Table 1). This arrangement
approximates a S-turn with D-Pip and Aoda in the
i+ 1 and i+ 2 positions respectively.

Crystallography. Thin needles of apicidin were grown
in a chloroform/methanol solution by vapour diffusion
of pentane. Owing to their small size, synchrotron
radiation had to be used for the X-ray analysis. The data
obtained yielded no solution with conventional methods
of structure solution. The structure could, however, be
solved with the new SHELXD program [21,22].

The asymmetric unit is composed of four molecules
of apicidin that are structurally distinct only in
the orientation of their side chains; the backbone
remains essentially the same (Figure 3), together with
a disordered molecule of chloroform. The molecules
form an infinite array hydrogen-bonded through the
amidic carbonyls of one molecule to the amide protons
of the next. This arrangement with all four carbonyl
groups on the same side of the backbone plane bears no

Copyright © 2005 European Peptide Society and John Wiley & Sons, Ltd.

Figure 3 The four molecules of apicidin in the asymmetric
unit of the X-ray crystal structure.

resemblance to any of the solution structures (Figure 2).
However, this conformation could be one of the minor
forms seen in the DMSO solution. The amide bond
between Ile and Pip is in the cis configuration.

This columnar stacking of cyclic peptides has been
targeted by several groups trying to create nanotubes
as artificial transmembrane ion channels [23-25]. A
CTP with alternating «- and g-amino acids [26], cyclic
octamers with alternating L- and D-e-amino acids [27]
or a CTP comprising exclusively g-amino acids [25]
allow for a flat arrangement of the peptide backbone
with the planes of the amidic linkages perpendicular
to it. However, only the g-amino acid CTPs exhibit
the carbonyl groups and NH on opposite sides of the
backbone, [25] giving rise to considerable channel Kt
conductance [28].

Computation. The conformational space can be
explored in a more systematic fashion by computational
methods. The Amber force field within Macromodel was

J. Peptide Sci. 2006; 12: 383-388
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employed to reminimize a single aggregate of four api-
cidin molecules taken from the asymmetric unit of the
X-ray crystal structure. In this supermolecule as well
as in calculations for each individual molecule, only
minor adjustments of the backbone or the side chains
occur, thus vindicating the suitability of the Amber
force field for these constrained CTPs. The conforma-
tional preferences of the CTP backbone were assessed
by a Monte Carlo conformational search of the trun-
cated apicidin analog c[Ala-Ala-Ala-D-Pip] (6) retaining
the crucial stereochemistries and the N-substitution.

The lowest energy structure exhibits the same
features as the DMSO solution structure: with four
trans amide bonds and all intra-residue «CH-NH anti
(Figure 4). The close proximity of the three NHs in
the computational model (2.2-3.5 A) is corroborated by
the medium-to-strong ROEs in the NMR spectra. The
second lowest energy conformation of 6 (+6.4 kJ/mol)
contains a cis-arrangement at the tertiary amide,
aligning all four carbonyls on the same side of the
backbone plane. The overlay of this structure with the
backbone of the X-ray crystal structure shows hardly
any deviation. As mentioned before, this backbone
conformation could be present as one of the minor
components in DMSO solution. The peptide bond
arrangement seen in CDyCly solution is found in
the fourth lowest energy structure (+11.8 kJ/mol;
Figure 4): two H-bonds (1.9, 2.5 A) are part of 2y-turns;
the third H-bond proposed by the Merck group is 3.4 A
long in this model. The third lowest energy conformation
(+109 kdJ/mol) is similar to the second lowest one.

The different conformations in solution and the
crystal can be rationalized on the basis of the calculated

dipole moments. The lowest energy structure (Figure 4)
has three carbonyls on the same side of the backbone
plane (7.2 Debye), whereas it is four carbonyls for the
second lowest (9.0 Debye) and two on either side for
the fourth lowest energy structure (0.0 Debye). Just
as the more polar solvent (DMSO) favours a ring
conformation exhibiting a higher dipole moment (7.2
Debye) than does the less polar CDyCl; (0.0 Debye),
it could be argued that the highest dipole moment of
the low-energy conformations (9.0 Debye) might lead
to faster crystal growth (at least in one direction), and
this dipole moment will be further augmented by the
intermolecular hydrogen bonding.

Desoxy-apicidin

The concept of reducing a backbone amide carbonyl to
facilitate tetrapeptide cyclization has been successfully
tested on a truncated apicidin analog (Scheme 1)
[13]. The influence of the backbone modifications
can be probed by computational studies on model
systems. Introducing proline for pipecolic acid in 6
(7) does not change the geometries of the lowest energy
structures (Figure 4 and 5), but only renders the cis
arrangement less favourable (+16.7 kJ/mol). Backbone
reduction, as shown in Figure 5 (8), does not change
the conformational preferences in this model system.
According to the NMR spectra of 2-5 in DMSO,
the amide bonds are predominantly in the trans
configuration and all of the intra-residue «CH/NH
bonds are anti (Table 2). More significantly, the small
temperature dependence of the NH chemical shifts of
the aromatic residues could be due to the same B-
turn observed for apicidin in DMSO solution (Figure 2).

1J/mol 0.0 kJ/mol

+ 6.4 kJ/mol + 11.8

Figure 4 Computational model of apicidin (c[Ala-Ala-Ala-D-Pip]; (6) and the lowest, second and fourth lowest energy structures

(Amber force field).

5
Zz—
I
OO
-e-sd-T
Z’

Figure 5 Lowest energy structures of the D-Pro (7) and backbone-reduced D-Pro analogs (8) of apicidin.

Copyright © 2005 European Peptide Society and John Wiley & Sons, Ltd.
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Compound Residue Strong ROE «CH/NH 3J «-CHNH [Hz] SA/T NH [ppb/K]¢
2 Abu No 8.0 7
m-Phe? No 6.5 0
3 Aoda No 8.0 6.5
m-TrpP No 6.5 0.4
4 Aoda No 7.0 7.7
m-TrpP No 8.0 1.3
5 Aoda No 7.0 7
m-TrpP No 6.0 0.2

2m-Phe = desoxy-Phe.
b m-Trp = desoxy-Trp.
¢ AT =25-65°C.

Figure 6 Two views of the molecular structure of the
desoxy-apicidin analog 2 in the crystal (the intramolecular
hydrogen bond is drawn as a dotted line).

The bulky nitrophenyl substituent in 2 and 5 has
surprisingly little influence on the backbone orientation
according to the NMR data. A medium-sized ROE
coupling between the ortho hydrogen of the nitrophenyl
group and one of the §-protons of D-Pro suggests this
aryl to be close to the peptide backbone. The presence
of a single set of signals for each of the four compounds
shows that the modified peptide backbone does not
allow for a significant degree of flexibility (for compound
5, a minor component is due to a rotation of the acetyl
group).

The truncated desoxy-apicidin analog 2 was crystal-
lized from dichloromethane by vapour diffusion of pen-
tane and the molecular structure is shown in Figure 6
[13]. The nitrophenyl group is located perpendicular to
and just underneath the peptide backbone, as found
in solution. All three amide bonds are trans and the
reduced amide bond is in a pseudo-trans arrangement.
An intramolecular hydrogen bond (2.08 A) between the
NH of the desoxy-Phe and the carbonyl of Ile is part of
the g-turn with D-Pro and Abu at the i+ 1 and i+ 2
positions. This backbone conformation is in agreement
with those derived from the NMR data in DMSO solution
of apicidin (1) and its desoxy derivatives 2-5.

Copyright © 2005 European Peptide Society and John Wiley & Sons, Ltd.

CONCLUSIONS

The previously reported solution structure (CD,Cly) of
the CTP apicidin exhibits two y-turns within the 12-
membered ring backbone. In DMSO, one amide bond
has changed its orientation relative to the backbone
plane, giving rise to a single backbone hydrogen
bond forming part of a B-turn. This arrangement
also constitutes the lowest energy structure of a
conformational search for a truncated model system.
Yet another backbone conformation, which is also low
on the computational potential energy surface, is found
in the X-ray crystal structure and can be rationalized
by the size of the dipole moments. The infinite stacks
of hydrogen-bonded peptide backbones with all amidic
carbonyl groups pointing in the same direction have
previously only been achieved in CTPs made from g-
amino acids.

Several desoxy analogs of apicidin assume the
same backbone conformation in DMSO as the parent
compound. This B-turn geometry is confirmed by
the X-ray crystal structure of a slightly truncated
desoxy analog of apicidin. These results have two
implications: (i) they justify the backbone reduction as
a valid approach to new derivatives of apicidin with
the potential for similar biological activities [13] and
(i) they also give credence to the predictive power of
the Amber force field for these rather constrained small
ring systems.
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Supplementary material available

NMR characterization of 1-4 and the Macromodel
output files of 6-8 are available from the authors upon
request.
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