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Through evolution, nature has provided practically all organ-
isms with secondary metabolites: chemical compounds that
provide the producing species with specific protective mecha-
nisms or other advantages. Among these, there are, e.g.,
peptides that display antibiotic/antimicrobial activity. These
have been isolated from plants, invertebrates, vertebrates, and
humans, but also from microorganisms. Some antibiotic
peptides are an essential part of innate immunity, which has
evolved in most organisms to combat microbial challenge. In
addition, antimicrobial peptides sometimes also display cyto-

toxicity against mammalian cells.

There are several good reasons for a Thematic Series in the
Beilstein Journal of Organic Chemistry on “Antibiotic and
cytotoxic peptides”: The fight against bacterial infections is in a
critical phase. The excessive application of antibiotics in human
therapy, and also in livestock breeding, leads to the rapid devel-
opment of highly virulent bacterial strains resistant to the
conventionally applied antibiotics. Consequently, the search for
new antibiotically active compounds is of premier importance.
On the other hand, highly cytotoxic peptides and peptide
analogues, such as monomethyl auristatin E, are used as the
“warhead” in antibody—drug conjugates for tumor therapy, as

approved recently by the FDA [1].
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It is a privilege of synthetic chemists to be able to modify
natural products by total synthesis. Many naturally occurring
compounds are highly complex, and their efficient total syn-
thesis often is out of reach. However, in frequent cases struc-
tural simplifications have proven amenable, and the resulting
compounds have sometimes been shown to retain biological
activity. The challenge of discovering new antibiotically active
or cytotoxic compounds persists. Moreover, peptides have
experienced a renaissance during recent years with respect to
their application in Medicinal Chemistry [2].

This Thematic Series on “Antibiotic and cytotoxic peptides”
presents contributions from synthetic chemists active in the
fields of peptides, peptidomimetics, drug design, and method
development, in order to promote the research area further and
to disseminate the interdisciplinary research efforts to a broader

audience.
Norbert Sewald

Bielefeld, July 2012
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The chemical similarity of antibacterial cyclic peptides and peptidomimetics was studied in order to identify new promising cyclic

scaffolds. A large descriptor space coupled with cluster analysis was employed to digitize known antibacterial structures and to

gauge the potential of new peptidomimetic macrocycles, which were conveniently synthesized by acylbenzotriazole methodology.

Some of the synthesized compounds were tested against an array of microorganisms and showed antibacterial activity against

Bordetella bronchistepica, Micrococcus luteus, and Salmonella typhimurium.

Introduction

Diverse cyclic peptides, both natural and synthesized, are potent
antibiotics [1-3]. Gramicidin S, vancomycine, bacitracin,
polymixin B, colistin, valinomycin, actinomycin, and many

more, have been tested and used clinically as antimicrobial and

antifungal agents: It is believed that cyclic peptides are more
stable to proteolysis due to the lack of free N- and C-termini, as
well as reduced conformational freedom. Stability can also be

achieved by modifying peptides into “peptidomimetics” that
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mimic and/or stabilize the secondary structure that modifies
associated biological processes, thus affording opportunities for

drug design and development.

One strategy to create peptidomimetics couples a small-mole-
cule scaffold with a peptide. Such scaffolds include aromatic
rings or heterocycles, which may be positioned in the interior of
the peptide chain [4,5] or at the C- [6-8] or N-terminus [9].
Many reports describe the successful use of heterocycles as
peptide-bond surrogates or as potential protein-recognition
motifs to achieve superior potency in biological assays [10-14].

Pyridines are well-established as important heterocycles in
medicinally and biologically active compounds and also as
important structural elements. Pyridine scaffolds possess impor-
tant antiviral [15], anti-inflammatory [16,17], anticonvulsant
[18], antibacterial [19], and antitumor pharmacological activi-
ties [20,21].

Chiral macrocyclic ligands have found wide application in
asymmetric synthesis and enantiomeric recognition [22,23].
Incorporation of amino acids in abiotic anion receptors can lead
to systems that mimic the anion coordination properties of
anion-binding proteins [24]. Introduction of cysteine subunits
into a macrocycle facilitates receptor synthesis and allows
control of the relative direction of the two chains attached to the
cysteine residue. For example, one of the early cysteine-
containing macrocycles was designed to mimic the cation

binding ability of valinomycin [24].

Numerous literature approaches to the synthesis of 17-, 18- and
24-membered rings utilize: (i) acyl chlorides, (ii) active esters
and (iii) coupling reagents. However, some of the published
literature methods involve the utilization of complex pro-
cedures, protection/deprotection strategies, harsh reaction
conditions, and long reaction times; provide only low yields;
and are plagued with difficulties associated with product purifi-
cation [25-29]. According to the literature [30,31], most
antimicrobial cyclic peptides are active in their cationic form.
Cationic peptides are considered advantageous, because they
adhere better to the outer anionic parts of phospholipid
membranes.

Although anionic peptides are less common in clinical practice,
they are gaining momentum, because natural anionic peptides
are a part of the innate immune system of living organisms
(located in human, ovine, and bovine lungs) and also serve as
immunomodulators [32]. The activity of anionic peptides can be
enhanced when associated with zinc cations and/or surfactants
[30-32]. Anionic peptides bind with lysozyme, an important
cationic hydrolytic enzyme. It is believed that the lysozyme

Beilstein J. Org. Chem. 2012, 8, 1146-1160.

opens the cell wall, “allowing a small anionic peptide to pene-
trate”. Topical administration of such anionic peptides is
possible, for example in the form of nasal or throat sprays but,
at least one anionic peptide, daptomycin, is administered intra-
venously.

The abundance of natural and synthetic antimicrobial peptides
and peptidomimetics of varying structure and activity reported
raises the question of how their similarity or dissimilarity can be
quantified and how synthetic efforts can be focused towards
novel active compounds. It would be beneficial to be able to
draw practical conclusions (even if approximate) based solely
on the chemical structures of existing agents. In the case of
cyclic peptides, the complex cyclomatic structure, involving
smaller rings and heteroatoms, as well as a limited con-
formational flexibility, makes it difficult to classify or compare
such compounds by their ring sizes. Fortunately, chemical
informatics provides formalized procedures for comparing
chemical compounds based on composition and structure.
While the principle of molecular similarity is quite simple, that
is, “similar compounds have similar properties”, the unam-
biguous and automated implementation of this principle needed
to be backed with a solid mathematical background; this has
been accomplished and has made it possible to develop effi-
cient similarity measures [33]. The simplest similarity measure
of two molecules would be the Euclidian distance between them
in a descriptor space, which is an abstract n-dimensional space
spanned by n molecular descriptors, or parameters. More elabo-
rate measures have been developed, such as the Tanimoto coef-
ficient or the Tversky index [34]. Although a well-established
concept, molecular similarity has previously been used almost
entirely in the design of small-molecule drugs, with very few
applications in other chemical disciplines. To the best of our
knowledge, despite their promise of consistent analysis and
comparison, the principles of molecular similarity have never
been used in the design of peptides.

The aim of the present work is thus three-fold: (i) To identify
promising peptidomimetic scaffolds by using molecular simi-
larity; (ii) to design a range of cyclic pyridine-containing
peptidomimetics capable of facile synthesis; and (iii) to synthe-
size and biotest promising candidates. A synthetic route seems
highly relevant, since N-acylbenzotriazoles have been reported
elsewhere [35-37] to be stable, easy-to-handle acylating agents
and have found numerous applications for advantageous N-, O-,
C- and S-acylations.

Results and Discussion

Similarity analysis

Our literature search identified the thirty three cyclic peptides
and peptidomimetic structures given in Table 1. All the
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minimum inhibition constants (MIC) are pertinent to Staphylo-
coccus aureus. These include (i) one 12-membered ring cyclic
tetrapeptide, (ii) two 14-membered ring peptidomimetics each
with two peptide links, (iii) two 18-membered ring
peptidomimetics each with five peptide links, and (iv) twenty
seven 16-membered ring pentapeptides. Table 1 demonstrates
that compounds of group (iv) show the best antibacterial
activity, with compounds 24 and 27 being the most active. The
side-chain substitution clearly controls the antibacterial activity,
as the cyclic scaffold is identical. The 18-membered ring scaf-
fold 37, accessible through the benzotriazole route, provides an
excellent opportunity for introducing substituents economically,

Table 1: Structures of cyclic peptides with their MIC values.

Structure

Beilstein J. Org. Chem. 2012, 8, 1146-1160.

through the proper choice of the dicarboxylic starting materials.
While scaffold 37 and the 16-membered ring scaffolds
described in Table 1 seem to be visually different, we under-
took analysis of their proximity in a multidimensional
descriptor space to afford a more rigorous comparison. Such
analysis takes into account not only structural similarity
features, but also electronic, charge-distribution, and hydrogen-
bond characteristics. We generated such a multidimensional
descriptor space for all structures in Table 1 as well as for struc-
tures 37a—c, using CODESSA-Pro software [38]. Clustering of
the structures in such a multidimensional space is the natural
choice for similarity analysis.

Cluster number Observed MIC (ug/mL) Ref.
3 8.0 [39]
2 16 [39]
3 - [40]
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Table 1: Structures of cyclic peptides with their MIC values. (continued)
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Table 1: Structures of cyclic peptides with their MIC values. (continued)
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Table 1: Structures of cyclic peptides with their MIC values. (continued)
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Table 1: Structures of cyclic peptides with their MIC values. (continued)
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Table 1: Structures of cyclic peptides with their MIC values. (continued)
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Table 1: Structures of cyclic peptides with their MIC values. (continued)
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Table 1: Structures of cyclic peptides with their MIC values. (continued)

HoN

O

NH, O

}
O

NH

Beilstein J. Org. Chem. 2012, 8, 1146-1160.

1.56

3.12

3.12

3.12

[48]

[48]

(48]

[48]

1155



Clustering

Clustering is a widely used technique that has found applica-
tion in the selection of compounds for screening, analysis of
substructure search output, and the prediction of molecular
properties [49]. The “k-means method” implemented in
Statistica software is effective in clustering results for many
practical applications, and was used to classify the current data
set. All types of descriptors are calculated by using the
CODESSA Pro program and the descriptor matrix is generated,
which served as an input for the cluster-analysis module in
STATISTICA software. The use of descriptors in this study can
give differing clustering patterns [50]. The first step in the
structure clustering is the generation of a matrix containing
similarity values of descriptors for all pairs of compounds.
Further, the matrix is converted to a hierarchical clustering tree
by using single-linkage amalgamation and Euclidian distance
measure. The single-linkage approach assigns sequential cluster
labels to nearest-neighbor clusters. Then a series of clustering
experiments was carried out with different cutoffs on the
descriptor dependence, to clearly establish whether parameters
produce realistic improvements in the quality of the results or
not [51].

Analysis of the membership functions shows that the clusters
are well-defined with each compound typically having one
membership function, as shown in Figure 1 and Table 1. The
cluster analysis results demonstrate that most of the studied
compounds are clustered clusters. The peptidomimetics 37a—c

30000 —r———r—--v+--+——--r-r—-r—-—r

Beilstein J. Org. Chem. 2012, 8, 1146-1160.

proposed for synthesis are located in cluster 1. Cluster 1 mainly
consists of both cyclotetra- and cyclopentapeptides that are
similar in ring size to 37a—c; this cluster also includes those
cyclic peptides that are highly potent as antibacterial agents
(smallest MIC values). Clusters 1 and 2 contain structurally
more diverse peptides. Thus, the majority of 12-membered ring-
cyclic compounds were assigned to cluster 1, while the more
branched structures with longer side chains were found in
cluster 2. These assignments are chemically meaningful and
thus bear witness to the validity of the clusterization method
used.

The proximity of the cyclic peptidomimetics under study
(37a—c) and the existing antibacterial cyclic peptides in such a
rich descriptor space, in which all major structural, electronic,
and intermolecular-interaction features are taken into account,
attests to the feasibility of using the 17- and 18-membered ring
scaffolds 37 as a main building block for designing novel
antibacterial agents. This, along with the facile and economic
synthetic route, renders scaffold 37 as a promising platform for

further rational drug design.

Synthesis

Treatment of dicarboxylic acids 34a—c by a standard method
[36] using thionyl chloride and 1H-benzotriazole gave the
corresponding benzotriazole derivatives in 37-54% yield
(Scheme 1, see Supporting Information File 1 for experimental
details).

25000 |

20000

15000

Linkage distance

10000

5000

[

20 12 26 10 08)29 14 24 13 33 27 18 15 32 30 19 31 11 09 25 06 22 21 16 23 28 17 02[37¢c37b05 04 07 37a03 01

Figure 1: Molecular-descriptor-based cluster analysis; single-linkage Euclidean distances. Clustering of compounds in the descriptor space; a two-
dimensional representation of chemical space being partitioned into clusters of similar compounds based on descriptors using a top-down (hierar-
chical) clustering method. Structures for compounds 37a-37c¢ are shown in Scheme 2. (Axis X denotes compounds and axis Y denotes linkage dis-
tance); the red oval, blue rectangle, and green oval represent cluster 1, cluster 2, and cluster 3, respectively.

1156



OYRYO DCM, SOCl,
OH OH
34a—c

o O
e LD
BtH, rt, 24 h o !
N =N
N
|\
ACER G IR
a b C

Scheme 1: Preparation of dicarboxylic benzotriazole derivatives.

The methodology used for the regioselective syntheses of S-
and N-acylcysteines was developed recently in our group by
using N-acylbenzotriazoles under mild reaction conditions [37].
Utilizing this methodology, 35a was coupled with two equiv of
free cysteine in aqueous acetonitrile at 20 °C over 12 h to give
bis(S-acylcysteine) 36 in 64% yield. Compound 36 was then

, o} 0

N cysteine
BT ® CHCNIH,0 1O S s
= 3 2 NH, =
35a 36

Scheme 2: Preparation of pyridine-based cysteine-containing macrocycles.

Beilstein J. Org. Chem. 2012, 8, 1146-1160.

treated with 1 equiv of 35a—c to synthesize cyclic enantiopure
peptidomimetic products 37a—c in 81-82% yield (Scheme 2,
see Supporting Information File 1 for experimental details).

In a further application of this synthetic approach 35 was
coupled with 2 equiv of L-Phe-OH in the presence of TEA in
aqueous acetonitrile at room temperature over 3 h giving the bis
N-acylated compound 38 in 88% yield. Compound 38 was
converted to the corresponding benzotriazole derivative 39 and
coupled with bis(S-acylcysteine) 36 forming the
pyridine—cysteine-containing macrocycle 40 in 70% yield
(Scheme 3, see Supporting Information File 1 for experimental
details).

Bioassay
Screening for antibacterial activity was performed for two
cyclic peptidomimetics belonging to scaffold 37, namely 37a

o O N/ O
2a-c H OJKEN H ,,,,,’tlo
H .
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02\ R/go
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ey
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| X
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| 1 W
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Scheme 3: Preparation of pyridine—cysteine-containing macrocycle 39.
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and 37b, with the pyridine- and phenyl-linking fragments, res-
pectively. The array of microbial strains assayed in this study
included six pathogens listed in Table 2 (see Supporting Infor-
mation File 1, for antibacterial testing protocol).

The in vitro data for 37a and 37b are given in Table 2. Refer-
ence antibiotics roxithromycin and cefixime were used as posi-
tive controls. It is seen that peptidomimetic 37b exhibits
moderate activity against Bordetella bronchiseptica, Micro-
coccus luteus, and Salmonella typhimurium. For a “bare” scaf-
fold with no tailor-made substitution, this should be considered
as an encouraging result and an indication of the possibility of
more interesting results if the scaffold is furnished with appro-

priate functions.

Peptidomimetic 37a showed no activity in this test, which can
be explained by the formation of a zwitter-ionic structure due to
protonation of the pyridine moiety by free carboxylic groups. It
is reasonable to assume that such a zwitter-ionic structure alters
the charge distribution and also eliminates hydrogen bonding in
which the pyridine nitrogen atom acts as a H-bond acceptor.
These factors increase hydrophobicity and thus deteriorate
bioavailability, as reflected in the absence of activity of 37a.
Absence of data in Table 2 means that the sample is not active
at the highest concentration tested.

Conclusion

Two new cyclic peptidomimetic scaffolds were identified by
using similarity-based rational design. Their chemical simi-
larity with existing antibacterial cyclic peptidomimetics was
established in a huge descriptor space generated by Codessa-Pro
software. At least one compound (37b) demonstrated a

moderate antibacterial activity against three bacterial strains,

Table 2: Antibacterial activity in vitro.

Microbial strain?

37a 37b Rox¢
Staphylococcus aureus 0.0 0.0 30
(ATCC 6538)
Escherichia coli 0.0 0.0 14.6
(ATCC 8739)
Bordetella bronchiseptica 0.0 6.0 8
(ATCC 4617)
Micrococcus luteus 0.0 6.0 30
(ATCC 10240)
Salmonella typhimurium 0.0 6.0 12
(ATCC 14028)
Enterobacter aerogenes 0.0 0.0 15

(ATCC 13048)

Inhibition zone (mm) at 200 pg/mL

Beilstein J. Org. Chem. 2012, 8, 1146-1160.

which is a fairly promising result for a “bare” cyclic scaffold
with no intentional functionalization. Given the successful scaf-
fold identified, the next step will be to furnish it with appro-
priate functional groups and substituents by using rational
design principles.

Experimental

Methodology

Molecular similarity

The potential of cyclic peptidomimetics, widely acknowledged
as significant, arises because they are less prone to hydrolysis in
vivo and can be synthesized rather inexpensively. The synthetic
methodology that has been developed in our lab affords facile
assembles of cyclic structures from dicarboxylic building
blocks by using a benzotriazole methodology. Seventeen and
eighteen-membered sulfur-containing rings can be synthesized
readily if cysteine is used as the coupling agent. Such facile
access to cyclic peptidomimetics is appropriate for the design of
compounds expected to be biologically active as antibacterial
agents. Exploring the molecular similarity of existing antibacte-
rial cyclic peptides using the Tanimoto method in the Instant
JChem software [52], and the peptidomimetics easily acces-
sible through the benzotriazole route, should give structural
insights and design criteria. Guidance for such a similarity-
based design should be available by analysis of a reasonably
sized dataset of existing analogues. As abundant data can be
found in the literature for Staphylococcus aureus, this was
chosen as a reference for antibacterial activity. SciFinder
Scholar was used to retrieve the structures of 33 cyclic peptides
with reported antibacterial activity (Table 1). The minimum
growth inhibition constant (MIC) was used as the measure of
antibacterial activity, and the data collected were converted

where necessary to pg/mL. Three structures newly synthesized

MICP (ug/mL)

Cfxd 37a 37b Rox¢ Cfxd
40 - - 125 6.25

22.9 - - 100 50
33 - 150 150 12.5
40 - 150 12,5 12.5
40 - 150 100 6.25
34 - - 100 12,5

@Bordetella bronchistepica: Gram negative, relevant to veterinary science; Micrococcus luteus: Gram positive, not dangerous for humans; Salmonella
typhimurium: Gram negative, relevant to veterinary science. PMIC = minimum inhibitory concentration. °Rox = roxithromycin. 9Cfx = cefixime.
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in our lab were also added to the general dataset (Table 1). All
these structures were drawn with the Marvin Beans Suite
program [52] and preoptimized using the molecular mechanics
utility (MM2) [53] in Chem3D Ultra 12.0 software [54]. Final
geometry optimization of the compounds was carried out by
using the semiempirical quantum-mechanical AM1 parameteri-
zation [55].

Molecular descriptors

The optimized geometries of the compounds were loaded into
CODESSA Pro software [38]. Overall, more than 800 theoreti-
cal descriptors were calculated including constitutional,
geometrical, topological, electrostatic, quantum-chemical, and

thermodynamic molecular descriptors [56,57].

Cluster analysis

Cluster analysis of the descriptor hyperspace was performed by
using STATISTICA version 6 software [58], with Euclidean
distance and other metrics used as similarity measures. Cluster
analysis guided by the experimental MIC available for some
compounds should help reveal structural features affording
antibacterial activity and to identify hotspots in the descriptor
hyperspace. Combinations of structural features in such
hotspots can be used as guidelines for the rational design of
cyclic peptide structures to achieve desirable levels of antibacte-

rial activity.

Supporting Information

Supporting Information File 1

Experimental details, characterization data of synthesized
compounds and antibacterial testing protocol.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-8-128-S1.pdf]
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Backbone modification is a common chemical tool to control the conformation of linear peptides and to explore potentially useful

effects on their biochemical and biophysical properties. The thioamide, w[CS-NH], group is a nearly isosteric structural mimic of

the amide (peptide) functionality. In this paper, we describe the solution synthesis, chemical characterization, preferred

conformation, and membrane and biological activities of three, carefully selected, peptide analogues of the lipopeptaibiotic

[Leu!!-OMe] trichogin GA IV. In each analogue, a single thioamide replacement was incorporated. Sequence positions near the

N-terminus, at the center, and near the C-terminus were investigated. Our results indicate that (i) a thioamide linkage is well

tolerated in the overall helical conformation of the [Leu!!-OMe] lipopeptide analogue and (ii) this backbone modification is

compatible with the preservation of its typical membrane leakage and antibiotic properties, although somewhat attenuated.

Introduction

Since their first incorporation into peptides [1], backbone amide
surrogates have attracted remarkable attention from organic and
medicinal chemists. Not only may these modifications impart to
a peptide an increased resistance to enzymatic hydrolysis as
well as higher receptor affinity and specificity, but they may
also influence its preferred secondary structure.

A y[CS-NH] thioamide group is one of the closest mimics of an
amide (peptide) linkage. However, it exhibits significantly
different chemical and physical properties, some of which are of
great potential interest to peptide chemists [2-44]. Among these
properties, we highlight the following: (i) The thioamide NH
group is more acidic than that of its oxygenated counterpart and
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consequently it is a stronger H-bonding donor. (ii) Its cis/trans
isomerization can be phototriggered by irradiation at about
260 nm [absorption maximum of the -C(=S)NH- n—n* elec-
tronic transition]. (iii) It may act as a minimalist, effective

quencher for any type of protein and nonprotein fluorophores.

Recently, based on the aforementioned characteristics of the
y[CS-NH] thioamide bond, we started a program aimed at
exploring how thiopeptide groups may affect folding and the
related biophysical/biochemical activities of the membrane-
active peptaibiotics [45]. This class of compounds represents a
subject of long-standing, relevant, interest to our research
group. In this paper, we describe our results on the syntheses by
solution methods and characterizations of three thioamide-
containing [Leu!!-OMe] analogues of the short helical lipopep-
taibiotic trichogin GA 1V [46-50] (Figure 1). We already found
that the replacement of the native C-terminal 1,2-amino alcohol
leucinol (Lol) by the corresponding a-amino methyl ester
(Leu-OMe) alters only slightly the biophysical and biological
properties of trichogin GA IV. Conversely, we showed that the

Beilstein J. Org. Chem. 2012, 8, 1161-1171.

N%-blocking fatty acyl moiety plays a major role in its

membrane permeability and antibiotic activity.

In each analogue, the single y[CS-NH] group was strategically
incorporated either at an internal position of the amino-acid
sequence, \|/[CS-NH]5, or near each of the two ends, y[CS-
NH]? and \|/[CS-NH]9. Moreover, the preferred conformations
of these analogues were investigated by circular dichroism
(CD), FT-IR absorption, and NMR. Finally, we carried out fluo-
rescence leakage experiments in model membranes and antibac-
terial assays on a large set of both Gram-positive and Gram-
negative strains.

Results and Discussion

Peptide synthesis

The total syntheses of the three monothionated y[CS-NH]
trichogin GA IV analogues at positions 2, 5, and 9, respectively,
were accomplished by using the solution-phase method
(Schemes 1-3). Both step-by-step and segment condensation

approaches were utilized. The former strategy was used in the

n-Oct-A?b—GIy ------------ Leu-Aib-GSIy------------GIy-Leu-Aib-GIy------------I1I(e)3-Leu-OMe tric-OMe

n-Oct-Aib-Glyw[CS-NH]Leu-Aib-Gly lle-Leu-OMe W[CS-NH]?
n-Oct-Aib-Gly------------ Leu-Aib-Glyw[CS-NH]Gly-Leu-Aib-Gly: lle-Leu-OMe Y[CS-NH]®
n-Oct-Aib-Gly------------Leu-Aib-Gly------------Gly-Leu-Aib-Glyy[CS-NH]lle-Leu-OMe Y[CS-NH]®

Figure 1: List of primary structures and abbreviations for the peptides studied in this work. The [Leu''-OMe] trichogin GA IV is termed tric-OMe and
its thionated derivatives at position 2, position 5, and position 9 are termed w[CS-NH]2, y[CS-NH]°, and w[CS-NH]°, respectively.

Aib Gly Leu Aib  Gly Gly Leu Aib Gly lle Leu
BoclOH HI—OMe Boc—OH Bocl—OH Boc—|OH
Boc—OH Z-0OH Boc—+—OH Boc—OH Boc—OH H-—OMe

1 1
Z ‘ ‘ OMe Boc———OMe
Boc 21 OMe Boc 21 OMe
4
Boc—* | | OMe Boc 2.1 OMe
S
Boc- 21 Y OMe 2.1
25 |,S | | Boc OMe
n-Oct—= = OMe 21
Boc— OMe
N
s 5 oc OMe
n-Oct - OMe 5
H OMe
7
n-Oct OMe

Scheme 1: Synthesis of y[CS-NH]2. 1: Coupling in the presence of EDC/HOBt. 2: Deprotection by using TFA/DCM. 3: Deprotection by catalytic
hydrogenation with Pd/C. 4: Thionation with Lawesson's reagent in THF. 5: Coupling with n-Oct-OH in the presence of EDC/HOBL. 6: Saponification

with NaOH/MeOH. 7: Coupling in the presence of EDC/HOAL.
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Ab Gly Leu A Gy Gy Leu Ab Gly lle Leu
Z-OH Z--OH zl | | Ot-Bu Boc—|OH
Z--OH H—‘Ot-BU Boc+—OH H|—OMe
1 1
ZﬁOt-Bu Boc | | OMe
2,1
z31 L lotBu » Boc OMe
31 Fmoc—— Ot-Bu
z-——————Ot-Bu s &
Fmoc—% Ot-Bu
3,6
n-Oct Ot-Bu S 2
Fmoc | OH
s | ||
2 Fmoc-*~ 27 OMe
S
n-Oct &7 OMe

Scheme 2: Synthesis of Y[CS-NH]°. 1: Coupling in the presence of EDC/HOBt. 2: Deprotection by using TFA/DCM. 3: Deprotection by catalytic
hydrogenation with Pd/C. 4: Coupling with Fmoc-OSu in 1,4-dioxane. 5: Thionation with Lawesson's reagent in THF. 6: Coupling with n-Oct-OH in the
presence of EDC/HOBL. 7: Coupling in the presence of EDC/HOAL. 8: Deprotection with DEA in DCM.

Ab Gly Leu Aib Gly Gly Leu Aib Gly lle Leu

g I o A ore | Booton |
Boc+—OH H-—OMe

1,2 3 ‘
n-Oct Ot-Bu Boc ‘ ‘ OMe
4 Boc— 43 OMe

n-Oct OH ‘

S5

Boc— OMe

4,6 S ‘
n-Oct OMe

Scheme 3: Synthesis of Y[CS-NH]?. 1: Deprotection by catalytic hydrogenation with Pd/C. 2: Coupling with n-Oct-OH in the presence of EDC/HOB.
3: Coupling in the presence of EDC/HOBL. 4: Deprotection by using TFA/DCM. 5: Thionation with Lawesson's reagent in THF. 6: Coupling in the pres-

ence of EDC/HOAt.

preparation of Boc-Gly>-Gly-Leu-Aib-Gly-Ile-Leu!!-OMe
(segment 5-11, for the synthesis of y[CS-NH]?), Boc-Gly®-Ile-
Leu'-OMe (segment 9-11), and n-Oct-Aib'-Gly-Leu-Aib*-Ot-
Bu (segment 1—4, for the synthesis of w[CS-NH]?), and n-Oct-
Aib!-Gly-Leu-Aib-Gly-Gly-Leu-Aib%-Oz-Bu (segment 1-8, for
the synthesis of y[CS-NH]®). The latter strategy, which permits
a faster preparation of multiple analogues, afforded (i) y[CS-
NH]? by condensation of the thionated 1-4 and the 5-11
segments; (ii) w[CS-NH]? by condensation of the thionated 5-8
and the 9-11 segments followed by condensation of the 1-4 and
the resulting, thionated, 5—11 segments; and (iii) y[CS-NH]® by
condensation of the 1-8 and the thionated 9—11 segments.

For the difficult coupling steps, in particular those involving the
segment condensations, the N-[3-(dimethylamino)-propyl]-N'-
ethylcarbodiimide (EDC)/7-aza-1-hydroxy-1,2,3-benzotriazole
(HOAt) [51] activating method was used, while the EDC/1-
hydroxy-1,2,3-benzotriazole (HOBt) [52] method turned out to

be appropriate for the formation of the other peptide bonds. The
yields of the segment condensation reactions were good
(75-83%). An important feature, which makes trichogin GA IV
a versatile synthetic platform, is the presence of as many as
seven achiral (Aib or Gly) residues spread across its sequence,
which allows one to design suitable segments each with an
achiral residue at its C-terminus, thus reducing dramatically the
usually considerable risk of epimerization during the coupling
reactions.

For the best choice of the step involving treatment with the
Lawesson's reagent [53], we decided to select the longest
segment of our sequences, which, in principle, could permit
complete regioselectivity between the peptide bond to be
thionated and the other peptide bonds (in addition to the known
regioselectivity versus the urethane and ester bonds) [53-56]. In
this reaction, regioselectivity is known to be heavily governed

by the steric hindrance of the two residues around the peptide
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bond. Therefore, we synthesized Boc-Gly2y[CS-NH]Leu-Aib*-
OMe (for the preparation of yw[CS-NH]?), Fmoc-Gly y[CS-
NH]Gly-Leu-Aib8-Oz-Bu (for the preparation of y[CS-NH]5),
and Boc-Gly?y[CS-NH]Ile-Leu!'-OMe (for the preparation of
y[CS-NH]?). Thionation of a peptide as short as a dipeptide is
not recommended because a further synthetic step at the
C-terminus of this compound would not take place satisfacto-
rily, owing to the easy formation of a poorly reactive 1,3-thiazo-
lidin-5-one. All thionation steps were conducted by use of the
Lawesson's reagent under mild conditions (in tetrahydrofuran at
room temperature) [53-56]. The only synthetic problem was
identified in the preparation of the Fmoc-Gly y[CS-NH]Gly-
Leu-Aib®-Oz-Bu, in which case the thionation selectivity on the
Gly-Gly peptide bond was incomplete. Indeed, a limited
production (about 10%) of the isomeric Fmoc-Gly-Gly®y[CS-
NH]Leu-Aib-O¢-Bu, with its slightly more hindered, thionated
Gly-Leu peptide bond, was observed. In this case, the desired
monothionated peptide was separated from its isomer by means
of flash chromatography.

For details of the synthetic procedures and characterizations of
these analogues (and the synthetic precursor segments as well),
see the Experimental section and Supporting Information File 1.
Figure 2 gives the RP-HPLC profiles of the three mono-
thionated trichogin GA IV analogues.

Conformational analysis
A detailed analysis of the spectroscopic properties and con-
formational preferences of the three monothionated trichogin
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Figure 2: RP-HPLC profiles obtained for [Leu''-OMe] trichogin GA IV
(tric-OMe) and its w[CS-NH]2, wy[CS-NH]5, and w[CS-NH]°
analogues.

GA 1V analogues synthesized in this work was performed by
using CD, FT-IR absorption, and 2D NMR investigations in
different solvents.

The far- (250-195 nm) and near-UV (400-250 nm) CD spectra
of the three peptides, recorded in 2,2,2-trifluoroethanol (TFE)
solution, are illustrated in Figure 3. In the near-UV region, in
which the peptide chromophore is known not to absorb, both
y[CS-NH]? and y[CS-NH]? display two well-separated Cotton
effects at about 335 and 265 nm. The longer wavelength band is
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Figure 3: Far-UV (panel 1) and near-UV (panel Il) CD spectra of [Leu’!-OMe] trichogin GA IV (tric-OMe) and its y[CS-NH]? (2), y[CS-NH]® (5), and

Y[CS-NH]? (9) analogues in TFE solution. Peptide concentration: 1 mM.
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positive and weak, while the shorter wavelength band is nega-
tive and much more intense. Interestingly, the positive band is
absent and the negative band is much weaker in \|1[CS-NH]5.
The spectral positions of these Cotton effects correspond to a
very intense maximum (265 nm) and an extremely weak
maximum (320 nm) found in the corresponding region of the
UV absorption spectra (not shown) of our peptides in the same
solvent. We assign the two bands to the m—n* and n—n* tran-
sitions, respectively, of thioamide chromophore [29,30,32-
36,40,41,43]. We attribute the overall much less intense CD
spectrum of w[CS-NH]? in this region primarily to a thioamide
chromophore positioned in this peptide between the two achiral
Gly’ and Gly® residues, i.e., it is significantly far apart from the

nearest chiral center (the Leu’ a-carbon).

In the far-UV region the CD spectra of all three analogues show
multiple (negative/positive) Cotton effects of weak and medium
intensities. Here, the bands (shoulders) of w[CS-NH]? are the
weakest. In our view, it is risky to attempt to extract any conclu-
sive conformational information from the CD properties of
these three isomeric peptides between 195 and 250 nm because,
in addition to the expected Cotton effects of the peptide chro-
mophores [57,58], the thioamide chromophore [34,35] is also

Beilstein J. Org. Chem. 2012, 8, 1161-1171.

known to contribute heavily in this spectral region. However,
we can safely state that the shape of the CD spectrum of the
[Leu'!-OMe] trichogin GA IV prototypical peptide [50,59] is
most closely paralleled by that of its w[CS-NH] analogue,
although the former is significantly more intense. This finding
is not surprising in view of the above-mentioned low influence
of the thioamide chromophore on the spectrum of this mono-
thionated compound. It may also suggest that the overall con-
formation of the lipopeptaibiotic is disturbed by this specific
oxygen-to-sulfur exchange only to a limited extent.

The preferred conformations of the three monothionated
[Leu!!-OMe] trichogin GA IV analogues were more safely
analyzed by means of FT-IR absorption and 2D NMR. In this
study, we used CDCl3, a solvent of low polarity. In the
3D-structurally informative 3550-3200 cm™! region at 1.0 mM
concentration, the FT-IR spectra of [Leu!!-OMe] trichogin GA
IV and its analogues are similar and dominated by a broad and
intense absorption at 3316-3328 cm™! (Figure 4), assigned to
the N-H stretching mode of the largely prevailing H-bonded
peptide groups [60,61]. Additional, very weak bands are visible
in the 3450-3400 cm™! region, mostly attributed to free
(solvated) peptide NH groups.

3 2 3 5
c [
g 8
o [e]
%] [%2]
< 2
3500 3400 3300 3500 3400 3300
Wavenumbers (cm™) Wavenumbers (cm™')
° 9 o tric-OMe
(8] [&]
c [
8 g
o o
g 2
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Wavenumbers (cm~1)

Wavenumbers (cm™")

Figure 4: FT-IR absorption spectra (3550-3200 cm™" region) in CDCls solution of [Leu'’-OMe] trichogin GA IV (tric-OMe) and its y[CS-NH]? (2),
W[CS-NHJ?® (5), and w[CS-NH]? (9) analogues. Peptide concentration: 1 mM.
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A nonnegligible dilution effect is observed in the spectra of the
four peptides between 1.0 and 0.1 mM concentration (not
shown). We ascribe this difference to the well-known tendency
of trichogin GA 1V and its analogues to self-associate above
1.0 mM concentration in CDCl3 solution. We interpret the
spectra at 0.1 mM concentration as arising almost exclusively
from intramolecular C=0O(S)--*-H—N interactions. It is clear that
under these experimental conditions the preferred conformation
of [Leu!!-OMe] trichogin GA IV [46-50] and its three
analogues, all rich in the helix-supporting Aib residues, is
highly folded and largely stabilized by intramolecular H-bonds.
In the amide I (C=O stretching) region, the maximum of the
absorption band of the four peptides is located between 1662
and 1656 cm™! (not shown), close to the canonical positions of
this band [61,62] in a- and 3¢-helical peptides [63].

A 2D NMR investigation was performed in CD3CN solution for
all of the y[CS-NH]-containing [Leu!'-OMe] trichogin GA IV
analogues. The proton resonances were fully assigned following
the Wiithrich procedure [64]. Regions of the ROESY spectrum
acquired for w[CS-NH]? are shown in Figures 5-7. The
patterns of NH(/)-NH(i+1) connectivities (e.g., Figure 5)
strongly suggest the onset of an overall helical structure for all
analogues. More relevant 3D-structural information was
extracted from the fingerprint regions of the ROESY spectra
(e.g., Figure 6 and Figure 7), which show evidence for dgg) N
(i, i+2), (i, i+3), and (7, i+4) medium-range connectivities, diag-
nostic of the presence of mixed 3(-/0-helical conformations.

Beilstein J. Org. Chem. 2012, 8, 1161-1171.

X
\ _
7.2 LeullHN-IlelOHN AibSHN-Leu7HN

Aib1HN-Gly2HN
7 4] Aib8HN-Gly9HN X

. IA1b4HN—Leu3HN\@A X
s Aib4HN-GlySHNm—g X
< 7.6 %
S £ Leu7HN-Gly6HN/

78 Gly9HN-IlelOHN Gly2HN-Leu3Hb; 0

Gly5HN-G1ly6HN 0
8.0
9.0 8.5 8.0 75
W (ppm)

Figure 5: Region of the amide NH protons in the H/H-ROESY spec-
trum of Y[CS-NH]® (400 MHz, 1 mM in CD3CN solution, 298 K).

The conformational properties of w[CS-NH]? were further
investigated by simulated annealing (SA) and restrained molec-
ular dynamics (MD) calculations. A total of 69 interproton dis-
tance restraints, derived from the related ROESY spectrum
(Table S-I, Supporting Information File 1), were used in the SA
protocol. The structures possessing violations to the NOE
restraints lower than 0.5 A were selected out of the 150 gener-
ated structures. The superposition of the 18 structures with a
total energy <144 kcal/mol is shown in Figure S-I, Supporting
Information File 1. All these structures converge to a well-
defined, right-handed, mixed 3¢-/a-helical conformation
throughout the sequence with a backbone average pairwise root-
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Figure 6: Fingerprint region of the H/H-ROESY spectrum of y[CS-NH]® (400 MHz, 1 mM in CD3CN solution, 298 K). The C®H; — NH;s>, and CH; —

NH;+3 cross peaks are highlighted in color.
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Figure 7: Fingerprint region of the H/H-ROESY spectrum of w[CS-NH]® (400 MHz, 1 mM in CD3CN solution, 298 K). The CPH; — NH;s2, CPH; —

NHj+3, and CPH; — NH;44 cross peaks are highlighted in color.

mean-square deviation of 0.49 + 0.18 A (deviations from ideal-
ized geometry and mean energies for the 18 lowest energy
structures are listed in Table S-I, Supporting Information
File 1). Due to heavily overlapped ROE signals, the helical
structures originated from the MD calculations appear not to
superimpose perfectly in correspondence with the first three
residues of the sequence. Even with this experimental limit, the
residues belonging to the central and C-terminal parts of the
sequence showed values of torsion angles corresponding to
those characteristic of right-handed helices (Table S-1I,
Supporting Information File 1). The helical structures are stabi-
lized by intramolecular H-bonds throughout the sequence.
H-bonds both of the a- (i«—i+4) and 3(- (i«—i+3) helical types
are present, although with a large predominance of the latter
type (mean distance: 1.81 =0.17 A; mean angle: 27.4 + 3.7°), at
the N-terminus. Conversely, only the former type (mean dis-
tance: 1.53 £ 0.02 A; mean angle: 27.3 + 2.9°) was detected at
the C-terminus.

Gly?

In conclusion, the MD calculations based on the restraints
derived from the ROESY spectrum of y[CS-NH]? reveal the
marked preference of this analogue for a mixed a-/3;(- helical
conformation, with a clear a-helical character at the C-terminus
on which the thioamide bond is present. The lowest-energy 3D
structure, shown in Figure 8, exhibits the slightly amphipathic
character typical of the native peptide, with the poorly
hydrophilic Gly residues aligned on the same face of the helix.

Membrane and biological activities

The membrane permeability properties of [Leu!!-OMe]
trichogin GA IV and its monothionated analogues were tested
by measuring the induced leakage of 5(6)-carboxyfluorescein
(CF) entrapped in small unilamellar vesicles (SUVs) [65]. For
this investigation, the overall negatively charged 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine (DOPE)/1,2-dioleoyl-sn-
glycero-3-phospho-(1'-rac-glycerol) (DOPG) model membrane
was exploited. The extent of permeation induced by the three

Gly®

Figure 8: Ribbon representation of the lowest energy (138.7 kcal/mol) 3D
The yellow atom on Gly® refers to sulfur.

structure obtained for w[CS-NH]?. All amino acid side chains are shown.
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analogues is similar, although 30-40% lower than that of the

parent peptaibiotic.

The antimicrobial activities were assessed on a large set of
Gram-positive and Gram-negative bacterial strains. We found
that [Leu!!-OMe] trichogin GA IV is active on the Gram-posi-
tive bacteria Staphylococcus aureus and Streptococcus pyro-
genes, whereas the spectrum of action of its three analogues is
more restricted, as they are not active on the latter strain. The
activities of the analogues on S. aureus are comparable, but
reduced by about 40% with respect to that of the parent
peptaibiotic.

Conclusion

In this work, we performed a partial thioamide scan of the short
lipopeptaibiotic [Leu'-OMe] trichogin GA IV by synthesizing
and studying three thioamide-containing analogues. The
syntheses were accomplished in solution by using a combina-
tion of the step-by-step and segment condensation methods.
Appropriate tri- and tetrapeptide segments were monothionated
by treating the all-amide precursors with the Lawesson's
reagent. Our CD, FT-IR absorption, and NMR conformational
investigations show that all analogues maintain the mixed 3(-/
a-helical structure and the self-association propensity of the
native lipopeptide. They also preserve, at least to a great extent,
its well-established capability to interact with model phospho-
lipid membranes and to exhibit activity against Gram-positive

bacterial strains.

Experimental

All reagents and solvents, of analytical grade and purchased
from commercial sources, were used without further purifica-
tion. Melting points were measured by means of a capillary tube
immersed in an oil bath (Tottoli apparatus, Biichi) and are
uncorrected. Optical rotations [a]p2? (given in units of
107! deg-cm?-g™!) were measured at 20 °C on a Perkin-Elmer
PE241 polarimeter, with a 1 dm path length cell, at the D-wave-
length of sodium (589 nm). The concentration of each com-
pound (c) is given in mg/cL. Mass spectroscopy (electrospray
ionization, ESIMS) was performed by using a PerSeptive
Biosystem Mariner instrument (Framingham, MA). Analytical
TLC and preparative column chromatography were performed
on Kieselgel F 254 and Kieselgel 60 (0.040-0.063 mm)
(Merck), respectively. The retention factor (Ry) values were
determined by using three solvent mixtures as eluants: Ry;:
chloroform/ethanol 9:1; Rp,: 1-butanol/acetic acid/water 3:1:1;
R¢3: toluene/ethanol 7:1.

General procedure for thionation of peptides
To a solution of the peptide (1 mmol) in anhydrous tetrahydro-

furan under nitrogen atmosphere, the Lawesson's reagent

Beilstein J. Org. Chem. 2012, 8, 1161-1171.

(0.6 mmol) was added. The reaction mixture was stirred at rt
overnight. After removal of the solvent under reduced pressure,
the crude product was purified by flash chromatography with a
mixture of ethyl acetate and petroleum ether as eluant.

Peptides Boc-Ile-Leu-OMe [66], Z-Leu-Aib-OMe [67], Z-Leu-
Aib-Oz-Bu [68], Boc-Gly-Leu-Aib-OMe [69], Boc-Gly-Ile-Leu-
OMe [66], Boc-Leu-Aib-Gly-Ile-Leu-OMe [66], Boc-Gly-Gly-
Leu-Aib-Gly-Ile-Leu-OMe [66], Z-Gly-Gly-Leu-Aib-Oz-Bu
[59], and Z-Aib-Gly-Leu-Aib-Gly-Gly-Leu-Aib-Oz-Bu [59] are
known compounds. Chemical characterizations and selected
NMR spectra for the other peptides reported in Schemes 1-3 are
given in Supporting Information File 1.

Circular dichroism

The CD spectra were measured on a Jasco (Tokyo, Japan)
model J-715 spectropolarimeter equipped with a Haake thermo-
stat (Thermo Fisher Scientific, Waltham, MA). Baselines were
corrected by subtracting the solvent contribution. Fused quartz
cells of 1.0 mm and 10.0 mm path lengths (Hellma, Miihlheim,
Germany) were used. The values are expressed in terms of [0],
the total molar ellipticity (deg-cm?-dmol™!). Spectrograde TFE
and 99.9% MeOH (Acros Organic, Geel, Belgium) were
employed as solvents.

FT-IR absorption

The FT-IR absorption spectra were recorded at 293 K by using
a Perkin-Elmer model 1720X FT-IR spectrophotometer,
nitrogen-flushed, equipped with a sample-shuttle device, at

2 cm™!

nominal resolution, averaging 100 scans. Solvent (base-
line) spectra were recorded under the same conditions. For
spectral elaboration, the software SPECTRACALC provided by
Galactic (Salem, MA) was employed. Cells with path lengths of
1.0 and 10 mm (with CaF, windows) were used. Spectrograde
deuterated chloroform (99.8%, d) was purchased from Merck

(Darmstadt, Germany).

Nuclear magnetic resonance

All "TH NMR experiments were performed on a Bruker
AVANCE DMX-600, DRX-400 or AC200 spectrometer oper-
ating at 600, 400 or 200 MHz, respectively, using the TOPSPIN
software package. Splitting patterns are abbreviated as (s)
singlet, (d) doublet, (t) triplet, (q) quartet, (m) multiplet. The
homonuclear 2D spectra of the three monothionated [Leu!!-
OMe] trichogin GA IV analogues were recorded at 298 K, with
CD3CN as solvent. All spectra were acquired by recording 512
experiments, each one consisting of 64-80 scans and 2000 data
points. The spin systems of protein amino acid residues were
identified by using standard DQF-COSY [70] and CLEAN-
TOCSY [71,72] spectra. In the latter case, the spin-lock pulse
sequence was 70 ms long. A ROESY experiment was exploited
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for sequence-specific assignment. The mixing time of the
ROESY experiment acquired for w[CS-NH]? (peptide concen-
tration: 1.00 mM in CD3CN) and used for interproton distance
determination was 200 ms. Interproton distances were obtained
by integration of the ROESY spectra using SPARKY 3.111.
The calibration was based on the average of the integration
values of the cross peaks due to the interactions between the
sequential amide protons, set to a distance of 2.80 A. When
peaks could not be integrated because of partial overlap, a dis-
tance corresponding to the maximum limit of detection of the
experiment (4.0 A) was assigned to the corresponding proton
pair.

MD calculations were carried out using the SA protocol of the
XPLOR-NIH 2.9.6 program [73]. For distances involving

equivalent or non-stereo-assigned protons, an r ©

averaging was
used. The MD calculations involved a minimization stage of
100 cycles, followed by SA and refinement stages. The SA
consisted of 30 ps of dynamics at 1,500 K (10,000 cycles, in
3 fs steps) and of 30 ps of cooling from 1,500 to 100 K in 50 K
decrements (15,000 cycles, in 2 fs steps). The SA procedure, in
which the weights of ROE and nonbonded terms were gradu-
ally increased, was followed by 200 cycles of energy minimiza-
tion. In the SA refinement stage, the system was cooled from
1,000 to 100 K in 50 K decrements (20,000 cycles, in 1 fs
steps). Finally, the calculations were completed with 200 cycles
of energy minimization by using a NOE force constant of
50 kcal/mol. The generated structures were visualized with the
MOLMOL [74] (version 2K.2) program.

Small unilamellar vesicles (SUVs) preparation

DOPE and DOPG were purchased from Avanti Polar Lipids,
Inc. (Alabaster, AL). The preparation of SUVs was performed
in a similar way as described in reference [59].

Leakage from lipid vesicles

The peptide-induced leakage from SUVs was measured at
293 K by using the CF-entrapped vesicle technique [65] and a
Perkin Elmer model MPF-66 spectrofluorimeter. SUVs were
prepared as described above. The phospholipid concentration
was kept constant (0.06 mM), and increasing [peptide]/[lipid]
molar ratios (R™!) were obtained by adding aliquots of each
non-hydrosoluble, monothionated peptide (or of trichogin GA
IV, used as reference compound) as a MeOH solution, keeping
the final MeOH concentration below 5% by volume. After rapid
and vigorous stirring, the time course of fluorescence change
corresponding to CF escape was recorded at 520 nm (6 nm band
pass) with Aexc 488 nm (3 nm band pass). The percentage of
released CF at time ¢ was determined as 100 x (F—F)/(F1—F)),
with Fj = fluorescence intensity of vesicles in the absence of

peptide, F; = fluorescence intensity of vesicles at time ¢ in the

Beilstein J. Org. Chem. 2012, 8, 1161-1171.

presence of peptide, and Fr = total fluorescence intensity deter-
mined by disrupting the vesicles by the addition of 50 puL of a
Triton X-100 solution. The experiments were stopped at

20 min.

Antibacterial activity

Peptide antibacterial activity was tested against Gram-positive
and Gram-negative bacteria by the standardized disk diffusion
Bauer—Kirby method [75] using the Miiller—Hinton culture
medium at pH 7.2-7.4 as recommended by the National
Committee for Clinical Laboratory Standards [76]. The antibac-
terial activity assay was performed in a similar way to that
described in reference [77]. The activity of peptides was tested
against clinical isolates of bacteria and reference bacterial
strains: Staphylococcus aureus American Type Culture Collec-
tion strains (ATCC) 25923, Streptococcus pyogenes ATCC
19615, Escherichia coli ATCC 25922, Pseudomonas aerugi-
nosa ATCC 27853, Klebsiella pneumoniae ATCC 13883,
Salmonella entereditis 13076, and Proteus mirabilis ATCC
10975. The well-known antibiotics bacitracin and tetracyclin

(10 pg/disk) were used as controls.

Supporting Information

Supporting Information File 1

Chemical characterization data for the peptides reported in
Schemes 1-3.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-8-129-S1.pdf]
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Abstract

A number of physicochemical characteristics have been described which contribute to the biological activity of antimicrobial
peptides. This information was used to design a novel antimicrobial peptide sequence by using an intrinsically inactive membrane-
associated peptide derived from the HIV glycoprotein, gp41, as a starting scaffold. This peptide corresponds to the tryptophan-rich
membrane-proximal region of gp41, which is known to interact at the interfacial region of the viral membrane and adopts a helical
structure in the presence of lipids. Three synthetic peptides were designed to increase the net positive charge and amphipathicity of
this 19-residue peptide. Ultimately, the peptide with the greatest degree of amphipathicity and largest positive charge proved to be
the most potent antimicrobial, and this peptide could be further modified to improve the antimicrobial activity. However, the other
two peptides were relatively ineffective antimicrobials and instead proved to be extremely hemolytic. This work demonstrates a
novel approach for the design of unexplored antimicrobial peptide sequences but it also reveals that the biological and cytotoxic

activities of these polypeptides depend on a number of interrelated factors.

Introduction
Antimicrobial peptides (AMPs) continue to attract significant literature, ranging from diverse peptides isolated from different
attention as potential alternatives to conventional antibiotics. A  natural sources to synthetic peptides generated with high-

large number of AMP sequences have been reported in the throughput screening methods. From this large sample size, a
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number of characteristics have been identified that all contribute
to the antimicrobial potency of these polypeptides. In this study,
we attempted to design a novel AMP using a helical peptide
scaffold known to interact at the surface of phospholipid
bilayers. Using this template, a series of derivatives were
synthesized to augment many of the important antimicrobial
factors, with the goal of generating a novel peptide sequence
with enhanced antimicrobial potency and weak cytotoxic

activity.

The first step in this process was to select an appropriate
sequence to serve as the peptide scaffold. Many linear AMPs
are unstructured in aqueous solution and only adopt a well-
defined structure in the presence of a lipid bilayer [1]. This
binding event is integral to the mechanism of action of the
peptide, either through direct damage to the phospholipid
bilayer or by allowing the peptide to cross the bacterial mem-
brane to reach intracellular targets [2]. A number of AMPs form
amphipathic a-helices when bound to lipid bilayers with the
hydrophilic residues clustering on one face of the peptide, while
hydrophobic residues appear on the opposite face [3]. This
amphipathic structure allows the peptide to embed itself into the
interfacial region of a phospholipid membrane and it anchors
the peptide to the surface of the bilayer.

Another common feature of several AMPs is an unusually high
proportion of specific amino acids [4]. Our group has been
particularly interested in AMPs rich in tryptophan and cationic
amino acids [5,6]. The cationic residues (Arg and Lys) are
thought to mediate the initial electrostatic attraction to the
negatively charged bacterial cell surface [7]. On the other hand,
Trp residues have the unique property that they bind in the
interfacial region of a membrane [8,9], thereby anchoring the
peptide to the bilayer surface.

Based on these properties, we sought a Trp-rich, membrane-
associated region of a protein that does not possess intrinsic
antimicrobial activity. Peptides derived from the envelope
HIV-1 glycoproteins, gp120 and gp41, have previously been
examined for their antimicrobial activity [10] and we chose to
use the membrane-proximal region of gp41 as our starting
peptide scaffold. This region of the gp41 protein is of particular
interest, because it contains five Trp residues, is believed to
bind at the surface of the viral membrane [11] and plays an
important role in fusing the viral membrane to the target cell
membrane. The solution structure of the 19-residue peptide
(gp41w) bound to micelles was previously reported by our
group [12], and it was shown that this peptide adopts a well-
defined helix in the presence of detergent micelles, with four of
the five Trp residues distributed in a plane along the length of
the peptide. Therefore, this peptide satisfies two of the features

Beilstein J. Org. Chem. 2012, 8, 1172-1184.

that we were looking for, i.e., helical structure and high Trp
content. It follows from our current understanding of
structure—function relationships of AMPs that adding positive
charges and increasing the degree of amphipathicity of this
membrane-associated peptide could generate a peptide sequence
with potent antimicrobial activity.

Three derivatives were synthesized based on the amino-acid
sequence of gp41w (Figure 1). The first peptide, gp41w-4R, has
the polar uncharged amino acids in gp41w replaced with Arg
residues. These mutations increased the net charge of the
peptide from +3 to +7 and should increase the electrostatic
attraction to bacterial cells, which are characterized by a
negative surface charge [7]. The second derivative, gp41w-KA,
is based on the helical-wheel representation of gp41w and has
mutations in the sequence to increase both the net positive
charge and amphipathicity of the peptide, while maintaining the

A

Peptide Sequence

gp4lw KWASLWNWENITNWLWYIK-NH,
gp4lw-4R | KWARLWRWFRITRWLWY IK-NH,
gp4lw-KA | KWAKKWKWEFAKAAWKW YKK-NH,
gp41w-FKA | KFAKKFKWFAKAAFKFFKK-NH,

gp41w-ff<B

Figure 1: (A) Names and sequences of the gp41w-derived peptides.
(B) Helical-wheel projections of gp41w, gp41w-4R, gp41w-KA and
gp41w-FKA showing the hydrophobic and large aliphatic side chains in
grey boxes. These helical wheels show the amphipathicity of the
gp41w derivatives as the hydrophobic residues are increasingly
segregated from the hydrophilic and charged residues.
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relative positions of the bulky hydrophobic residues. Compared
to the helical-wheel projection of gp41w-4R, the gp41w-KA
peptide removes two of the positive charges from the hydro-
phobic Trp-rich face of the peptide and replaces them with Ala.
In addition, the aliphatic Ile and Leu residues are removed from
the hydrophilic surface and are replaced with cationic residues.
This generates a peptide with a large net positive charge (+9)
and if it can still adopt a helical conformation, then it will be
highly amphipathic. The final gp41w derivative, gp41w-FKA,
has the same sequence as gp41w-KA except that all of the Trp
residues, apart from Trp8, have been replaced by Phe residues.
Because the Trp and Phe amino-acid side chains insert in a
different manner into membranes, it is interesting to examine
the effect of replacing the interface-binding indole groups [13]
with the more hydrophobic and deeper penetrating phenyl
moieties [8].

Results
Antimicrobial and hemolytic activities

The antimicrobial activity for gp41w and its derivatives was
determined against Gram-negative E. coli and Gram-positive S.
aureus strains (Table 1). Three of the peptides, gp41w, gp41w-
4R and gp41w-KA, were inactive at the concentrations tested.
Only gp41w-FKA displayed significant antimicrobial activity
against the two bacterial strains, with bacteriostatic and bacter-
icidal effects observed at concentrations ranging from
10-50 pg/mL. The effect of adding gp41w to red blood cells
caused minimal hemolysis, indicating that the parent peptide is
not particularly cytotoxic. However, the mutation of four
residues to cationic Arg residues resulted in a dramatic increase
in the hemolytic activity, with significant hemolysis occurring
at gp41w-4R concentrations as low as 7 pg/mL. For gp41w-KA
and gp41w-FKA, the hemolytic activity was stronger than
gp41w, but the effect was not as pronounced as seen with
gp41w-4R. Gp41w-KA was hemolytic at a peptide concentra-
tion of 42 pg/mL, while gp41w-FKA lysed red blood cells at a
concentration of 195 pug/mL. In the case of gp41w-FKA, the
hemolytic concentration was substantially higher than the
minimum inhibitory concentration (MIC) and minimum bacter-
icidal concentration (MBC) values (Table 1).

Beilstein J. Org. Chem. 2012, 8, 1172-1184.

Tryptophan fluorescence spectroscopy

Tryptophan emission fluorescence of all the gp41w derivatives
was performed to examine the microenvironment surrounding
the Trp side chains. The emission spectra of the four peptides in
aqueous buffer are shown in Figure 2. It is evident that the
behaviour of the gp41w peptide is very different from the other
peptides. The wavelength of the maximum emission for gp41w
occurs at 342 nm, while the other three peptides have maximum
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Peptide SDS DPC | ePC:ePG | ePE:ePG |ePC:ePE
gp4lw 8 1 3 3 1
gp41w-4R 16 11 15 13 11
gp4lw-KA 20 12 16 14 3
gp41w-FKA 18 5 3 3 0

Figure 2: (A) Normalized Trp emission spectra of the gp41w deriva-
tives in buffer. The spectra have been normalized to the fluorescence
intensity value measured at the wavelength of the emission maximum.
(B) Blue shifts (nm) in the Trp maximum-emission wavelength for
gp41w, gp41w-4R, gp41w-KA and gp41w-FKA in the presence of
micelles and large unilamellar vesicles (LUVs) of varying composition.
All wavelengths of the maxima are based on average values from
three separate scans. Abbreviations for the detergents and lipids are:
SDS, sodium dodecylsulfate; DPC, dodecylphosphocholine; ePC, egg-
derived L-a-phosphatidylcholine; ePE, egg-derived L-a-phosphatidyl-
ethanolamine; ePG, egg-derived L-a-phosphatidylglycerol; Chol,
cholesterol.

Table 1: Antimicrobial and hemolytic activities of the gp41w-derived peptides. All concentrations are presented as pg/mL.

. Mmica MBCP
Peptide E. coli E. coli
gp4iw >100 >100
gp41w-4R >100 >100
gp41w-KA >100 >100
gpA1w-FKA 10-30 40-50

Mmica MBCP Hemolysis
S. aureus S. aureus ECs°
>100 >100 550

>100 >100 7-14
>100 >100 42

<10 20-30 195

aMinimum inhibitory concentrations (MIC); °Pminimum bactericidal concentrations (MBC); ®effective concentration for 50% hemolysis.
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emission wavelengths at ~356 nm. The value of 356 nm is
normal for an exposed Trp side chain in aqueous solution.
Apparently, the environments surrounding the Trp residues of
the parent gp41w are significantly different from the three
derivative peptides, resulting in a blue shift in the wavelength of
the emission maximum. A shift towards lower wavelengths is
usually interpreted as the Trp residue residing in a more hydro-
phobic environment, which may be due to the gp41w peptides

oligomerizing in solution.

The addition of detergent micelles and large unilamellar
vesicles (LUVs) to the peptide solutions caused substantial blue
shifts of the maximum wavelength in the Trp emission spectra
(Figure 2B). The maximum wavelength of the gp41w-4R
samples blue shifted in all the lipid environments, with the
largest changes occurring in the presence of anionic LUVs and
detergents. Gp41w-KA also displayed large blue shifts in the
presence of negatively charged lipid species, while only small
blue shifts were seen with zwitterionic ePC:ePE LUVs. Gp41w-
FKA displayed similar behaviour to gp41w-KA except that the
blue shifts were not as pronounced for the negatively charged
lipids and there was almost no blue shift seen when the peptide
was added to neutral LUVs. The helical-wheel projection of
gp41w-FKA places Trp8 in the hydrophilic face of the helix
(Figure 1) and the NMR structure, determined in the cosolvent
mixture of chloroform, methanol and water, places the indole
side chain at the interface of the charged and hydrophobic sides
of the helix (see below). Therefore, Trp8 likely does not penet-
rate as deeply into the acyl chains of the vesicles. The blue
shifts seen in the gp4lw samples were also comparatively
small, but this is likely due to the unusual emission maximum
measured for this particular peptide in aqueous buffer. There-
fore, the smaller blue shifts for gp41w can be attributed to the
peptide dissociating from the oligomeric form followed by
peptide insertion into the bilayer.

Acrylamide quenching experiments were performed for the four
peptides to examine the accessibility of the Trp fluorophores in
the various membrane environments. If a Trp side chain inserts
into the hydrophobic core of the bilayer, it becomes less access-
ible to the effects of the soluble acrylamide quencher. The
quenching of Trp fluorescence is directly related to the concen-
tration of quencher, so a titration with the neutral acrylamide
allows for the calculation of the Stern—Volmer constant (K, ),
which quantitatively measures the accessibility of the Trp

residues in various lipid environments.

The K, values for the gp41w peptides are summarized in
Figure 3. Consistent with the other fluorescence results, the Ky,
for gp41w in buffer is significantly smaller than the Ky, values
calculated for the other peptides under the same conditions.

Beilstein J. Org. Chem. 2012, 8, 1172-1184.

This suggests that the Trp residues in gp41w are not as access-
ible to the acrylamide molecules and further supports the idea
that this peptide is present in an oligomeric state in aqueous
solution. When detergent micelles or LUVs were added to the
gp41w peptide, all of the calculated K, were lower than the
values determined in buffer, indicating that gp41w binds to both
micelles and LUVs with the Trp residues inserting into the
membrane.

[N

gp4iw gp41w-4R

relative Ksv
o o o o
S v s o o

4

o

Figure 3: Relative Ky, values calculated for gp41w, gp41w-4R, gp41w-
KA and gp41w-FKA in buffer and in the presence of detergent micelles
and phospholipid LUVs. Error bars represent the standard deviation of
three separate trials. Values are reported as relative values compared
to the K, determined in buffer. The numerical values of the buffer Kg,s
were 10.3, 27.8, 16.4 and 17.9 for gp41w, gp41w-4R, gp41w-KA and
gp41w-FKA, respectively.

All of the gp41w derivatives have large Ky, values in buffer,
which is expected if the Trp fluorophores are exposed to the
aqueous buffer. In the presence of detergent micelles and
LUVs, all of the calculated K, values for gp41w-4R decreased
dramatically, consistent with this peptide binding to the bilayer
and the Trp side chains burying into the membrane. This effect
was most pronounced in the presence of anionic liposomes, but
all of the mixtures resulted in strong decreases in the calculated
Ky values (Figure 3).

The other two peptides, gp41w-KA and gp41w-FKA, demon-
strate a preference for anionic lipids and detergents, as the K,
values determined in the presence of SDS micelles and LUVs
containing ePG lipids are much lower than those determined in
the presence of DPC or zwitterionic liposomes (Figure 3).
When the peptides were added to ePC:ePE LUVs, there was
only a small decrease in the calculated Kg,. This suggests that
these two peptides interact only weakly with the neutral lipo-
somes. The decrease in K, observed in the presence of DPC
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micelles is likely due to the high concentration of detergent
used in these samples. These conditions shift the equilibrium of
the free-floating peptide in solution to the micelle-bound form,
resulting in the insertion of the Trp side chain into the hydro-
phobic core of the micelle.

Calcein leakage

All four peptides were tested for their ability to induce the
release of the self-quenching fluorescent dye, calcein, from
calcein-encapsulated LUVs [14,15]. All of the peptides caused
calcein release from negatively charged LUVs composed of
ePC:ePG or ePE:ePG, and the percentage of calcein released
was similar to that induced by melittin, a known lytic peptide
[16]. Interestingly, the amount of leakage induced by each of
the gp41 peptides was roughly equivalent, indicating that all of
these derivatives disrupt negatively charged liposomes to the
same extent (Figure 4A and Figure 4B). When the peptides
were added to zwitterionic LUVs composed of ePC:ePE lipids,
there was a larger difference in the amount of calcein released
from the LUVs. Gp41w-4R caused significant leakage, similar
to the effect of melittin, while the gp41w peptide also caused
leakage, but not to the same extent. Gp41w-KA and gp41w-
FKA caused membrane disruption of the zwitterionic LUV,
but only ~70% leakage was observed at the highest peptide:lipid
ratio tested. This demonstrates that these two peptides do not
disrupt bilayer organization in neutral liposomes to the same

extent as gp41w or gp41w-4R (Figure 4C).

Differential scanning calorimetry

The gp41w derivatives were added to 1,2-dipalmitoyl-sn-gly-
cero-3-phosphocholine (DPPC) and 1,2-dipalmitoyl-sn-glycero-
3-phospho-(1'-rac-glycerol) (DPPQ) lipid suspensions and the
resulting lipid and peptide mixtures were examined by differen-

Beilstein J. Org. Chem. 2012, 8, 1172-1184.

tial scanning calorimetry (DSC) to determine the effect of the
peptides on the thermotropic phase behaviour of phospholipids.
Eukaryotic membranes typically have a high phosphatidylcho-
line content, while bacterial membranes are characterized by
phosphatidylethanolamine and anionic phosphatidylglycerol
head groups [7]. Therefore, the DPPC lipids serve as a simple
model for a eukaryotic membrane, while the anionic DPPG
lipids are representative of the negatively charged bacterial

membrane.

When added to DPPC lipid suspensions, gp41w and gp41w-
FKA had very little effect on the phase transitions of DPPC
lipids (Figure 5). The main phase transition of DPPC, seen at
41 °C, is unaffected by the addition of peptide, while the
pretransition at ~34 °C is slightly broadened and shifts to a
lower temperature. When gp41w-4R and gp41w-KA were
added to the DPPC lipid suspensions, the resulting thermo-
grams showed that these peptides had very drastic effects on the
organization of DPPC bilayers (Figure 5). The final heating
scan of gp41w-4R mixed with DPPC phospholipids shows a
sharp transition at ~36 °C with a broad shoulder between
37-40 °C. This large temperature shift compared to the main
phase transition of DPPC indicates that the gp41w-4R peptide
destabilizes zwitterionic bilayers more effectively than any of
the other gp41w derivatives. For gp41w-KA, there are a number
of peaks at temperatures below the phase-transition tempera-
ture of pure DPPC, including a sharp transition at ~40 °C,
suggesting that this peptide also destabilizes the transition of
DPPC from the lamellar-gel to the liquid-crystalline phase. The
ability of the gp41lw derivatives to disrupt DPPC bilayers
correlates with the observed hemolytic activity, and this may
explain why gp41w-4R and gp41w-KA readily lyse red blood

cells in vitro.
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Figure 4: Percent calcein leakage induced by the gp41 derivatives. Gp41w (blue), gp41w-4R (orange), gp41w-KA (red) and gp41w-FKA (green) were
added to calcein encapsulated LUVs composed of (A) ePC:ePG, (B) ePE:ePG and (C) ePC:ePE at different peptide:lipid ratios. Melittin (black), a
known lytic peptide from honey-bee venom was used as a positive control. All experiments were carried out in triplicate at 37 °C.
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Figure 5: DSC thermograms of pure zwitterionic DPPC (left) and
anionic DPPG (right) lipid suspensions compared to lipids mixed with
gp41w, gp41w-4R, gp41w-KA and gp41w-FKA. A peptide-to-lipid
molar ratio of 1:10 was maintained in all of the samples. The insets are
a magnification of the thermogram to show the distribution and shape
of the peaks.

The DSC results of the gp41w derivatives mixed with DPPG
lipids demonstrate that all the peptides induce changes in the
thermotropic phase behaviour of negatively charged lipids. The
pretransition at ~33 °C seen in the DSC trace of pure DPPG
lipids disappears in the presence of all the gp41w peptides. For
gp41w added to DPPG lipid suspensions, the peak at 40 °C
indicates that there is some unbound DPPG that behaves like
the pure lipid suspension. However, the emergence of a broad
transition at ~43 °C is likely due to the formation of
peptide—lipid aggregates. The addition of gp41w-4R to DPPG
yields peaks in the thermogram at 33 and 36 °C, suggesting that

Beilstein J. Org. Chem. 2012, 8, 1172-1184.

when gp41w-4R binds to negatively charged liposomes, it
destabilizes the organization of the bilayer. Apparently, some
unbound DPPG remains as well because there is still a small
peak at ~40 °C. The addition of gp41w-KA and gp41w-FKA to
DPPG gave remarkably similar DSC results. The main phase
transition at 40 °C is abolished in the presence of either peptide
and is replaced by a broad transition centered at 47 °C. This
could be due to the formation of peptide—lipid aggregates that
produce the high-temperature transitions in the thermogram.
Interestingly, the degree to which the gp41w derivatives disrupt
DPPG lipids does not correlate with the observed antimicrobial
activity, suggesting that interaction with negatively charged
lipids is not sufficient to explain the observed antimicrobial
effects.

Circular dichroism spectroscopy

The backbone conformations of all of the gp41 peptide deriva-
tives were examined by using far-UV circular dichroism (CD)
spectroscopy. The resulting CD spectra of the peptides in
buffer, SDS, DPC and 50% trifluoroethanol (TFE) are shown in
Figure 6. Two of the peptides, gp41w and gp41w-4R, gener-
ated unique CD spectra for AMPs dissolved in aqueous solu-
tion. Typically, linear AMPs are unstructured in aqueous buffer,
resulting in CD spectra with a characteristic minimum at
~200 nm. For gp41w-4R, there is a consistent signal from 235
to 205 nm and a maximum peak at ~195 nm, suggesting that
this peptide already adopts a partially helical conformation in
aqueous buffer. The CD spectra of gp41lw are even more
intriguing as there are strong minima observed at 230 and
208 nm. The peak at 208 nm is likely due to the presence of
o-helical structure, while the band at ~230 nm can be attributed
to stacking interactions between nearby aromatic rings [17].
This is in agreement with the fluorescence results and suggests
that the gp41w backbone adopts a regular secondary structure
when oligomerized in solution.

The addition of SDS or DPC micelles to gp41w caused a con-
formational change in the peptide, likely due to the peptide
multimers disassociating followed by peptide binding to the
micelles. When micelles were mixed with gp41w-4R, an
increase in the mean residue ellipticity at 208 and 222 nm was
observed, consistent with the formation of an a-helix. When
compared to the curve of gp41w-4R in 50% TFE, the traces
from the micelle-containing samples show little difference,
indicating that the conformation of gp41w-4R is similar in all
these environments. In the presence of 50% TFE, gp41w also
adopts a largely a-helical conformation, but in the presence of
micelles there may be other structural elements that contribute
to the CD spectra, as evidenced by the strong minima at
~218 nm seen in both the SDS and DPC traces. However, the

micelle samples still have minima at 208 nm and maximum
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Figure 6: Far-UV CD spectra of gp41w and the three derivative
peptides. The panel on the left shows the peptides in phosphate buffer
(black), 25 mM SDS (green), 25 mM DPC (yellow) and 50% TFE (red).
The panel on the right is the peptides in the presence of LUVs
composed of ePC:ePG (violet), ePE:ePG (orange) or ePC:ePE (gray).
All data are reported in units of mean residue ellipticity (MRE) with
units of deg cm? dmol~" res™1.

values at 195 nm, both of which are characteristic of helical
structure. Therefore, it appears that a large portion of gp41lw
forms a helix when bound to SDS and DPC micelles.

The CD spectra for gp41w-KA and gp41w-FKA are more
typical for AMPs. Both peptides are unstructured in aqueous

Beilstein J. Org. Chem. 2012, 8, 1172-1184.

solution, with strong minima at 200 nm. The addition of
micelles or TFE induces a conformational change in the
peptides consistent with the formation of helical structure. The
micelle-bound conformation of gp41w-KA has another
minimum at 227 nm, which may be due to interactions among
the Trp side chains [18]. The fact that the CD spectra of gp41w-
FKA in the presence of SDS, DPC and 50% TFE overlap
almost perfectly with each other suggests that this peptide

adopts equivalent structures in all three environments.

The conformations of the gp41w derivatives in the presence of
LUVs of varying composition were also examined with CD
spectroscopy (Figure 6). In the presence of zwitterionic
ePC:ePE LUVs, a slight conformational change was observed
for the gp41w peptide while the intensity of the CD signal from
gp41w-4R decreased significantly. In the case of gp41w, this is
likely due to a minor conformational change as the peptide
reorients itself to interact with the LUVs. There was evidence of
lipid aggregation in the gp41w-4R sample; therefore the spec-
tral change likely arises from the formation of peptide—lipid
aggregates, which no longer absorb the circularly polarized
light. Only minor changes were seen in the CD values meas-
ured for gp41w-KA and gp41w-FKA compared to the spectra
obtained in buffer, suggesting that these two peptides do not
readily interact with neutral liposomes.

Peptide—lipid aggregates were observed in all the CD samples
containing anionic LUVs composed of ePC:ePG or ePE:ePG,
and the intensity of the measured CD signals virtually disap-
peared for all the peptide samples (Figure 6). This was accom-
panied by a corresponding decrease in the absorbance values
measured by the spectropolarimeter (data not shown). In add-
ition, precipitates could be seen in the cuvette, suggesting that
all the gp41w peptides interact strongly with negatively charged
lipid species leading to the formation of insoluble peptide—lipid
complexes. Unfortunately, due to the loss of CD signal in these
samples, it is impossible to determine what type of secondary

structure is present in these aggregates.

NMR solution structure

All the gp41w derivatives were examined by nuclear magnetic
resonance (NMR) spectroscopy to determine the high-resolu-
tion structure in a membrane mimetic environment. The struc-
ture of gp41w was previously determined in the presence of
DPC micelles [12]. However, when the three derivatives were
tested with SDS and DPC micelles, the resulting NMR spectra
were poorly resolved and not suitable for structural analysis
(data not shown). Consequently, we chose to use a cosolvent
mixture consisting of four parts deuterated chloroform, four
parts deuterated methanol and one part water [19,20]. The 2D
TH NOESY spectra obtained in this solvent mixture were very
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well resolved, allowing for identification of all of the backbone
atoms and virtually all the side-chain atoms in gp41w-4R,
gp41w-KA and gp41w-FKA (Supporting Information File 1,
Figure S1). The nuclear Overhauser effect (NOE) patterns of
the connections between protons in the gp41w-derived peptides
are highly indicative of helical structure (Supporting Informa-
tion File 1, Figure S2). Interestingly, when gp41w was added to
the cosolvent mixture, the peptide did not readily dissolve and
there was evidence of aggregation. These aggregates persisted
at higher temperatures and the NMR spectra acquired with these
samples were of poor quality. As a result, the solution structure
of gp41w was not determined in the cosolvent mixture. Struc-
tural statistics from the ARIA calculations are shown in the
Supporting Information File 1, Table S1.

As expected, similar to gp41w [12], the solution structures of
gp41w-4R, gp41w-KA and gp41w-FKA were found to be
largely helical, but there are significant differences in the charge
distribution and amphipathicity of these peptides, which must
be related to the observed biological effects. The solution struc-
ture of gp41w-4R forms a well-defined helix across the length
of the peptide with a backbone root-mean-square deviation
(RMSD) of 0.630 A (Figure 7). It appears that the structure is
slightly bent, especially in the N-terminal region, which lies
well below the plane of the helix formed by residues 7-19. The

gp41w-4R

gp41w-KA
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side-chain distribution of gp41w-4R in the cosolvent solution
shows that the peptide does not form a distinct amphipathic
structure. The hydrophobic side chains and the charged Arg and
Lys residues are relatively evenly distributed across the surface
of the peptide.

The structure of gp41w-KA in the cosolvent mixture also forms
a very well defined helix with a backbone RMSD of 0.389 A
(Figure 7). In agreement with the structure of gp41w-4R, the
N-terminal region of gp4lw-KA is not aligned with the
C-terminal helix formed across residues 7—-19 and these first six
residues appear to form a slightly extended conformation. This
may be an important structural feature of this peptide but could
also be due to a low number of intramolecular contacts between
the side-chain protons in this region of the peptide. Different
from the structure of gp41w-4R, the well-defined helical region
of gp41w-KA is largely amphipathic, with the positively
charged Lys residues at positions 7, 11, 15, 18 and 19 all
appearing on the same face of the peptide, while the opposite
face has many of the large hydrophobic residues, including
Phe9, Trp16 and Tyrl7. In addition, the side chains of Trp6,
Trp8 and Trp14 are all found in the same plane of the peptide,
which separates the charged Lys surface from the hydrophobic
face. The amphipathic structure of gp41w-KA is highly
suggestive of a membrane-bound orientation in which the

gp41w-FKA

Figure 7: NMR solution structure of gp41w-4R, gp41w-KA and gp41w-FKA in the cosolvent mixture. Overlay of the 20 lowest-energy structures
reveals a well-defined backbone conformation for all three peptides (top panel). All the peptides adopt a largely helical conformation as seen in the
ribbon diagrams (middle panel). The hydrophobic residues (green) and the cationic residues (blue) are shown along with Thr12 (magenta) in gp41w-
4R. The gp41w-4R peptide lacks distinct amphipathicity, while gp41w-KA and gp41w-FKA have much more pronounced amphipathic character
across the length of the helix (bottom panel, positively charged regions are indicated in blue).
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hydrophobic face inserts into the hydrophobic core of the
bilayer while the positively charged residues interact with the
charged lipid head groups. Based on this model, the N-terminal
region of gp41w-KA would then be oriented into the bilayer,
which would bring the Lys residues at positions 1, 4 and 5 into
the hydrophobic core of the bilayer. This may be related to the
membrane-destabilizing properties of the gp41w-KA peptide.

The gp41w-FKA peptide has a similar primary sequence to the
gp41w-KA except that all of the Trp residues in gp41w-KA
(except Trp8) have been mutated to Phe residues. These
changes did not affect the ability of the gp41w-FKA peptide to
adopt a helical conformation in the cosolvent mixture of chloro-
form, methanol and water. The peptide formed a very well
defined o-helix across the length of the peptide with a back-
bone RMSD of 0.426 A (Figure 7). The side-chain distribution
of gp41w-FKA creates the most amphipathic structure of any of
the gp41w derivatives. Only Lys1 and Lys5 are not part of the
positively charged face formed by the remaining Lys residues.
Most of the hydrophobic Phe residues are found opposite the
charged face, with the side chain of Trp8 once again located
equidistant from the charged surface and the hydrophobic face.
A closer examination of the surface-charge distribution of this
peptide reveals an uninterrupted hydrophobic face stretching
from Phel to Phel7, suggesting that gp41w-FKA binds at the
interfacial region of a phospholipid bilayer.

Discussion

AMPs are often considered as potential therapeutic agents
because of their selectivity towards bacterial cells and the
perceived difficulty associated with bacteria in developing
resistance to these molecules [21]. Using an inactive mem-
brane-associated Trp-rich peptide as a scaffold, we attempted to
generate a novel AMP based on some of the simple character-
istics that have been outlined for AMPs, such as hydrophobi-
city, amphipathicity, net charge, helical structure and phospho-
lipid bilayer interactions [22]. The results obtained with the
gp41w-derived peptides reveal a complex relationship between
the structural factors that contribute to the antibacterial activity
and the features that determine the hemolytic activity.

A large proportion of AMPs are unstructured in solution, and
they adopt amphipathic a-helices when bound to a phospho-
lipid bilayer [3,23]. This binding to the bacterial membrane is
often related to a membrane-destabilizing mode of action,
which ultimately leads to bacterial cell death [24]. However,
recent evidence suggests that membrane binding may be a part
of a more complex mode of action involving multiple targets of
inhibition [21,25]. In addition to their membrane-binding prop-
erties, many AMPs are typified by a high proportion of Trp and
cationic amino acids [5,6]. The Trp residues are unique because
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of their preference for the interfacial region of biological
membranes [8,9], while the cationic residues are responsible for
the initial electrostatic attraction to the negatively charged
bacterial cell [7,22]. In this work, the membrane proximal
region of gp41 was chosen as a starting point from which to
design a novel AMP sequence. This 19-residue peptide adopts a
helical structure with partial amphipathic character in the pres-
ence of DPC micelles [12] and contains five Trp residues, four
of which form a plane along the helix axis. A model for the
membrane interaction of gp41lw was proposed wherein the
peptide inserts into the interfacial region of the outer leaflet of
the viral membrane and this Trp plane resides at the lipid—water
interface. The net positive charge of the native gp41w peptide is
relatively small (+3). Three peptide derivatives were synthe-
sized to increase the overall charge of the peptide as well as
enhance the amphipathicity of the helix with the ultimate goal
of generating a novel AMP sequence.

It was expected that the gp41w peptide would have weak anti-
microbial and hemolytic activity. Indeed this was the case as no
antimicrobial activity was observed against E. coli and S.
aureus at gp41w concentrations below 100 pg/mL, and hemo-
lysis was not observed at peptide concentrations lower than
500 pg/mL. The fluorescence spectroscopy results demonstrate
that gp41w interacts with lipid bilayers and the Trp residues
embed themselves into the membrane. The DSC data indicate
that gp41w interacts with both DPPC and DPPG lipids, since
the shape of the main phase-transition peak is significantly
different compared to the pure lipid. However, it appears that
gp41w does not dramatically alter the bilayer organization,
since the melting temperature of the main phase transition
remains unchanged. The calcein leakage results suggest that
gp41w is membrane active, since it causes leakage of vesicle
contents, but it appears that vesicle leakage does not correlate
with antimicrobial activity. It could be related to the relatively
low positive charge of gp41w, but this seems unlikely since
gp41w-4R has four additional positive charges and is also anti-

microbially inactive.

The lack of antimicrobial activity may be related to the fact that
the gp41w peptide appears to oligomerize in solution. When
found in the HIV-1 Env glycoprotein complex, gp41 is known
to exist as a trimer [26], and previous attempts to resolve the
NMR structure of gp41w in aqueous solution or 40% TFE were
unsuccessful because of peptide aggregation or poor solubility
[12]. In terms of the antimicrobial activity, gp41w oligomers
may be too large to pass through the peptidoglycan layer
surrounding Gram-positive bacteria. Additionally, they would
have to disassociate into monomers before they could insert
themselves into the bacterial membrane. Recent artificial-

neural-network prediction models of antimicrobial peptides
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have found that peptide aggregation in solution indeed contrib-
utes to a low antimicrobial activity [27]. Interestingly, the add-
ition of cationic residues to peptides that tend to aggregate in
solution has been shown to inhibit aggregation while improving
the antimicrobial potency at the same time [28].

The gp41w-4R derivative of the gp41w peptide has the three
Asn residues and Ser8 mutated to cationic Arg residues.
Arginine residues seem to be preferred over Lys residues in
short Trp- and Arg-rich AMPs obtained through combinatorial
chemistry [29]. Interestingly, the gp41w-4R peptide did not
show any increased antimicrobial activity despite the high
content of Trp and cationic residues. Instead, the gp41w-4R
peptide unexpectedly demonstrated extremely high hemolytic
activity. The solution structure of gp41w-4R in the cosolvent
mixture is largely a-helical, but the peptide is not particularly
amphipathic. This is consistent with the helical wheel projec-
tion of gp41w-4R (Figure 1), which predicted that the positive-
ly charged residues would be evenly distributed around the
circumference of the helix axis.

The biophysical experiments reveal that gp41w-4R readily
interacts with membranes, irrespective of the composition of the
head groups in the phospholipids. The effect of gp41w-4R on
zwitterionic liposomes is substantial in comparison to the other
peptides, especially in the calcein leakage and DSC results, and
this behaviour is likely directly related to the strong hemolytic
activity of this peptide. The positively charged Arg and Lys side
chains in gp41w-4R would prefer to reside in an aqueous envir-
onment; however, gp41w-4R also possesses a large number of
hydrophobic amino acids, which readily insert into the interfa-
cial region of the bilayer and into the hydrophobic acyl chains
[8,30]. Therefore, if the hydrophobic residues penetrate into the
hydrophobic core of a membrane, this would also introduce
positive charges into the bilayer, thereby destabilizing the mem-
brane. A model such as this can explain the hemolytic activity
of gp41w-4R, but the lack of antimicrobial activity suggests that
the gp41w-4R peptide does not reach the bacterial cytoplasmic

membrane in the presence of bacterial cells.

Amphipathicity is often cited as an important factor that
contributes to the effectiveness of AMPs [3,4,23,31-33] and this
may explain why the gp41w-4R peptide has poor antimicrobial
activity since it is not overly amphipathic. Additionally, the CD
spectra of gp41w-4R in buffer suggests that this peptide is
somewhat structured in aqueous solution, so a conformational
rearrangement of gp41w-4R may be required for membrane
destabilization of bacterial cells.

The gp41w-KA and gp41w-FKA peptides are significantly
different in primary sequence compared to gp41w, but the
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common feature of these peptides is the positioning of the bulky
hydrophobic residues. The positively charged residues in
gp41w-KA and gp41w-FKA were engineered to appear on one
side of the helix axis to improve the overall amphipathicity of
the o-helix. Indeed, the NMR solution structures of gp41w-KA
and gp41w-FKA were found to be largely amphipathic
(Figure 7). The C-terminal region in both peptides adopts a
well-defined helical structure and only the N-terminal residues
appear to deviate from this conformation. Interestingly, the
increased amphipathicity appears to be inversely related to the
hemolytic activity of these peptides and the interactions with
zwitterionic ePC:ePE LUVs or DPPC lipids suspensions are not
as substantial as the effects seen with gp41w-4R. In addition,
the selectivity for negatively charged membranes over zwitter-
ionic lipids is enhanced in these two peptides, particularly for
gp41w-FKA.

The stronger antimicrobial potency of the gp41w-FKA peptide
compared to gp41w-KA was unexpected because Trp residues
have long been implicated as being important for the activity of
AMPs [5,6]. While Trp residues preferentially sit at the interfa-
cial region of a membrane [8,9] and Phe residues show a prefer-
ence for the interior of the membrane [8,30], our group previ-
ously observed an increase in the antimicrobial activity of tritrp-
ticin analogues, wherein the three Trp residues were mutated to
Phe [34]. This was accompanied by a decrease in hemolytic
concentration of tritrpticin as well. Conversely, mutating Trp
residues to Phe residues decreased the antimicrobial potency of
indolicidin [35] while increasing the hemolytic activity of this
peptide.

At this point, it is unclear why gp41w-FKA is a more potent
antibacterial than gp41w-KA. The fluorescence results demon-
strate that both peptides preferentially interact with anionic
lipids and the calcein leakage profiles of both peptides are
similar in the presence of anionic and neutral liposomes. The
DSC traces of DPPG mixed with both peptides are virtually
identical and the only large difference between the two peptides
is that gp41w-KA has a strong effect on DPPC lipid suspen-
sions, which only explains the stronger hemolytic effect of this
peptide. Evidently, the antimicrobial mechanism of action of
gp41w-FKA involves more than a simple disruption of the
bacterial cytoplasmic membrane. Alternatively, gp41w-KA and
gp41w-4R may not reach the bacterial cytoplasmic membrane
through some unknown interactions with molecules on the

surface of the bacterial cell.

Other de novo strategies for generating AMPs have been
reported in the literature. For instance, Lee et al. recently
published a study wherein they synthesized short peptides (5-11
residues) composed of only three amino acids: Lys, Leu and
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Trp [36]. Their results support the notion that the antimicrobial
activity of a peptide is related to peptide amphipathicity and
helicity as well as to the location of the Trp residues. However,
their most potent peptide (LKWLLKWLL-NH,) also displayed
significant hemolytic activity, indicating that further refinement
of these peptide sequences is required to optimize their use as
antimicrobials.

This study demonstrates that de novo generation of AMPs is
still not a trivial endeavour and our current understanding of
AMPs is insufficient to predict the antimicrobial potency of
novel peptide sequences. Be that as it may, the methodology
described here was successful in generating an AMP (gp41w-
FKA) with comparatively low cytotoxicity from an intrinsically
inactive membrane-associated peptide sequence. With further
modifications, the gp41w-FKA peptide can be taken as a
starting point to create a potent AMP.

Experimental

Peptide synthesis and chemical reagents
Gp4lw, gp41w-4R, gp41w-KA, gp41w-FKA were synthesized
by Anaspec Inc. (Fremont, CA) to >95% purity. Peptide
concentrations were determined from absorbance measure-
ments at 280 nm and theoretical extinction coefficients obtained
from Protparam on the EXPASY web server [37]. Powdered
dodecylphosphocholine (DPC) and stock chloroform solutions
of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-
dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DPPG),
egg-derived L-a-phosphatidylcholine (ePC), egg-derived L-a-
phosphatidylethanolamine (ePE), egg-derived L-a-phos-
phatidylglycerol (ePG) and cholesterol were purchased from
Avanti Polar Lipids, Inc. (Alabaster, AL). Deuterated methanol
used in the NMR samples was obtained from Cambridge
Isotopes Laboratories, Inc. (Andover, MA). Deuterated chloro-
form (CDCl3) was obtained from Norell, Inc. (Landisville, NJ).
All other chemicals were purchased from Sigma Aldrich (St.
Louis, MO).

Biological activity

Minimum inhibitory concentrations (MIC) and minimum
bactericidal concentrations (MBC) were determined for E. coli
and S. aureus as described previously [38]. Hemolytic activity
was also determined by using red blood cells from healthy

volunteers, as described previously [38].

Large unilamellar vesicle preparation

Lipid mixtures consisting of 1:1 weight ratios of ePC, ePG and
ePE were prepared from stock lipid solutions in chloroform.
The organic solvent was evaporated under a stream of nitrogen
gas and the resulting lipid cake was placed under vacuum for

~2 h then stored at —20 °C until ready for use. Large unilamellar
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vesicles (LUVs) were prepared by warming the lipid film to
room temperature followed by resuspension in buffer (10 mM
Tris, 150 mM NaCl, 1 mM EDTA, pH 7.4) with vigorous
vortexing. The lipid suspension was subjected to five rounds of
freezing and thawing in liquid nitrogen followed by 15 passes
through two 100 nm polycarbonate filters using the Avanti
Mini-Extruder apparatus. The lipid concentration in the LUV
samples was determined by measuring the phosphate concentra-

tion using the assay described by Ames [39].

Tryptophan emission fluorescence

Intrinsic tryptophan fluorescence of the peptides was measured
on a Cary Eclipse Fluorimeter (Agilent Technologies, Victoria,
Australia) equipped with a temperature control unit set at 25 °C.
Emission spectra were recorded between 300 and 400 nm with
an excitation wavelength of 295 nm. Excitation and emission
slits were kept at 5 and 10 nm, respectively, for all the peptides
except for gp41w-FKA, which has a single Trp residue, and for
which both slit widths were maintained at 10 nm. The concen-
tration of SDS and DPC in the fluorescence samples was
25 mM, while the lipid concentration in the LUV samples was
30 uM. Acrylamide titrations were performed to determine Ky
[40] by adding five aliquots of a 4 M acrylamide solution to the
sample and recording an emission spectra using the parameters
described above. Ky, was calculated by using the formula
Fo/F =1+ K,/[Q], Where F)) is the initial fluorescence and F is
the fluorescence intensity after the addition of soluble
quencher (Q).

Calcein leakage

Calcein leakage was performed according to established proto-
cols [41]. Melittin, the principal component of bee venom and a
known lytic peptide, was used as a positive control. Calcein
leakage was measured for LUVs made from lipid mixtures of
ePC:ePG, ePE:ePG or ePC:ePE.

Differential scanning calorimetry

Lipid films of 0.5 mg pure DPPC or DPPG were prepared as
described above and stored at —20 °C until needed. Lipid films
and buffer were heated to 55 °C for 15 min and then hydrated
with buffer (20 mM phosphate buffer, 130 mM NaCl, pH 7.4)
and vortexed vigorously. Following resuspension, stock solu-
tions of peptides in water were added to achieve a final
lipid:peptide molar ratio of 10:1. The final lipid concentration in
each sample was 0.5 mg/mL. Differential scanning calorimetry
was performed on a MicroCal high sensitivity VP-DSC
machine (GE Healthcare, Piscataway, NJ). Five cycles of
heating between 20 and 60 °C, at a scan rate of 10 °C/h were
performed and the peptide—lipid mixture was added as the cells
cooled between the first and second scans. Since the peptide

was added exogenously to the lipid suspensions, the four
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remaining heating and cooling cycles allowed the peptide to
equilibrate amongst all the lipid molecules. In all cases, the final
scan was virtually identical to the previous scan, indicating that
equilibrium had been reached.

Circular dichroism spectroscopy

CD spectra were collected at room temperature on a Jasco J815
spectropolarimeter by using a 0.1 cm path length cuvette. Far-
UV spectra of 50 uM peptide solutions were collected between
190-260 nm with a 0.5 nm step resolution, a 200 nm/min scan
speed, a response time of 0.5 s and a bandwidth of 1 nm. CD
spectra were acquired for the peptide in buffer (25 mM sodium
phosphate, pH 7.4) and in buffered solutions containing 25 mM
SDS, 25 mM DPC and 50% 2,2,2-trifluoroethanol. Spectra were
also recorded for peptides in the presence of LUVs composed of
ePC:ePG, ePE:ePG, and ePC:ePE. The lipid concentration in
each of the LUV samples was maintained at 0.5 mM. Each
spectra represents the average of 10 scans, and a blank spectra,
lacking peptide, was subtracted in the final analysis. Data was
converted to mean residue ellipticity according to Wallace and
Janes [42].

NMR structure determination

The solution structures of gp41w-4R, gp41w-KA and gp41w-
FKA were determined in the 4:4:1 cosolvent mixture of
CDClj3:methanol-d3:H,O previously used by our group to study
the NMR solution structures of other AMPs [19,20,43]. NMR
samples were prepared by dissolving 1-2 mg of lyophilized
peptide powder in 500 pL of the miscible cosolvent solution,
and then the samples were flame sealed in an NMR tube to
avoid evaporation of the organic solvents. Two-dimensional
NOESY, TOCSY and COSY spectra were collected at 298 K
on a Bruker Avance 700 MHz spectrometer. Mixing times in
the NOESY and TOCSY experiments were 100 ms and 120 ms,
respectively. Spectra were acquired with 4096 x 600 data points
in the F1 and F2 dimensions at a spectral width of 8992.806 Hz.
Water suppression was achieved by using excitation sculpting
[44].

All of the spectra were processed with NMRPipe [45]. The 2D
data was zero-filled once in each dimension and Fourier trans-
formed with a shifted sine-bell function. Spectra were analyzed
with NMRView [46] and chemical shifts were assigned
according to Wuthrich [47]. Starting structures of the gp41
peptides were generated with CNS [48] and broad dihedral
restraints were placed on the backbone phi and psi angles to
maintain these angles in allowable regions of the Ramachandran
plot [49]. Solution structures were calculated based on the
NOESY-derived distance restraints by using the simulated
annealing protocol in ARIA1.2 [50]. Nine iterations of the
simulated annealing protocol were performed with 20 struc-
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tures generated in the first seven iterations followed by 40 and
100 in the final two iterations. The 20 lowest energy structures
from the final iteration were analysed with Procheck [51] and
visualized with MOLMOL [52].

Supporting Information

Supporting Information File 1

NMR spectra and peptide connectivity analysis based on
the observed NOEs and structural statistics for the
calculated NMR structures.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-8-130-S1.pdf]
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The facile synthesis of seven new dicationic tripeptide benzyl ester derivatives, with hydrophobic group variations in the C-terminal

amino acid component, is described. Moderate to good activity was seen against Gram-positive bacteria in vitro. One cyclohexyl-

substituted compound 2¢ was tested more widely and showed good potency (MIC values ranging from 2—4 pg/mL) against anti-

biotic-resistant strains of Staphylococcus aureus and Enterococci (VRE, VSE), and against Staphylococcus epidermidis.

Introduction

Among the most pressing challenges in current healthcare is the
resistance of bacterial human pathogenic organisms to anti-
biotics [1,2], and of particular concern is the resistance to the
cationic glycopeptide, vancomycin [3,4]. This challenge is
being addressed in a number of ways, which include both
detailed studies aimed at the further understanding of the mech-
anism of this resistance, as well as the development of new

large glycopeptide analogues containing amine sites that can be

protonated, such as telavancin, oritavancin and dalbavancin [5].
An alternative approach to meeting this resistance challenge, at
least in part, is through the design and synthesis of smaller
cationic peptidic compounds incorporating features that could
circumvent the vancomycin resistance mechanism. In much of
our work we have been concerned with binaphthyl-based
dicationic peptide derivatives, for example the acyclic tripep-
tides of type 1 (Figure 1; for example A = CH,CH=CH,,
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B = CH,Ph, R = CH,CH,CH(CH3),, MIC against S. aureus
4 ng/mL [6]), which show significant promise as antibacterials
[6-8]. In the development of these antibacterials, it became
apparent that the nature of the C-terminal amino acid derivative
was significant, with indications that the hydrophobic groups at
the terminus (Figure 1, group B) [6] and at the a-carbon of the
amino acid moiety (Figure 1, group A) [6,7] were important. In
further exploration of the structural space in the latter area,
while maintaining benzyl ester functionality at the terminus
itself (a free carboxylic acid unit at the C-terminal was delete-
rious to activity [8]), we envisaged the introduction of two alkyl
substituent units incorporated in a ring system at this carbon,
resulting in the target compounds 2a—d. Two further com-
pounds based on a f—alanine unit with disubstitution at the a- or
B-carbons of this unit, 2f and 2e respectively, were accessed
with a view to assessing the effect of variation in the spatial
disposition of the cycloalkyl or oxacycloalkyl ring on antibacte-
rial activity. The conformationally less restricted gem diethyl-
substituted compound 2g was also targeted in order to make
antibacterial activity comparisons with the five-membered ring
analogue 2b. The results of these synthetic and antibacterial
testing studies are reported in this paper.
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Figure 1: Binaphthyl-anchored tripeptide derivatives 1.
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Results and Discussion

A concise and flexible approach to all the target compounds
2a—g was used, starting from the commercially available amino
acid derivatives 3 and proceeding via the amino benzyl esters 4
(Scheme 1), with the exception of the synthesis of 2¢ in which
the commercially available 4c was used as the starting material.
Addition of the protected central arginine unit by diimide- or
BOP-induced amide bond formation, followed by selective
Fmoc removal from the respective intermediates 5, then
provided access to the key intermediate amines 6a—g
(Scheme 1). Diimide-mediated coupling of the previously
reported lysine containing (S)-binaphthyl acid derivative 7 [8]
then afforded the protected tripeptides 8a—g. Removal of the
Pmc (or Pbf) and Boc protecting groups in one pot was then
achieved by exposure to trifluoroacetic acid, followed by tri-
fluoroacetate/chloride ion exchange on treatment with an excess
of HCI in diethyl ether, and finally evaporation to afford the
salts 2a—g in good overall yields.

The structures of the final compounds were supported by 'H
and 13C NMR spectroscopy and high-resolution mass spectrom-
etry. Details of the synthesis and spectral data are given in the
experimental section for the representative compound 2¢. The
experimental and spectroscopic data for all the other com-
pounds are included in Supporting Information File 1.

The peptidic dihydrochloride salts 2a—g were tested against the
Gram-positive bacteria Staphylococcus aureus (ATCC 6538)
and four clinical isolates of vancomycin-resistant (and sensi-
tive) enterococci (VRE; Enterococcus faecium), and the results
are shown in Table 1; some compounds were also tested against
Staphylococcus epidermidis (ATCC 12228). Vancomycin was
used as a positive control, and showed a rounded MIC
(minimum inhibitory concentration) value of 2-3 pg/mL against
S. aureus and MIC values of 2, >25, >25 and 3 pg/mL against
the vancomycin sensitive and partially resistant enterococci

Table 1: MIC values (ug/mL) against S. aureus, S. epidermidis and Enterococci of the tripeptide benzyl ester derivatives 2a—g and 9 [6] as their dihy-

drochloride salts.?

Compound S. aureus S. epidermidis VRE243
2a 4 - 62

2b 3 62

2c 2 - 31

2d 3 3 >25

2e 3 3 >25

2f 3-6 3 25

2g 2 2 16

9 4 - 16
Vancomycin 2-3 3 2

3All MIC values have been rounded to whole numbers.

VRE449 VREgz0 VREggy
31 31 62

31 31 62

16 16 31

>25 >25 >25
>25 >25 >25

25 12 25

16 16 31

16 8 16

>25 >25 3
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Scheme 1: Synthesis of compounds 2a—g. Reagents and conditions: (i) 2a—b,d—g, BnBr, acetone or THF, K,CO3, reflux, 3—12 h; (ii) TFA, DCM, rt,
1-2 h, 2 M HCI/Et;0 (HCI salts); (iii) 5a—f: (DIPEA), Fmoc-(R)-Arg(Pmc)-OH (5¢) or Fmoc-(R)-Arg(Pbf)-OH (5a—b, d—f), EDCI, HOBt, CH3CN, rt,
3-16 h; 5g: DIPEA, Fmoc-(R)-Arg(Pbf)-OH, BOP, CH3CN, rt, 3—-16 h (iv) piperidine, CH3CN, rt, 3-12 h; (v) EDCI, HOBt, CH3CN, rt, 3—-72 h; (vi) TFA/

CH,Cly (1:1), rt, 2-16 h, then 2 M HCI/Et,0. *Isolated as the HCI salt.

strains, VREj43, VRE449, VREgy9 and VREgg7, respectively
(Table 1). For comparison purposes, data for the previously
reported [6] isobutyl-substituted analogue 9 (Table 2) are also
included.

While MIC micromolar values should be used for comparative
analysis of activities, the more commonly used concentration of
micrograms per milliliter is retained in this case. The micro-
molar values are barely different from the latter, as the molecu-
lar weights for all of the compounds are similar (959-1001;
vancomycin-HCI, 1486). In most cases, incorporation of a

hydrophobic alkyl ring in the chain adjacent to the ester func-

tionality results in good activity against S. aureus and
S. epidermidis, but a greater variation of activity was seen with
the enterococcal strains. The systems with four- and five-
membered cycloalkyl rings (2a and 2b) displayed similar activi-
ties, while the cyclohexyl analogue 2¢ was somewhat better.
Reducing the hydrophobicity while increasing the hydro-
philicity of the six-membered ring in 2¢ through inclusion of a
ring oxygen atom, as in 2d, had a significant detrimental effect
on the activity against the vancomycin-resistant strains VRE449
and VREg)(. Interestingly, the placement of an extra methylene
group in the chain, either on the carboxylic ester side (2e) or the

amino side (2f), had no or little effect on antibacterial activity,
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Table 2: MIC values of compounds 2c and 9 against Gram-positive
isolates.

HN__NH,-HCI

2c;R=

ﬁf
Sy
oh

Strain? MICs (range) or MIC [ug/mL]P
2c 9 [6] Vancomycin

S. aureus

MSSA (8) 2-4 6 1-2

MRSA (7) 2-4 6 1-2

VISA (1) 4 6 6-8

S. epidermidis (3) 2 3 2-3

E. faecium

VRE (4) 4 2 >32

VSE (4) 2-4 16 2-8

aCompound 2c was tested against a variety of strains (number in
brackets) of S. aureus, S. epidermidis and E. faecium, while com-
pound 9 was tested against only one strain of each organism. Where
the MIC was the same for each strain, no range is given. ®Where only
one strain was tested, the value given is a MIC. S. epidermidis =
Staphylococcus epidermidis; E. faecium = Enterococcus faecium;
MSSA = methicillin-sensitive S. aureus; MRSA = methicillin-resistant
S. aureus; VISA = vancomycin-intermediate S. aureus; VRE =
vancomycin-resistant enterococci; VSE = vancomycin-sensitive entero-
cocci. MIC = minimum inhibitory concentration [ug/mL; rounded to
whole numbers].

regardless of whether a ring oxygen atom was present or not. It
appeared that moving the hydrophobic ring substituent position
by a small amount in the terminal amino acid unit could be

tolerated in these systems.

The diethyl-substituted peptide derivative 2g was more active
than the constrained ring comparator compound 2b against the
enterococci, including the vancomycin resistant isolates VRE449
and VREg,(, but both had similarly good potencies against
S. aureus. In contrast, compound 2¢ with the cyclohexyl ring
was somewhat more active than the isobutyl-substituted ana-
logue 9. It would thus appear that greater coverage of the hydro-
phobic space available in this region is required for good to
moderate activity against both the staphylococci and entero-

cocci.

Beilstein J. Org. Chem. 2012, 8, 1265-1270.

As a result of its promising initial activity profile, the tripeptide
derivative 2¢ was subjected to further evaluation (Table 2). It
was tested against methicillin-sensitive (MSSA), methicillin-
resistant (MRSA) and vancomycin-intermediate (VISA)
S. aureus, S. epidermis and vancomycin-resistant (VRE) and
vancomycin-sensitive (VSE) enterococci. The test compound 2¢
showed good activity against all these Gram-positive bacteria
with MIC values in the range of 2—4 pg/mL. Again, for com-
parison purposes, results for the published analogue 9 [6],
containing a single isobutyl group in place of the cyclohexyl
group, are also included in Table 2. This tripeptide derivative 9
showed similar, if slightly weaker, antibacterial activity against
these strains, apart from VSE, against which it was signifi-
cantly less potent than 2c.

Although the mode of action of the tripeptide derivatives has
not been established, our earlier results on compounds of type 1
(Figure 1) and related cyclic systems implicated the possibility
of more than one mode of action [8]. As noted for other cationic
peptide derivatives [9-12], cell membrane damage could well be
one of these actions, together with some more specific interac-
tions. Dual-action type behaviour has been shown for the
vancomycin analogue telavancin, which affects cell wall syn-
thesis and the integrity of the cell membrane [13].

Conclusion

In conclusion, seven novel binaphthyl-anchored tripeptide
derivatives have been prepared and tested for antibacterial
activity against S. aureus and four clinical enterococcal strains.
The dicationic derivatives 2¢ and 2g showed the best overall
activities. In addition, compound 2¢ with a hydrophobic cyclo-
hexyl substituent originating from the a-position of the
C-terminal amino acid ester, showed good activity against
S. epidermidis and MSSA, MRSA, VISA and VRE organisms.
Our results confirmed the positive contribution to good Gram-
positive antibacterial activity, engendered by filling of a hydro-
phobic area close to the C-terminus of these acyclic tripeptide
derivatives.

Experimental
General notes were those detailed previously in the supporting
information for reference [8].

Benzyl 1-((R)-3-amino-1-aza-6-(3,4-dihydro-2,2,5,7,8-
pentamethyl-2H-1-benzopyran-6-yl)sulfonyl]guanidino)-2-
oxohexan)cyclohexanecarboxylate (6¢). This compound was
prepared in two steps. To a solution of the amine 4¢ [14]
(115 mg, 0.49 mmol) in CH3CN (5 mL) at rt was added HOBt
(1.2 equiv), EDCI (1.2 equiv) and the acid Fmoc-(R)-Arg(Pmc)-
OH [8] (318 mg, 0.48 mmol). The mixture was stirred for ca.
3 h, then the solvent was removed under reduced pressure, and
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the resulting residue was subjected to silica gel column chroma-
tography (MeOH/CH,Cly, 1:99-4:96 as the eluent) to afford the
Fmoc-protected precursor Sc¢ as a white foamy solid (402 mg,
ESIMS m/z: [M + H]* 877.9 (100%)). This precursor 5¢
(200 mg, 0.238 mmol) was then directly deprotected by being
stirred in 1 equiv of piperidine/acetonitrile (5 mL per 0.1 mmol
of substrate) for 12 h at rt. The solvent was removed under
reduced pressure, and the crude product was purified by flash
column chromatography (silica gel; CH,Cl,/MeOH 15:1) to
afford the desired amine 6¢ as a white solid (141 mg, 87% two
steps). 'H NMR (500 MHz, CDCl3) & 1.19-1.44 (m, 16H), 1.30
(s, 6H, 2CHj3 (Pmc)), 2.34 (br s, NH»), 2.10 (s, 3H, CH3 (Pmc)),
2.57 (s, 3H, CH3 (Pmc)), 2.58 (s, 3H, CH3 (Pmc)), 2.61 (t, J =
6.5 Hz, 2H, CH; (Pmc)), 3.05-3.29 (m, 2H, CH;,N), 3.39-3.50
(m, 1H, CH (Arg)), 5.06 (ABq, J = 12.6 Hz, 1H), 5.09 (ABq, J
= 12.6 Hz, 1H), 6.41 (s, NH), 7.26-7.41 (m, 5H, ArH), 7.80 (s,
NH); 13C NMR (125 MHz, CDCls) & 12.0, 17.4, 18.4, 21.3,
24.5,25.0,25.3, 26.7, 26.75, 31.6, 31.9, 32.4, 32.7, 40.5, 54.1,
57.8,58.4, 66.7,73.5, 117.8, 123.9, 127.9, 128.1, 128.4, 133.3,
134.6, 135.3, 135.8, 153.4, 156.3, 174.0, 174.4; ESIMS m/z:
[M + H]* 656.3 (100%).

Benzyl 1-((3R,6R)-3-(3-[(3,4-dihydroe-2,2,5,7,8-pentamethyl-
2H-1-benzopyran-6-yl)sulfonyl]guanidinopropyl)-9-((S)-2'-
(3-methylbutoxy)-1,1'-binaphth-2-yloxy)-6-(4-(zert-butoxy-
carbonylamino)butyl)-1,4,7-triaza-2,5,8-trioxononan)cyclo-
hexanecarboxylate (8c). To a solution of the amine 6c¢
(140 mg, 0.213 mmol) in CH3CN (10 mL) at rt was added
HOBt (1.2 equiv), EDCI (1.2 equiv) and the binaphthyl acid 7
[8] (122 mg, 0.190 mmol). The mixture was stirred for ca. 3 h.
The solvent was then removed under reduced pressure and the
resulting residue subjected to silica gel chromatography
(MeOH/CH;Cl; 1:99-4:96 as the eluent) to yield 8¢ as a white
solid (163 mg, 67%). [a]p2* —18.6 (¢ 2.0, MeOH); 'H NMR
(300 MHz, CDCl3) 6 0.49 (d, J = 6.4 Hz, 3H), 0.54 (d, J = 6.4
Hz, 3H), 0.66—0.84 (m, 2H), 0.85-1.03 (m, 2H), 1.05-1.62 (m,
16H), 1.29 (s, 6H), 1.44 (s, 9H), 1.64—1.88 (m, 4H), 1.89-2.14
(m, 1H), 2.09 (s, 3H), 2.54-2.64 (m, 2H), 2.55 (s, 3H), 2.57 (s,
3H), 2.84-2.96 (m, 2H), 2.97-3.22 (m, 2H), 3.76-3.94 (m, 1H),
4.00-4.07 (m, 2H), 4.36 and 4.54 (ABq, J = 14.6 Hz, 2H),
4.39-4.48 (m, 1H), 4.78-4.82 (m, NH), 5.06 (s, 2H), 6.14 (br s,
NH) 6.36 (br s, NH), 7.11-7.46 (m, 12H), 7.44 (d, J = 9.1 Hz,
1H), 7.84 (d, J = 8.9 Hz, 1H), 7.86 (d, J = 7.9 Hz, 1H), 7.92 (d,
J = 8.8 Hz, 1H), 7.95 (d, J = 7.6 Hz, 1H); ESIMS m/z:
[M + H]" 1280.3 (100%); HRMS—-ESI m/z: [M + H]* calcd for
C7,Hg4N701,8, 1280.6676; found, 1280.6627.

Benzyl 1-((3R,6R)-6-aminobutyl-3-(3-guanidinopropyl)-9-
((S)-2'-(3-methylbutoxy)-1,1'-binaphth-2-yloxy)-1,4,7-triaza-
2,5,8-trioxononan)cyclohexanecarboxylate dihydrochloride
(2¢). The protected amine 8¢ (106 mg, 0.083 mmol) in 1:1

Beilstein J. Org. Chem. 2012, 8, 1265-1270.

CH,Cl,/TFA (6 mL/0.10 mmol) solution was stirred for 12 h at
rt. The solvent was removed under reduced pressure, and the
residue was resuspended in a minimal volume of methanol. The
solution was then treated with an excess of 2 M HCl/diethyl
ether solution (2 mL, 0.01 mmol) and the solvent evaporated.
The crude product was purified by precipitation from MeOH by
addition of diethyl ether to yield 2¢ as an off white solid
(35 mg, 43%). [a]p* —10.9 (c 3.4, MeOH); 'H NMR (300
MHz, CD3;0D) $ 0.50 (d, J = 6.4 Hz, 3H), 0.56 (d, J = 6.4 Hz,
3H), 0.84-1.02 (m, 2H), 1.03-3.15 (m, 21H), 2.68-2.92 (m,
2H), 2.96-3.20 (m, 2H), 3.91-3.98 (m, 1H), 4.09-4.16 (m, 2H),
4.24-4.36 (m, 1H), 4.42 and 4.54 (ABq, J = 14.6 Hz, 2H), 5.02
and 5.09 (ABq, J = 12.3 Hz, 2H), 7.06 (t, J = 5.5 Hz, 2H),
7.17-7.22 (m, 2H), 7.27-7.36 (m, 7H), 7.44 (d, J = 8.8 Hz, 1H),
7.53 (d, J =9.1 Hz, 1H), 7.90 (t, /= 7.0 Hz, 2H), 8.00 (dd, J =
2.3 and 9.1 Hz, 2H), 8.09 (s, NH); !3C NMR (75 MHz,
CD;0D) 6 22.5, 22.6, 22.8, 23.0, 25.6, 26.2, 26.3, 27.7, 30.0,
32.3,32.9, 33.7, 39.3, 40.3, 42.0, 53.3, 54.3, 60.3, 67.8, 69.0,
69.1, 115.9, 116.9, 120.5, 121.7, 124.8, 125.2, 125.9, 126.4,
127.5, 127.6, 129.1, 129.2, 129.6, 130.7, 130.9, 131.4, 135.0,
135.2, 137.4, 154.0, 155.9, 158.5, 170.7, 173.1, 173.6, 175.4;
ESIMS m/z: [M + H]" 915.0 (10%), [M + 2H]** 457.9 (100);
HRMS-ESI m/z: [M + H]" calcd for C53HggN707, 914.5175;
found, 914.5130 (100%). HPLC analysis of this compound was
also undertaken with a gradient system comprised of H,O
containing 10% CH3CN and 0.1% TFA 90:10:0.5 (A), and
CH;CN containing 0.1% TFA (B). The gradient profile was
0-3 min, linear gradient 0 to 50% B; 4—13 min, linear gradient
50 to 80% of B; 14—15 min, linear gradient 80 to 100% B; tg =
6.1 min, 96% pure.

Determination of minimum inhibitory concen-
tration (MIC)

MIC studies (Table 1) were performed on Staphylococcus
aureus wild type (ATCC 6538P), and Staphylococcus epider-
midis (ATCC 12228) in Mueller—Hinton broth (Oxoid Ltd,
England) supplemented with 50 mg/L CaCl,. As in [6], MIC
determinations for clinical isolates of Enterococcus faecium
were conducted by growth in Enterococcosal broth (Becton
Dickinson Microbiology Systems). Briefly, overnight stationary
phase cultures were diluted 1:1000 into fresh media and then in-
cubated with two-fold dilutions of compounds in media, typi-
cally with a highest concentration of 128 pg/mL, in a 96-well
plate. Plates were incubated overnight at 37 °C and the MIC
was recorded as the highest concentration at which bacterial
growth was observed.

Compound 2¢ (Table 2) was tested at JMI Laboratories through
Ordway Research Institute (USA) on Staphylococcus aureus
(MSSA; MRSA; VISA), S. epidermidis and E. faecium (VRE
and VSE). The microdilution reference methods (M7-A6 (2003)
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and M11-A6 (2004)) of the CLSI/NCCLS were used. Quality
control ranges for the selected control agent vancomycin from
CLSI/NCCLS M100-S15 (2005) were used. Panels were
produced in volumes of 100 pL/well over a concentration of
0.03-32 pg/mL. A growth control was included for each dilu-
tion series. MIC results were produced by using the M7-A6 and
M11-A6 CLSI/NCCLS procedures in cation-adjusted
Mueller—Hinton broth media with supplements as required for
the test species. The compounds were initially dissolved in
DMSO and then diluted.

Supporting Information

Supporting Information File 1

Experimental procedures and associated spectroscopic data
(NMR and MS) for the syntheses of compounds 2a—b and
2d-g.

[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-8-142-S1.pdf]
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The cyclic peptide core of the antifungal and antibiotic cyclic depsipeptide LI-FO4a was synthesised by using a modified

Yamaguchi macrolactonization approach. Alternative methods of macrolactonization (e.g., Corey—Nicolaou) resulted in significant

epimerization of the C-terminal amino acid during the cyclization reaction. The D-stereochemistry of the alanine residue in the

naturally occurring cyclic peptide may be required for the antifungal activity of this natural product.

Introduction

The LI-F or fusaricidin class of cyclic depsipeptides are
produced by a number of strains of Bacillus (Paenebacillus)
and exhibit antifungal and antibacterial activity against a range
of clinically relevant species, including Candida albicans,
Cryptococcus neoformans, Staphylococcus aureus and Micro-
coccus luteus [1-7]. These compounds have a cyclic hexadep-
sipeptide core, in which three amino acids, L-Thr, D-allo-Thr
and D-Ala are conserved throughout the series, while there are

slight variations in the other three amino acids. In LI-FO4a these

are D-Asn, L-Val and D-Val. A unique 15-guanidino-3-
hydroxypentadecanoyl (GHPD) side chain is appended to the
cyclic peptide core through the nitrogen atom of the L-Thr
residue. There has been recent interest in the synthesis of the
LI-F family of cyclic depsipeptides due to their antifungal
activity. Biosynthetic processes have been employed to this end,
although these provide mixtures of depsipeptides, which makes
it difficult to determine structure—activity relationships [7,8].

More recently, the solid-phase synthesis of a number of
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analogues of the fusaricidins has been reported. However, in all
cases, the side chain 3-hydroxy group was not incorporated into
the structure [9]. By total synthesis of both side-chain epimers
of this structure we have recently established that the absolute
configuration of this side-chain hydroxy group is (R) in the
naturally occurring LI-FO4a 1 [10]. We employed a late-stage
coupling of the cyclic peptide core 2 with the GHDP side chain
3 to enable ready access to both side-chain epimers (Scheme 1).
While macrocyclization to give the core 2 could be performed
at any of the amide or ester bonds [10], we chose to use a
macrolactonization approach to enable ready access to
analogues of the LI-FO4a core through straightforward Fmoc
solid-phase peptide synthesis of the linear precursors. We report
here our optimization of these macrolactonization conditions,
together with the synthesis of several analogues of LI-F04a
using this approach, and an investigation of the antifungal
activity of these synthetic lipodepsipeptides.

Results and Discussion

The required linear precursor for the synthesis of 2 by a macro-
lactonization approach is 4 (Scheme 1), in which the N-terminal
amino group of the L-Thr residue is protected while the side-
chain hydroxy group is free. The Cbz group was chosen as a
suitable protecting group for the N-terminus. The D-Asn and
D-allo-Thr residues were the only amino acids requiring side-
chain protection. Given previous reports that 2,2-dimethylated
pseudoprolines (¥MeMePros) [11-13] are useful turn-inducers
for improving yields of macrolactamization reactions [14-17],
we chose to prepare two linear precursors, 5 and 6 (Scheme 2),
in which the D-allo-Thr protecting group was either tert-butyl
or YMeMe'prg  respectively, to investigate whether a turn-
inducer might assist the macrolactonization reaction. Linear
peptides 5 and 6 were prepared by standard Fmoc solid-phase
peptide synthesis protocols using PyBOP/Hiinigs base as the ac-
tivation reagent and 2-chlorotritylchloride resin to allow
cleavage of the peptide from the solid support with side-chain
protecting groups intact. In the case of 6, the YMe&Me'Pro was
introduced by coupling the known dipeptide Fmoc-Val-D-a-
Thr(¥Me-Me'Pro)-OH [18] into the growing peptide chain.

While there are a large number of methods available for macro-
lactonization reactions, those most commonly employed include
the Corey—Nicolaou [19], Boden—Keck [20] and Yamaguchi
[21] lactonization procedures. We initially chose to screen these
three procedures for the macrolactonization of 5. In all three
cases (Table 1, entries 1-3), analysis of the crude product
mixtures showed that mixtures of cyclic diastereoisomers were
obtained, indicating that the C-terminal amino acid underwent
epimerization during the macrolactonization reactions (see
Supporting Information File 1 for full experimental details)

[22]. However, the ratio of the two diastereoisomers differed
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Scheme 1: Retrosynthetic strategy.

significantly under the three sets of conditions, with the major
diastereomer formed under the Yamaguchi conditions differing

from the major product obtained in the other reactions.

In order to establish which set of conditions gave the highest
ratio of the desired product 7, the mixture of cyclic depsipep-
tides 7 and 8 obtained from macrolactonization under the
highest yielding conditions (Corey—Nicolaou) was separated,

and the major diastereomer was subjected to hydrolysis upon
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Scheme 2: Macrolactonization reactions of seco acids 5 and 6 (for reagents and yields see Table 1 and Table 2).

treatment with MeOH/H,O/aq NH4OH (4:1:1 v/v/v). Compari-
son of the crude peptide, so obtained, to authentic samples of
both 5 and the C-terminal epimer 9 (which was independently
prepared by solid-phase peptide synthesis), indicated that the
major product obtained upon macrolactonization of 5 under the
Corey—Nicolaou conditions was the undesired cyclic
depsipeptide 8, in which the C-terminal Ala residue had epimer-
ized (Figure 1). Since the Yamaguchi conditions gave impro-
ved ratios of the desired/epimerized cyclic depsipeptides,
subsequent optimization of the macrolactonization conditions

Table 1: Reaction conditions for macrocyclization of 5.

focussed on this and related procedures (Table 1). The best
yields of the desired cyclic depsipeptide 7 (58% isolated yield,
with 5-12% of epimer 8 also observed) were obtained using a
modification of Yonemitsu’s conditions [23] in which linear
peptide 5 was added slowly to a solution of DMAP, 2,4,6-
trichlorobenzoyl chloride and triethylamine in toluene at room
temperature. Similar yields and low epimerization (52% isol-
ated yield, 6% epimer observed) were obtained using 2-methyl-
6-nitrobenzoic anhydride (MNBA) [24] as the activating agent
in place of 2,4,6-trichlorobenzoyl chloride.

entry reaction conditions yield of major isomer@  ratio of 7:8°
1 dithiopyridine, triphenylphosphine, MeCN, 80 °C 56% 13:87

2 DCC, DMAP, camphorsulfonic acid, CH2Clo 14% 45:55

3 2,4,6-trichlorobenzoyl chloride, DMAP, NEts, toluene, 110 °C 20% 61:39

4 2,4,6-trichlorobenzoyl chloride, DMAP, iPryNEt, toluene, 80 °C 33% 69:31

5 2,4,6-trichlorobenzoyl chloride, DMAP, NEts, toluene, 25 °C 33% 89:11

6 2,4,6-trichlorobenzoyl chloride, DMAP, NEts, THF, 25 °C 16% 82:18

7 2,4,6-trichlorobenzoyl chloride, DMAP, NEts, toluene, 25 °C, slow addition of 5 58% 92:8¢

8 2-methyl-6-nitrobenzoic anhydride, DMAP, NEtj3, toluene, 25 °C, slow addition of 5  52% 94:6

9 cyanuric chloride, MeCN, 25 °C 30% 80:20

ajsolated yield; Pas determined by integration of analytical HPLC traces of the crude reaction mixtures; Caverage value (5-12% epimerization was

observed upon repeat reactions).
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Figure 1: Analytical HPLC traces of linear peptides. (a) Compound 9 (retention time = 31.5 min); (b) Compound 5 (retention time = 30.7 min); (c)
co-injection of mixture of 9 and 5 (2:1); (d) Crude reaction mixture after hydrolysis of major cyclic peptide from Corey—Nicolaou cyclization, indicating
that the major product of hydrolysis is 9; A indicates the unreacted cyclic peptide (retention time = 34.0 min) and e is a peak attributed to hydrolysis of
both the cyclic peptide ester bond and Cbz protecting group (LCMS m/z = 902 [M + HJ").

To investigate whether the ¥M&Me'Pro would assist macrolac-
tonization, linear precursor 6 was subject to cyclization under a
range of conditions (Table 2). However, in all cases, the cycliz-
ation yields were found to be lower for the $Me&:Me'prg.
containing peptide than for the tert-butyl protected precursor 5,
with higher amounts of C-terminal epimerization also observed,
except in the case of cyclization using cyanuric chloride [25].
Unfortunately, the yield could not be improved above 17% in

this case, so all further reactions were performed using the

Thr(O-z-Bu) protected cyclic peptides 7 and 8. With cyclic
peptides 7 and 8 in hand, we chose to attach the GHPD side
chain to both compounds to enable the effect of peptide stereo-
chemistry on the biological activity of the LI-F cyclic peptides
to be assessed. Additionally, to investigate the effect of the
3-hydroxy group of the GHPD side chain on the biological
activity of this class of cyclic peptide, we prepared the dehy-
droxy side-chain analogue 12 for attachment to the cyclic

peptide core (Scheme 3). Notably, a previously synthesised
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Table 2: Reaction conditions for macrocyclization of 6.
entry reaction conditions

dithiopyridine, triphenylphosphine, MeCN, 80 °C

A ODN -

5 cyanuric chloride, MeCN, 25 °C

2,4,6-trichlorobenzoyl chloride, DMAP, NEts, toluene, 110 °C
2,4,6-trichlorobenzoyl chloride, DMAP, NEts, toluene, 25 °C
2,4,6-trichlorobenzoyl chloride, DMAP, NEts, toluene, 25 °C, slow addition of 5

Beilstein J. Org. Chem. 2012, 8, 1344-1351.

yield of major isomer®  ratio of 10:11°

24% <5to >95
19% 50:50
7% 80:20
24% 79:21
17% >95 to <6

a|solated yield; Pas determined by integration of analytical HPLC traces of the crude reaction mixtures.

LI-F04a analogue with a twelve-carbon side chain lacking the
hydroxy group has been observed to have antimicrobial activity
[9]. Thus, hydrolysis of pentadecanolide 13 [26] was followed
by esterification to give the methyl ester 14 in excellent yield.
Reaction of 14 with di(zert-butoxycarbonyl)guanidine under
Mitsunobu conditions [27] proceeded smoothly to give 15 in
86% yield. Hydrolysis of the methyl ester followed by acidic
work up to enable extraction of the resulting carboxylic acid
gave 12, in which one of the guanidino Boc protecting groups

was also removed.

13

i) NaOH, MeOH, THF,
H,0, (quant.)
o ii) MeOH, AcCl, (98%)

14
NH

BocN "NBoc
DIAD, PPh3, THF, (86%)

O NBoc

MeO)J\/\/\/\/\/\/\/\H)J\NHBOC

15
i) NaOH, MeOH, THF, H,O

ii)y aq HCI (1 M)
(93% over 2 steps)
0} NBoc
HOJK/\/\/\/\/\/\/\N)J\NHZ
H

12

Scheme 3: Synthesis of the dehydroxy side chain 12.

Hydrogenolysis of the Cbz protecting groups of 7 and 8 gave
the corresponding amines 16 and 17, respectively (Scheme 4).

These were coupled with the previously synthesised side chains

18, 19 [10] and 12, by using HATU as the coupling agent. The
resulting compounds were not isolated but immediately
subjected to global deprotection upon treatment with trifluoro-
acetic acid/CH;,Cly/H,0 (90:5:5 v/v/v) to give LI-F04a (1),
side-chain epimer 20, dehydroxy analogue 21 and the two side-
chain epimers of the L-Ala derivative, 22 and 23.

The antifungal activity of 1 and 20-23 was evaluated by using a
standardised serial dilution sensitivity assay [28] against refer-
ence strains of Candida albicans, Cryptococcus neoformans and
Aspergillus fumigatus (Table 3). Synthetic LI-FO4a was found
to exhibit good activity against both C. albicans and C.
neoformans, but only modest activity against 4. fumigatus,
consistent with the previously reported activity of the natural
product [1,3,5]. The side-chain epimer 20 exhibited signifi-
cantly lower activity than 1 against C. albicans and C.
neoformans, indicating that the stereochemistry of the side-
chain hydroxy group is important for the antifungal activity of
the compounds. Removal of the hydroxy group, as in 21,
resulted in a further small decrease in activity against these
species. Notably, compounds 22 and 23, prepared from the
C-terminal-epimerised cyclic peptide did not exhibit antifungal
activity against any of the species tested. This suggests that the
conformation of the cyclic peptide core is important in deter-
mining the antifungal activity of these compounds, since inver-
sion of the stereocentre of one of the amino acids in the macro-
cycle is expected to result in a significantly different peptide
conformation [29]. Modelled structures of the side-chain-acyl-
ated cyclic peptides 24 and 25 obtained by using Monte Carlo
conformational searches in Macromodel [30] suggest that these
cyclic peptides adopt significantly different conformations with
different arrangements of hydrogen bonds (Figure 2). The
temperature dependence of the chemical shifts of the signals
attributable to the amide NHs of 1 in d¢g-DMSO was deter-
mined experimentally and confirmed the involvement of the
D-Ala and D-Asn amide protons in hydrogen bonds [31] as
suggested by the modelling studies of the acetamide analogue
(see Supporting Information File 1 for details). This indicates
that these hydrogen bonds may be important in locking the
cyclic depsipeptide into a biologically active conformation.
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Scheme 4: Synthesis of LI-FO4a (1) and analogues 20-23.

Table 3: Antifungal activity.

C. albicans

compound ATCC 10231
(MIC uMm)2

1 55

20 22

21 44

22 >88

23 >88

C. neoformans
ATCC 90112
(MIC uMm)?@

2.8
11
22
>88
>88

A. fumigatus
ATCC 204305
(MIC pMm)a

44
22
22
>88
>88

a8MICs for amphotericin B: C. albicans 0.35 uM; C. neoformans 0.35 uM; A. fumigatus 0.70 puM.
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Figure 2: Structures and lowest-energy conformers of 24 (left) and 25 (right) obtained using Macromodel. Hydrogen bonding is highlighted in yellow.

Conclusion

In summary, macrolactonization to form the cyclic depsipeptide
core of LI-FO4a was achieved in good yields by using either
modified Yonemitsu conditions or similar conditions, in which
the 2,4,6-trichlorobenzoyl chloride activating agent was
replaced with MNBA. Slow addition of the linear seco-acid to
the activating agents was found to be the key factor to minim-
izing epimerization of the C-terminal amino acid during the
macrolactonization reaction. Synthetic LI-FO4a was found to
exhibit similar antifungal activity to that reported for the natur-
ally occurring material. The antifungal activity of 1 was reduced
upon either inversion of the stereochemistry, or deletion of the
side-chain hydroxy group. Inversion of the D-Ala residue in the
cyclic depsipeptide core resulted in complete loss of antifungal
activity, indicating that the cyclic peptide conformation may be
important in the biological activity of this class of cyclic
lipodepsipeptide.

Supporting Information

Supporting Information File 1
Experimental details for all new compounds.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-8-154-S1.pdf]

Supporting Information File 2

IH, 13C and 2D NMR data for all new compounds.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-8-154-S2.pdf]
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Thio-Ugi reactions are described as an excellent synthetic tool for the synthesis of sterically highly hindered endothiopeptides.

S-Methylation and subsequent amidine formation can be carried out in an inter- as well as in an intramolecular fashion. The

intramolecular approach allows the synthesis of the bottromycin ring system in a straightforward manner.

Introduction

Natural products are excellent sources as lead structures for the
development of new antibiotics. Over millions of years
microorganisms, such as bacteria and fungi, developed efficient
defense strategies against their bacterial competitors [1-3]. Not
surprising, a wide range of common antibiotics such as peni-

cillin or vancomycin are natural products or derivatives thereof.

In 1957 Waiswisz et al. reported a new antibiotic peptide
isolated from the fermentation broth of Streptomyces
bottropensis, called bottromycin [4-6]. This antibiotic inhibits
the growth of a wide range of microorganisms by interfering
with their protein biosynthesis [7-12]. In 1965 Nakamura et al.
isolated closely related antibiotics from the strain Streptomyces

No. 3668-L2, named bottromycin A and B [13,14]. Acidic
hydrolysis provided a mixture of all-(S)-configured amino acids
containing 3-methylphenylalanine [15], tert-leucine, valine,
B-(2-thiazolyl)-B-alanine [16] and glycine. While also proline
was found in bottromycin B, cis-3-methylproline is a compo-
nent in bottromycin A [17]. Originally Nakamura postulated a
linear N-acylated iminohexapeptide structure, a proposal which
was revised after synthetic studies [18] as well as NMR spectro-
scopic investigations by Takita et al., which proposed a cyclic
iminopeptide structure [19]. This proposal was verified by
Schipper [20] and Kaneda [21], based on detailed NMR studies.
According to them, the bottromycins are cyclic tetrapeptides,

connected to a tripeptidic side chain through an amidine struc-
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ture. The different bottromycins differ only in the substitution
pattern of the proline (Figure 1). The three-dimensional struc-
ture was reported recently by Gouda et al. [22]. This structure is
quite unusual, not only because of the amidine moiety but also
because most amino acids are found in f-methylated form (terz-
leucine can be seen as f-methylvaline).

COOMe
b O
N , N \ S
l O H N\/>
NH A X
O<__NH o I _

R = Me, bottromycin A2
R =H, bottromycin B2

Figure 1: Bottromycins.

Although a series of synthetic studies towards linear
bottromycin sequences have been published [23,24], no total
synthesis was reported for a long time. The first and only syn-
thesis so far was described by Sunazuka and Omura et al. in
2009 [25]. Their synthesis was based on the formation of the
amidine structure by reaction of the tripeptide side chain with
an endothiopeptide and ring closure between proline and
glycine. The same group also undertook some modifications on
the natural product [26].

BocHN SH

0]

1) TFA, CH,Cly, 0 °C

2) Boc-(S)-Pro-OH
TBTU, NEtz, CH,Cl,
0°Ctort,16 h

90%

Scheme 1: Syntheses of endothiopeptides by thio-Ugi reaction.
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Results and Discussion

Our group is also involved in the synthesis of peptide-based
natural products [27-32], and of course the structure of
bottromycin is highly fascinating from a synthetic point of
view. In our previous investigations we observed that for the
synthesis of sterically demanding peptides, especially those
containing N-alkylated amide bonds, Ugi reactions are espe-
cially suited [33,34]. For N-unsubstituted peptides the Ugi reac-
tions should be carried out with ammonia as the amine compo-
nent, which is a protocol that is often accompanied by a range
of side reactions. But in general the yields are good if sterically
demanding aldehydes, such as pivaldehyde are used [35,36].
With thiocarboxylic acids as acid components, this approach
allows also the synthesis of endothiopeptides [37-40], and
therefore this protocol should be extremely suitable for the syn-
thesis of bottromycins.

To prove this option, we reacted Boc-protected (S)-thiovaline
[41] with pivaldehyde, ethyl isocyanoacetate, and a 2 M NH3
solution in CH3OH. In trifluoroethanol, which is the best
solvent for ammonia Ugi reactions [35], the expected endothio-
peptide 1 was formed in high yield as a 1:1 diastereomeric mix-
ture (Scheme 1). With this building block in hand, we were
interested to see whether we would be able to generate the
required cyclic endothiopeptide and if we could even subse-

quently connect the side chain.

Therefore, we prolonged the peptide chain 2 under standard
peptide coupling conditions and tried to activate the linear

hoS
CF4CH,OH
3 2 BocHN N N~ >COOEt
i, 16 h 5 H
80% .

1) NaOH, dioxane/H,0

2) CoFsOH, DCC, DMAP
0°Ctort, 16 h
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peptide chain. We chose the pentafluorophenylester protocol
developed by Schmidt et al. for cyclization [42]. But unfortu-
nately this approach failed (as did all other activations investi-
gated) because of the formation of thiazolone side product,
which could not be cyclized.

In parallel, we tried to figure out if the amidine formation is
possible with sterically hindered endothiopeptides (Scheme 2).
As a model substrate we chose thiopeptide 3 [37], easily
obtained by thio-Ugi reaction in excellent yield. The reaction
was very fast and was finished already after 15 min, and peptide
3 crystallized directly from the reaction mixture. Because our
first attempts to couple 3 directly with amines to the corres-
ponding amidine 5 failed [43], we decided to convert 3 into the
corresponding thioimidate 4, which was reacted with (S)-valine
methyl ester as an amine component in the presence of Hg salts
[44]. Hg(OCOCF3), was found to be more suitable than
Hg(OCOCH3); (Table 1, entries 1 and 2) and from the different
solvents tested, THF was the solvent of choice. With a twofold
excess of the amine component a yield of up to 72% of 5 could
be obtained as a 1:1 diastereomeric mixture. The diastereomers
could be separated by flash chromatography, but unfortunately
these reaction conditions could not be transferred to the thio-
imidoester obtained from endothiopeptide 2. Here, the expected
amidine was only formed in a trace amount, and a range of side

products was obtained.

Therefore, we decided to change our strategy and to replace the
intermolecular amidine formation by an intramolecular one. In
this case the peptide ring should be formed in the amidination
step. For this approach we first needed the isocyanide 7 derived
from (S)-tert-leucine methyl ester. According to Ugi et al. this
isocyanide was obtained in enantiomerically pure form from the
corresponding formamide 6 by dehydration with POCl3/NEt;
(Scheme 3).

PhCOSH + BnNH, + t-BuCHO + CN___COOEt

o}
CF3SO3M€‘
[ . —— N
CH,Cl, Ph)]\N N, COOEt
0°Ctort, 16 h Bn SMe
quant.

4

Scheme 2: Synthesis of amidine 5 by thio-Ugi reaction.
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Table 1: Optimization of amidine formation.

entry Hg salt equiv solvent  yield
(S)-Val-OMe (%)

1 Hg(OCOCH3), 1.3 MeCN 0

2 Hg(OCOCF3), 1.3 MeCN 24

3 Hg(OCOCF3), 1.3 CH.Cl, 50

4 Hg(OCOCF3), 1.3 THF 61

5 Hg(OCOCF3), 2.0 THF 72

This isocyanide was subjected to a thio-Ugi reaction as
described before, and the expected sterically highly demanding
endothiopeptide 8 was obtained in high yield as a 1:1 diastereo-
meric mixture. In this case, the diastereomers could not be sep-
arated. Elongation of the peptide chain under standard peptide
coupling conditions provided the linear precursor 10 for the
ring-closing amidination. After removal of the Boc-protecting
group the resulting salt showed a low solubility in THF, and
therefore we had to run the amidination in CH3CN, although
this was not the solvent of choice in our model system.

The amidination was carried out under high-dilution conditions.
The peptide salt was dissolved in CH3CN and was added slowly
through a syringe to a solution of Hg(OCOCF3), in CH3CN at
50 °C over a period of 10 h. Interestingly, the best result was
obtained not with the free peptide amine but with the
hydrochloride salt. Here the cyclic amidine was obtained in
51% yield.

Conclusion

In conclusion, we could show that thio-Ugi reactions are an
excellent synthetic tool for the synthesis of highly sterically
hindered endothiopeptides. S-Methylation and subsequent

amidine formations can be carried out in an inter- as well as in

(0]
EtOH H
m’ Ph)LlytrNVCOOEt
89% Bn S 3
(S)-Val-OMe

Hg salt (1.1 equiv)

)
o S N, COOE
1

Bn HNVCOOMe

5 H
PN

solvent, rt, 15 h
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Scheme 3: Synthesis of the bottromycin ring system 12 by thio-Ugi reaction.
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Abstract

A series of small synthetic arginine and tryptophan containing peptides was prepared and analyzed for their antibacterial activity.
The effect of N-terminal substitution with metallocenoyl groups such as ferrocene (FcCO) and ruthenocene (RcCO) was investi-
gated. Antibacterial activity in different media, growth inhibition, and killing kinetics of the most active peptides were determined.
The toxicity of selected derivatives was determined against erythrocytes and three human cancer cell lines. It was shown that the
replacement of an N-terminal arginine residue with a metallocenoyl moiety modulates the activity of WRWRW-peptides against
Gram-positive and Gram-negative bacteria. MIC values of 2—6 uM for RcCO-W(RW), and 1-11 uM for (RW)3 were determined.
Interestingly, W(RW);-peptides derivatized with ferrocene were significantly less active than those derivatized with ruthenocene
which have similar structural but different electronic properties, suggesting a major influence of the latter. The high activities
observed for the RcCO-W(RW),- and (RW)3-peptides led to an investigation of the origin of activity of these peptides using several
important activity-related parameters. Firstly, killing kinetics of the ReCO-W(RW),-peptide versus killing kinetics of the (RW);3
derivative showed faster reduction of the colony forming units for the RecCO-W(RW),-peptide, although MIC values indicated
higher activity for the (RW)3-peptide. This was confirmed by growth inhibition studies. Secondly, hemolysis studies revealed that
both peptides did not lead to significant destruction of erythrocytes, even up to 500 pg/mL for (RW)3 and 250 pg/mL for RcCO-
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W(RW),. In addition, toxicity against three human cancer cell lines (HepG2, HT29, MCF7) showed that the (RW)3-peptide had an
IC5( value of ~140 uM and the RcW(RW), one of ~90 pM, indicating a potentially interesting therapeutic window. Both the killing

kinetics and growth inhibition studies presented in this work point to a membrane-based mode of action for these two peptides, each

having different kinetic parameters.

Introduction

New antibacterial agents need to be discovered since estab-
lished antibiotics are increasingly losing ground against resis-
tant bacteria and at the same time the pipeline that is supposed
to produce new antibiotics is running dry [1]. For example, the
number of methicillin-resistant Staphylococcus aureus (MRSA)
infections in hospitals are still very high and new infectious
agents like Acinetobacter baumannii are on the rise, both
leading to increased numbers of mortality. In view of this, the
discovery of host-defense and antimicrobial peptides with
bacteria-specific membrane targeting modes of action (MOA)
to which resistance cannot easily develop has led to high expec-
tations in the treatment of bacterial infections [2-4]. Whereas
host-defense peptides are found in many multicellular organ-
isms as part of their innate immune system, the name “anti-
microbial peptides” (abbreviated as AMPs) defines a larger
group of peptides that also encompasses synthetic peptides, and
peptidomimetics, for example. Among these, synthetic peptide-
based antimicrobial agents are especially interesting because
isolation and/or synthesis of traditional organic molecules is
often time-consuming and costly [3,5]. In fact, already in World
War 11, peptides belonging to a certain group of antimicrobial
peptides, i.e., the gramicidins, found application in the treat-
ment of gunshot wounds [6]. Unfortunately, their general
toxicity prevented widespread systemic administration in the
clinic. However, during the past couple of decades a large
number of peptides with very potent antimicrobial activity and
lower general toxicity were discovered [7].

Inspired by these antimicrobial peptides, many synthetic deriva-
tives of naturally occurring antimicrobial peptides have been
studied [5]. In addition, chemical syntheses of a large number of
peptides that do not have natural counterparts have furnished
promising synthetic antimicrobial peptides (synAMPs) [8]. For
example, peptide-dendrimers [9-13], lipidated short peptides
[14], trivalent lipidated short peptides with antifungal activity
[15], peptoids [16], peptides containing D-amino acids [17], and
foldamers based on B-amino acid residues with antibacterial
activity [18] have been described. Whereas nature has to stick
to products compatible with biosynthetic pathways, the syn-
thetic chemist is free to apply all available compounds and tech-
niques, thereby introducing even the most exotic molecular
entities. The most recent and exotic additions are conjugates of
metallocenes with short synthetic antimicrobial peptides [19-22]

and organometallic derivatives of platensimycin [23-28].

Among the synAMPs known to date, those based on arginine
(Arg or R) and tryptophan (Trp or W) residues are amongst the
smallest peptides that still possess significant antibacterial
activity. For example, Strom et al. [29] described short
RW-based synAMPs with different N- and C-terminal
substituents, which showed low micromolar antibacterial
activity against various strains of Gram-positive bacteria and
moderate activity against Gram-negative bacteria. Interestingly,
head-to-tail cyclized RW-based synAMPs with clustered func-
tionalities increased the activity against Gram-negative
Escherichia coli much more than against Gram-positive
Bacillus subtilis [30,31], and only slightly increased the
hemolytic activity [32]. Moreover, the alkylation of tryptophan
residues by tert-butyl groups resulted in increased activity and
low hemolytic activity of the constructs [33]. Our group has
previously shown that the covalent attachment of metal
complexes to RW-based synAMPs yields more active deriva-
tives with a changed activity profile for Gram-positive and
Gram-negative bacteria. In this work, the attachment of the
neutral ferrocenoyl group (ferrocene: dicyclopentadienyl iron,
Cp,Fe; ferrocenoyl: FcCO) was beneficial over the presence of
the monocationic cobaltocenium (Cc™CO) fragment [20].

To gain a better understanding of the origin of the activity of
these RW-based synAMPs and of the effect exerted on it by a
metallocene moiety, a set of peptides was synthesized and
tested for antimicrobial activity. In this paper we add another
metal to the spectrum of existing organometallic synAMPs and
we provide a detailed assessment of the kinetic parameters of
this peptide. Specifically, we describe the effect of the introduc-
tion of ruthenocenoyl (ruthenocene: dicyclopentadienyl ruthe-
nium, Cp,Ru; ruthenocenoyl: ReCO), an organometallic moiety
that is almost isostructural to ferrocenoyl (FcCO) but has
different electro- and physicochemical properties [34]. For
example, the more extended d-orbitals of Rc form stronger
hydrogen bonds with OH or NH groups than Fc [35]. The
activities of the synAMPs (MIC values) were compared to those
of GS(K;Y>,) (Y = D-tyrosine), a gramicidin S analogue, and
vancomycin, one of the last lines of defense against Staphylo-
coccus infections. From the antibacterial activity screening, the
two most active peptides were selected for further analysis, i.e.,
H-Arg-Trp-Arg-Trp-Arg-Trp-NH, (referred to as (RW)3), and
RcCO-Trp-Arg-Trp-Arg-Trp-NH, (referred to as RcCO-
W(RW),). For these peptides, toxicity against three human
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cancer cell lines was assessed, followed by determination of Table 1: Overview of the studied sequences and analysis thereof

their killing kinetics and growth inhibition potential. Please note (retention times and m/z values). Underlined amino acids are D-enan-
that underlined one-letter codes of the amino acid residues tiomers, not underlined residues are L-enaphomers; FcCO refers to
i ) ) ferrocenoyl and RcCO to ruthenocenoyl (Figure 1).

represent D-amino acids, not underlined one-letter codes of the

residues are L-amino acids.

entry sequence R m/z found
(min) (calcd for [M + HI*)
Results
Synthesis of the SynAMPS 1 H-RWRWRW-NH, 17.2  1044.25 (1044.58)
All peptides described in this study were prepared according to 2 H-RWRWRW-NH; 17.21044.27 (1044.58)
tablished " blished d [36]. In short 3 RcCO-WRWRW-NH, 20.1  1146.27 (1146.44)
i r recen i r r . In shor
established or recently publishec procedures 1t SOTL 4 RCCO-WRWRW-NH, 201  1146.11 (1146.44)
Fmocf-protected aml.no acids were coupled in a sqlld-state syn- 5 FcCO-WRWRW-NH, 202 1100.36 (1100.47)
thesis scheme using HOBt, TBTU, and DIiPEA under 6 AC-RWRWRW-NH2 17.6 1086.45 (108659)
microwave irradiation. Using suitably protected amino acids, 7 Ac-RWRWRW-NH, 17.6  1086.37 (1086.59)
i.e., Fmoc-Arg(Pbf)-OH, Fmoc-Trp(Boc)-OH, and Fmoc- 8 FcCO-RWRWRW-NH,  19.0 1256.48 (1256.57)
Lys(Boc)-OH, and polystyrene-based resin decorated with 9 FcCO-RWRWRW-NH,  19.0 1256.46 (1256.59)
Fmoc-protected Rink linkers, a set of peptides were prepared 10 H-KWKWKW-NH; 16.7  959.43 (959.55)
(Table 1 and Figure 1). These peptides were obtained after " vancomycin? 1.7 1448.56 (1448.44)
12 GS(KpYo)P 25.0 1201.46 (1201.73)

acidic cleavage of the resin-bound protected precursors, puri-

fied by preparative HPLC, and the fractions containing the aVancomycin was obtained from Sigma-Aldrich Fluka and purified by
preparative HPLC using a Cqg-reversered phase column; °GS(K,Y) =

desired compound in high purity were Iyophilized from the cyclo([Pro-Val-Lys-Leu-D-Tyr],) was prepared according to [37].

prep-HPLC buffers. All these peptides were obtained in high
yields and close to 100% HPLC purity.

H2N\|¢NH HZNYNH H2N\[4NH HzN\(NH HoN__NH
HN HN HN

HJL H\)Ok H\j\ M chl)k H\)Ok ij
MY N "Nk, N TN [ NH
H H o} z H 1) H

N : H
o M o A o 0 A ° > =
NH NH NH ~—— NH NH NH
Mc
for Fc: M = Fe
for Rc: M =Ru
(RW)g McCO-W(RW),
OH
-0
0
HO HZN?W
“ NH o HO
(>~ L M~ Ho~2 o
© S5 o O©
— O NH, o
NH HNW
0 HN Oﬁ) 5 .
H
’ ¢
HN{ H OH CONH,
o)
HO H .
GS(KzY>) orf vancomycin

Figure 1: Structures of the most active peptides that have been used in this study. The top row shows two representative structures of the Arg-Trp
based peptides (left) and their metallocene-derivatives (right); the lower row shows the structure of pore-forming gramicidin S derivative GS(K,Y2)
(left) and lipid Il-binding cell wall biosynthesis inhibitor vancomycin (right).
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Biological activity

Minimum inhibitory concentration

The antibacterial activity of the peptides was first assessed by
determining their minimum inhibitory concentration (MIC)
value. This MIC value represents the lowest concentration of
the antibacterial agent that is needed to hinder the growth of the
bacteria [38]. For this, six standard bacterial strains — among
them three Gram-negative and three Gram-positive pathogens —
were incubated with increasing concentrations of the antibacte-
rial peptide (Table 2). In order to put the activities of these
RW-based synAMPs and their organometallic conjugates into
perspective, two reference peptides were included, i.e.,
membrane-targeting gramicidin S derivative GS(K;,Y>) and cell

wall precursor lipid II-targeting vancomycin.

For the calculations of the MIC values in pM, molecular
weights of the peptides together with one TFA-counterion for
each basic amino acid residue were used. ‘n.a.” means ‘not
active’ (MIC > 100 uM), ‘- indicates that these MIC values

were not determined.

In general, the activity of these synAMPs against Gram-nega-
tive bacteria is lower than against Gram-positive pathogens.
Even if differences can be seen in the Gram-negative values,
none of the RW-peptides was very active. Unfortunately, none
of the peptides showed significant activity against
Pseudomonas aeruginosa, a prominent pathogen that causes
infections in e.g., cystic fibrosis patients. However, activities of
the synAMPs against Gram-positive bacteria are only slightly
lower than those of gramicidin S derivative GS(K;,Y»), a
peptide that contains twice as many amino acids as RcCO-

Beilstein J. Org. Chem. 2012, 8, 1753-1764.

W(RW),. Interestingly, the replacement of the acetyl-group in
Ac(RW)3 with the ferrocenoyl moiety results in more active
peptides, which is most likely due to the increased hydropho-
bicity of the FcCO-peptide (fg 17.6 min (for Ac(RW)3) vs
19.0 min (for FcCO-(RW)3). Although hydrophobicity seems to
be important for the activity of these synAMPs, it is not the
dominant factor in the organometallic derivatives. For example,
replacement of the ruthenium atom with iron, going from RcCO
to FcCO, results in a 4-fold and 8-fold drop in activity against
B. subtilis and S. aureus (MRSA), respectively, even though
their hydrophobicity is very similar. Since Rc is slightly larger
than Fc — i.e., metal-carbon bonds in the first are 221 ppm
whereas those in the latter are 204 pm [39,40], a difference of
about 0.17 A — the difference in size of the two metallocene
derivatives could contribute to the significant difference in
activity. In addition, it has been described that ruthenocene is a
stronger hydrogen bond acceptor than ferrocene [37], which
originates from more extended d-orbitals of the Rc when
compared to Fc [41].

The comparable activities of (RW)3 and ReCO-W(RW), are
especially remarkable since the peptides have very different
properties, i.e., the first peptide has four positive charges and
three units of lipophilic bulk (g = 17.2 min) whereas the second
peptide has only two positive charges and four units of
lipophilic bulk (zg =20.1 min). Whereas it is known that trypto-
phan residues function as membrane anchors [42], details of the
interaction between metallocene derivatives and bacterial
membranes are far from being understood. Importantly, the
activity of these peptides was comparable in two different
media, namely the bacterial Mueller—Hinton (MH) and in the

Table 2: Minimum inhibitory concentrations (uM) in the cell culture medium of the synAMPs described in this study (according to CSLI guidelines).
Peptides have C-terminal carboxamides and are not derivatized on the N-terminus except where noted, i.e., with acetyl (Ac), FcCO or RcCO. Values
in brackets are determined in Mueller—Hinton (MH) medium. More details on the bacterial strains can be found in the experimental section.

synAMP Gram-negative Gram-positive
E. coli A. baumannii P. aeruginosa B. subtilis S. aureus S. aureus
(MRSA)
(RW)3 21 21 n.a. 1.3 11 (1) 5.3 (11)
(RW)3 21 21 n.a. 1.3 53 5.3
(KW)3 n.a. n.a. n.a. 11-5.7 n.a. n.a.
Ac(RW)3 45 - - 45 - -
Ac(RW)3 90 - - 90 - -
FcCO-(RW)3 20 - - 20 - -
FcCO-(RW)3 20 - - 5 - -
RcCO-W(RW), 47 23-12 n.a. 2.9 5.8 (5.8) 5.8 (5.8)
RcCO-W(RW), 23 23-11 93 1.5 29 1.5
FcCO-W(RW),  >96 - >96 12 - 48
vancomycin 76-38 38 n.a. 0.3 0.3 0.6
GS(K2Y2) 22-11 2.8-14 n.a. 14 1.4 2.8
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richer cell culture medium. Interestingly, replacement of the
arginine residues with lysine residues resulted in an almost
completely inactive (KW)3 peptide [43]. Although the center of
the positive charge in both residues is found at five atoms from
the backbone, the different structures of the functional groups
and the hydrophobicity of the side chain seem to cause a signifi-
cant difference in activity [44,45].

From the initial screening, four peptides were selected for
further biological characterization. In view of the mentioned
differences in structure, including the addition of a novel metal
core in one of them, but rather similar activity the (RW)3 and
RcCO-W(RW), peptides were chosen. Since both L- and
D-amino acid versions of the (RW)3; and RcCO-W(RW),
peptides are comparable in activity and represent the most
promising synAMPs (Table 2), we next determined the MIC
values of these four peptides against other Gram-positive
bacteria in order to expand the panel of test strains (Table 3).

As can be inferred from this table, the L- and D-amino acid
versions of these two synAMPs show comparable activity
although small differences can be observed. For example,
RcCO-W(RW), is almost twice as active against S. aureus
(SG511) as the D-amino acid isomer RcCO-W(RW),, a differ-
ence that can be seen as a tendency against all but one of the
bacterial strains. Since the biological world is chiral, it is not
surprising to see some small differences between both chiral
forms of the synAMPs. Similar differences in the interaction
with chiral molecules and biological membranes have been
described before [46-48], although only in a few examples and
not without exceptions [49]. An opposite trend is seen for the
(RW)3-peptides, where the D-peptides show higher MIC values
than the L-peptides. These values could have been corroborated,
however, by preferential proteolytic degradation of the
N-terminally unprotected (RW)3-peptides [50].

In order to obtain more information on the antibacterial prop-
erties of these four peptides, we performed killing kinetics and

growth inhibition studies. Finally, we assessed the selectivity of

Beilstein J. Org. Chem. 2012, 8, 1753-1764.

the RcCO-W(RW), and (RW)3 peptides towards bacteria by
determining their activity against human red blood cells and

several human cancer cell lines.

Killing kinetics

Killing kinetics experiments show the rate at which bacteria are
killed over time and indicate whether an antibacterial agent has
a bacteriostatic or bactericidal activity. The killing kinetics of
the L-amino acid containing (RW)3- and RcCO-W(RW);-
peptides were determined against S. aureus and B. megaterium
(Figure 2).

For this, peptides were added in various concentrations to bacte-
rial cultures at the optical densities of 0.1 at ODgq. Aliquots of
the mixture were taken at given time points, plated in duplicate
on MH agar and incubated at 37 °C. Then, the number of
colony forming units (CFU) was counted (see Experimental
section for details).

The addition of the (RW)3 peptide to the bacterial culture
resulted in a strong inhibition and in an immediate reduction of
CFUs by a factor of 103 after 1 min, for both S. aureus and
B. megaterium. Similarly, treatment with RecCO-W(RW), also
decreased the number of CFUs and has shown increased
potency since only one dose at the MIC value was needed to
decrease the CFUs by 2—3 log units, whereas 5 x MIC of (RW)3
was required for a similar drop of CFUs. The immediate drop in
CFUs highlights the bactericidal nature of these synAMPs and
typically occurs with membrane acting compounds [51,52].

Growth inhibition

Whereas the killing kinetics studies determine the number of
viable cells as a function of time and thereby classify a com-
pound as bacteriostatic or bactericidal, monitoring the optical
density of a treated culture may give hints as to the lytic activity
of a compound.

In this work, the growth inhibition of Bacillus megaterium was

determined under the influence of the same four peptides used

Table 3: Detailed assessment of the MIC values (in ug/mL) of both L- and D-versions of the (RW)3 and RcCO-W(RW), synAMPs against several
Gram-positive bacterial strains. More details on the bacterial strains can be found in the experimental section.

strain (RW)3 (RW)3

S. aureus (133) 21107 21107
S. simulans (22) 5.0+0.0 3314
S. aureus (SG511) 6.7+29 42+14
B. subtilis 35+1.8 3818
B. megaterium 0.8+0.7 0.5+0.2
M. luteus 0.6+0.0 0.6+0.0

RcCO-W(RW), RcCO-W(RW),

33+14 6.7+29
5.0x0.0 6.7+29
42+14 8.3+29
3818 38+1.8
1.9+09 25+0.0
09+04 1.9+0.9
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Figure 2: Bactericidal activity of (RW)3 against S. aureus 133 (panel A and D) or B. megaterium (panel B) and of RcCO-W(RW), (panel C) against S.
aureus 133. Panel D shows the experiment on S. aureus 133 (as in panel A) using short-term intervals for sample collection (note that the time-scale
is given in minutes). The first points in each graph are obtained after 1 min. Concentrations are denoted by: grey squares (for the control), black
triangles with dotted line (only in panel C, 0.5 x MIC: 1.0 pug/mL for RcCO-W(RW),), black circles with narrow line (1 x MIC: 0.8 ug/mL for (RW)3 and
1.9 pg/mL for ReCO-W(RW),), black diamonds with thick line (5 x MIC: 4 ug/mL for (RW)3, only in panels A, B, and D).

in the killing kinetics studies described earlier (Figure 3).
To determine this, B. megaterium was grown in half
Mueller—Hinton (MH) medium and stressed with peptides
(RW)3 or ReCO-W(RW); in their exponential growth phase.
Three concentrations were used: 2 x MIC, 4 x MIC and 8 x
MIC. As a positive control the potent naturally occurring pore-
forming lantibiotic nisin was included.

At twice the MIC value, both of the D-amino acid containing
derivatives are slightly inferior for inhibiting growth than the
L-amino acid variants and the RcCO-W(RW),-peptides are
more active than the (RW)3-peptides (Figure 3). This is in line
with our earlier observation, i.e., that the interaction of the
bacterial target and D-peptides is slightly less favorable than
that with L-peptides. Interestingly, the growth inhibition is more
efficient with the RcCO-W(RW); peptides than with the (RW)3
peptides (Figure 3, panel A), although the cells treated with the
RcCO-W(RW), peptide recover faster than those treated with
the (RW)j peptide. This is also reflected in the similar MIC
values observed. It appears that the RcCO-W(RW), peptides
are faster acting than the (RW)j3 peptides but may produce

cellular stress that can be better overcome by survivors in the

course of an MIC determination experiment (which takes about
18 h). This difference in growth inhibition between the meta-
lated and non-metalated peptide is even more pronounced at
four times the MIC value. At this concentration it seems that the
Rc-derivatized synAMPs are much more active than the non-
derivatized counterparts (Figure 3, panel B). Moreover, at this
concentration the RcCO-W(RW),-peptides display the same
inhibition potency as nisin whereas the (RW)j3 peptides are
much less active. At eight times the MIC value the bacterial
growth inhibition was accompanied by cell lysis. For all com-
pounds, the effect was equally strong so that a clear distinction
could not be observed anymore and all the peptides exhibited
the same effect on bacterial growth as nisin (Figure 3, panels C
and D). These findings are in agreement with the killing
kinetics in that ReCO-W(RW), is faster in killing than (RW)s.

Hemolytic activity against human red blood cells

After this, we assessed the hemolytic properties of these four
most active peptides (Table 4). Although an HCsq value was
reported for (RW)3 [53], neither the D-amino acid peptide nor
the organometallic derivatized peptides were studied with

respect to their hemolytic capacity. Therefore, all peptides were
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Figure 3: Growth kinetics of B. megaterium under the influence of different amounts of synAMP (red: (RW)3; orange: (RW)3; green: RcCO-W(RW)y;
blue: ReCO-W(RW),), nisin (magenta), and a control (black). With 2 x MIC (1.6 pg/mL for (RW)3 and 3.8 ug/mL for RcCO-W(RW), panel A), 4 x MIC
(3.2 pg/mL for (RW)3 and 7.6 pg/mL for RcCO-W(RW),; panel B, note: The green line for RcCO-W(RW); is under the blue line for RcCO-W(RW),),
and 8 x MIC (6.4 pg/mL for (RW)3 and 15.2 ug/mL for RcCO-W(RW),; panel C and D). Gridlines at 0.2, 0.4, 0.6, and 0.8 normalized ODggq are

shown.

tested in parallel to obtain HCsq values under identical condi-
tions.

As can be seen from these results, none of these peptides is
strongly hemolytic. For example, each of the two (RW);
compounds showed less than 50% hemolysis up to 500 pg/mL
(333 uM). This value is higher from what has been reported
before by Liu et al. (who reported 50% hemolysis at ~250 uM
[53]). In fact, only the L-amino acid peptide (RW)3; showed
weak hemolysis at 333 pM with 17% of the hRBCs being
destroyed as compared to Triton X-100. These low hemolytic

Table 4: Hemolytic activity of both L- and D-peptides of the (RW)3 and
RcCO-W(RW); synAMPs against human red blood cells (hRBCs).

synAMP hemolytic activity
(RW)3 17% hemolysis at 500 pg/mL (333 uM)
(RW)3 0% hemolysis up to 500 ug/mL (333 uM)

RcCO-W(RW),
RcCO-W(RW),

64% hemolysis at 263 pg/mL (192 M)
68% hemolysis at 263 pg/mL (192 M)

properties for both (RW)3-peptides, even up to 500 ug/mL, did
not allow us to calculate their HCsp-values.

The high concentrations of the ruthenocene derivatives required
50% DMSO/PBS-buffer mixtures for solubility. Using the
appropriate blanks we found that >60% of the hRBCs were
lysed using 195 uM of the peptide, with RcCO-W(RW), being
more active than its L-amino acid counterpart. Using these
directly observed values, approximate HC5 values of 153 uM
(or 210 pg/mL) and 143 uM (or 196 pg/mL) were calculated
for ReCO-W(RW), and RcCO-W(RW),, respectively.

Thus, the organometallic ruthenocenoyl-conjugated synAMPs
are more hemolytic than the parent (RW)3-peptides. Moreover,
whereas the L-amino acid version of (RW)3; was more active
that the peptide containing only D-amino acids, the opposite
was observed for the two RcCO-W(RW), peptides. Neverthe-
less, none of the obtained values showed strong hemolytic
activity of either of these peptides. This encouraged us
to go ahead and test the activity of these peptides against
several human cancer cell lines in order to assess in vitro cell-

toxicity.
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Toxicity against human cancer cell lines

Finally, to determine whether the peptides are selective for
bacterial cells, we tested the toxicity against mammalian cells
using three malignant cell lines: human liver carcinoma
(HepG2), human colon adenocarcinoma grade I (HT29) and
human breast adenocarcinoma (MCF7) cell lines (Table 5).

Table 5: IC5q values (in M) of both (RW)3 and RcCO-W(RW), against
human liver carcinoma (HepG2), human colon cancer (HT29) and
human breast cancer (MCF7) cell lines.

synAMP HepG2 HT29 MCF7
(RW)3 143+21 132+12 1597
RcCO-W(RW), 92+5 94+6 90 +1

In general, we consider a peptide with an ICs value higher than
100 uM to be inactive. As can be seen from Table 5, the
peptides with the highest activity against Gram-positive bacteria
are not toxic against the three selected human cancer cell lines.
Based on average values from these cell lines, i.e., 142 pM for
(RW)3 and 92 uM for RcCO-W(RW),, a potential therapeutic
window of about 7 and 4 can be calculated for Gram-negative
pathogens using (RW)3 and RcCO-W(RW),, respectively.
Concerning the threatening Gram-positive S. aureus strains an
even better window of >13 is calculated for (RW)3; and RcCO-
W(RW),. Interestingly, again the ruthenocenoyl-derivatized
synAMP is more active than the (RW)3 model peptide, as was
seen in both the antibacterial and hemolysis studies.

Discussion

Ruthenium is one of the most promising metals in anticancer
drug candidates [54-57], with two Ru-compounds even in clin-
ical trials [58-62]. Surprisingly however, its potential in antibac-
terial research has not been explored so far. In this paper, we
present the effects of the attachment of the organometallic
ruthenocene (Rc) moiety to RW-based synthetic antimicrobial
peptides (synAMPs). A comparison of the MIC values from a
first screening of peptides that were N-terminally derivatized
with a ruthenocenoyl (RcCO) group with that of the ferro-
cenoyl (FcCO)-derivatized peptides showed superior properties
of the Rc-conjugated synAMPs (Table 2). Although both metal-
locenes have very similar hydrophobic properties, as confirmed
herein again by their almost identical retention times on a Cg-
column during HPLC-analysis, they have slightly different
dimensions and very different physicochemical and electro-
chemical properties. Firstly, ferrocene derivatives have redox
potentials that are within the realm of biological systems, but
ruthenocene derivatives do not [41]. Secondly, while most
ferrocene derivatives exhibit a reversible one-electron oxi-

dation, ruthenocene and its derivatives typically undergo irre-
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versible two-electron redox chemistry. Whether this difference
in redox chemistry of the two metallocenes could interplay with
the piezoelectric properties of phospholipid membranes [63]

remains to be determined.

Ruthenocene is known to have more extended d-orbitals and is
a stronger hydrogen-bond acceptor than ferrocene. In addition,
ruthenocene is slightly larger than ferrocene, which might result
in a possibly more disruptive interaction with bacterial

membranes.

Small differences between the L- and D-amino acid versions of
the peptides could be observed in their MIC values (Table 3)
and within growth inhibition studies (Figure 3). Examples for
this difference were found in other systems (see above) and
points to a delicate contribution of the chirality of the peptides
used. This effect was not observed in the first MIC values deter-
mined (Table 2), which indicates that this is a very subtle factor.
Indeed, the quantification requires a more sophisticated
analysis. This can be done using sensitive biophysical model
systems like those used in quartz crystal microbalance (QCM)
studies. This information can then be used to further optimize
an active synAMP.

Fortunately, while retaining antibacterial activity in cell culture
medium, the cellular toxicity of both the (RW); and the RcCO-
W(RW), peptides is low, and only high peptide concentrations
cause significant hemolysis. Apparently, these peptides have a
strong preference for prokaryotic membranes over eukaryotic
membranes, e.g., erythrocytes (Table 4 and Table 5). Neverthe-
less, it remains to be seen to what extent these short synAMPs
can be used in vivo.

Concerning the antibacterial effect of these peptides, the killing
kinetics showed rapid bactericidal properties of both the (RW)3
and RcCO-W(RW), peptides, and the growth kinetics showed
growth arrest and also indicated bacteriolytic properties.
Naturally occurring AMPs such as nisin and magainin typically
have >20 amino acids and often have a specific target, like
nisin, or are long enough to penetrate the membrane, like maga-
inin. For these long peptides descriptions of their action mode
with the “carpet-model”, the “toroidal pore model” or the
“barrel stave model” [64] are quite suitable. Considering the
rapid upon-contact killing and bacteriolytic properties, it
appears that the small synAMPs studied herein interact with the
bacterial membrane as well. The monomers of these peptides
are, however, too short to penetrate a bacterial membrane in
order to form pores, and therefore, probably act slightly
different from the more or less well-established mechanisms for
longer AMPs. We are currently undertaking efforts to uncover

more details on the mode of action. Specifically, proteomic
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analysis of the changes in the bacterial proteome as result of
exposure to these synAMPs, and prokaryotic and eukaryotic
membrane model systems will be used to precisely determine if
it is simply a membrane-based mechanism or if there are more
factors. While we attempt to elucidate the mode of action of
these synAMPs, we are also interested in a detailed under-
standing of the effects of the organometallic fragment on the
activity — for example by determining the contributions of
hydrogen-bond forming processes in membrane environments —
and the effect of the redox potential on the activity. We assume
that the application of model systems will help us to determine
the extent in which differences in chirality of the amino acids
used to construct the peptides result in more or less favorable
interactions.

Conclusion

We have shown that the replacement of the N-terminal arginine
residue in non-toxic and non-hemolytic (RW)3 peptides can
modulate the kinetics of the peptide’s antibacterial activity.
Acetylation completely suppresses this activity. In comparison,
replacement of the N-terminal arginine residue with the
organometallic ferrocenoyl moiety reduces the activity only
5- to 10-fold, whereas the replacement with ruthenocene
completely restores the level of activity. In summary, the data
supports a metal-specific activity-enhancing effect of the added
organometallic moiety. This effect is most likely due to the
added lipophilic bulk together with intricate contributions from
the electro- and physicochemical properties of the
organometallic fragment. None of these peptides is hemolytic
and both are hardly toxic against human cancer cell lines.
Thereby, they represent an interesting group of synthetic anti-
microbial peptides to be used in a therapeutic setting. Analysis
of the antibacterial properties of these peptides showed that they
are rapidly bactericidal and also bacteriolytic. Even though both
peptides have similar MIC values, RcCO-W(RW), is acting
faster than (RW)3, but is losing activity after 100-200 min,
which is significantly faster compared to (RW)3. Future studies
on these peptides are directed towards a better understanding of
their mode of action and attempts are being made for the
improvement of their activity to increase the therapeutic
window of these compounds.

Experimental
Minimal inhibitory concentration (results are

shown in Table 2)

The minimal inhibitory concentrations (MIC) were tested
against Escherichia coli DSM 30083, Acinetobacter baumannii
DSM 30007, Pseudomonas aeruginosa DSM 50071, Bacillus
subtilis DSM 402, Staphylococcus aureus DSM 20231 (type
strain), and Staphylococcus aureus ATCC 43300 (MRSA) in a
microtiter plate assay according to CLSI guidelines [65].

Beilstein J. Org. Chem. 2012, 8, 1753-1764.

E. coli, A. baumannii, S. aureus, and B. subtilis were grown in
Mueller—Hinton (MH) broth, P. aeruginosa in cation adjusted
Mueller-Hinton II. Peptides were dissolved in DMSO to give
10 mg/mL stock solutions. Serial dilution in culture media was
carried out automatically with the Tecan Freedom Evo 75 liquid
handling workstation (Tecan, Mannedorf, Switzerland) from
512 to 0.5 pg/mL. Peptide dilutions were inoculated with
103 bacteria/mL taken from late exponential cultures grown in
the same media in a total volume of 200 pL per well. Cells were
incubated for 16 h at 37 °C. The lowest peptide concentration
inhibiting visible bacterial growth was taken as MIC.

For MIC determination in cell culture broth, the peptides were
diluted manually in DMEM high glucose (with 4.5 g/L glucose,
no penicillin). Only S. aureus DSM 20231 and ATCC 43300
were capable of growing in cell culture broth and were used for
MIC determination. Cells were grown in DMEM until late
exponential phase before using them for inoculation. Peptide
concentrations, inoculation and incubation were performed as
described above.

Minimum inhibitory concentration (results are

shown in Table 3)

Determination of MIC values was performed in 96-well
polypropylene microtiter plates (Life Technologies) in order to
reduce the AMP binding [66]. A series of 2-fold dilutions of the
peptides was prepared directly in the plate in half-concentrated
MH broth. The tested strains were grown to an optical density
(600 nm) of 0.5 in half-concentrated MH broth and diluted
1:103 using the same medium. Then, 100 pL of this suspension
was mixed with 100 pL of the peptide solution already prepared
in the wells of the microtiter plate as mentioned earlier. After
incubation for 18 h at 37 °C, the MIC value was read as the
lowest concentration of antimicrobial agent that resulted in
complete inhibition of visible growth. The results given are
mean values of three or more independent determinations.

Killing kinetics

The cells were grown in half-concentrated MH broth up to an
optical density of 0.5 and diluted in fresh medium to an optical
density of 0.1. Peptides were added in concentrations corres-
ponding to 0.5 to 5 x MIC. The viable count was monitored up
to 18 h. Aliquots were taken at defined time intervals, diluted in
10 mM potassium phosphate buffer, and 100 pL of several
decimal dilutions were plated in duplicate on MH agar. The
plates were incubated at 37 °C and the plates containing 30—300
colony forming units (CFU) were counted after 24 h.

Kinetic growth inhibition

Growth kinetic experiments were performed in microtiter plates
using 200 pL half concentrated MH broth. The cells were
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grown to an optical density of up to 0.5 and diluted in fresh
medium to an optical density of 0.25. After this, peptides were
added in concentrations corresponding to 2 x MIC, 4 x MIC,
and 8 x MIC and the optical density was registered for 8 h using
a multichannel absorbance plate reader (SunriseTM, Tecan).

Hemolysis and in vitro cell toxicity studies

After drawing whole blood into anticoagulant containing tubes
(BD Vacutainer®, K2 EDTA 3.6 mg, Ref 368841, Lot
1248213), its fractionation was executed with one volume
whole blood added to nine volumes sterile 0.9% NaCl and
centrifugation (800g, 10 min, 4 °C). Subsequently, the lowest
fraction containing all hRBCs was washed twice with nine
volumes 1 x PBS (PAA), triturating carefully. The concen-
trated hRBCs were re-suspended with 1 X PBS to an erythro-
cyte concentration of 5% (v/v). Wells of a 96-well plate were
filled with 100 pL of the appropriate peptide solutions: The
peptides were dissolved in 1 x PBS and DMSO (5% for (RW)3
and 50% for RcCO-W(RW),). These were mixed with 100 puL
of the 5% hRBCs solution and incubated under agitation on a
flat shaker (170 rpm, 30 min, 37 °C). After sedimenting all
probes under centrifugation (800g, 10 min, 4 °C), all super-
natants were transferred into a clean 96-well plate. The release
of hemoglobin was monitored by measuring the absorbance of
the supernatant at 550 nm using an automated 96-well plate
reader. Controls for 0 and 100% hemolysis consisted of hRBC
5% (v/v) suspended in PBS containing DMSO in appropriate
concentrations and 1% Triton X-100, respectively. Toxicity on
human cancer cell lines was determined according to previ-

ously described procedures [67,68].
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Abstract

Over the past 20 years, cell-penetrating peptides (CPPs) have gained tremendous interest due to their ability to deliver a variety of
therapeutically active molecules that would otherwise be unable to cross the cellular membrane due to their size or hydrophilicity.
Recently, we reported on the identification of a novel CPP, sC18, which is derived from the C-terminus of the 18 kDa cationic
antimicrobial protein. Furthermore, we demonstrated successful application of sC18 for the delivery of functionalized cyclopentadi-
enyl manganese tricarbonyl (cymantrene) complexes to tumor cell lines, inducing high cellular toxicity. In order to increase the
potential of the organometallic complexes to kill tumor cells, we were looking for a way to enhance cellular uptake. Therefore, we
designed a branched dimeric variant of sC18, (sC18),, which was shown to have a dramatically improved capacity to internalize
into various cell lines, even primary cells, using flow cytometry and fluorescence microscopy. Cell viability assays indicated
increased cytotoxicity of the dimer presumably caused by membrane leakage; however, this effect turned out to be dependent on the
specific cell type. Finally, we could show that conjugation of a functionalized cymantrene with (sC18), leads to significant reduc-
tion of its ICsq value in tumor cells compared to the respective sC18 conjugate, proving that dimerization is a useful method to
increase the drug-delivery potential of a cell-penetrating peptide.

1788

O


http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:ines.neundorf@uni-koeln.de
http://dx.doi.org/10.3762%2Fbjoc.8.204

Introduction

A substantial problem concerning promising drug candidates is
often their incapacity to reach their full therapeutic potential due
to limited bioavailability and cellular uptake. In recent years,
cell-penetrating peptides (CPPs) emerged as an encouraging
tool to overcome this obstacle owing to their ability to
autonomously cross the cellular membrane in a receptor-inde-
pendent manner. This enables them to deliver a large variety of
cargo molecules for therapy and diagnosis, as could be success-
fully shown for, e.g., cytostatics [1], proteins [2], oligonu-
cleotides [3,4] and nanoparticles [5]. A common feature of
CPPs is their typically high content in basic arginine and lysine
residues, leading to a positive net charge of the peptides, which
is considered to be crucial for initial membrane interaction
through binding to negatively charged phospholipids and
glycosaminoglycans [6]. Endocytic and non-endocytic
processes have been proposed to be involved in cellular uptake;
however, the exact mechanism triggering internalization is still
under debate and was shown to depend on several factors such
as structure and concentration of the CPP as well as the cargo to

be transported and the specific cell line [7].

Recently, we identified a novel cell-penetrating peptide, sC18
[8], derived from the C-terminal domain of CAP18 (18 kDa
antimicrobial protein), which is found in rabbit leukocytes and
was shown to bind to negatively charged lipopolysaccharides of
Gram-negative bacteria to inhibit their pathogenic activity [9].
We were able to successfully apply sC18 for tumor imaging by
conjugation with a metal chelator and a tumor-homing agent,
which accumulates in hypoxic tissue [10]. Furthermore, we
reported on the delivery of functionalized cyclopentadienyl
manganese tricarbonyl (cymantrene) complexes with the help of
sC18, which lead to significant induction of cytotoxicity in
tumor cells [11-13], which was even more pronounced after
introduction of an enzymatic cleavage site [12]. However, the
aim of the present study was to investigate whether the cyto-
toxic effect of these organometallic complexes can be further
increased by conjugating them to a dimeric variant of sC18,
(sC18),, since previous studies demonstrated improvement of
the delivery of various kinds of cargo by CPP oligomerization
[14,15].

Results and Discussion
Uptake studies

We reasoned that dimerization of sC18 would be beneficial for
cellular uptake since the local concentration of the monomeric
unit at the membrane would be increased. Instead of simply
synthesizing a linear peptide with two consecutive sC18
sequences, we opted for a branched version of (sC18), by intro-
ducing the second unit at the side chain of Lys*. This ensures

that both N-termini of the monomeric units remain free and

Beilstein J. Org. Chem. 2012, 8, 1788-1797.

hence the general structure of the dimer is unaltered upon
symmetric introduction of N-terminal modifications. To test the
hypothesis of improved internalization behavior of the dimer,
we conducted flow-cytometric cellular uptake studies with sC18
versus (sC18), in various cell lines after N-terminal labeling
with carboxyfluorescein (labeling of the dimer occurred at the
N-terminus of the first sC18 unit). A dramatic increase of intra-
cellular fluorescence that was 10-fold or higher in all cell lines
was observed (Figure 1). Even at a peptide concentration as low
as 1 uM significant uptake of (sC18), after 1 h incubation was
achieved, whereas the parent peptide sC18 almost failed to
internalize at this concentration. In human embryonic kidney
(HEK-293) cells and MCF-7 cells (human breast adenocarci-
noma) the uptake rate of (sC18), at 1 pM was significantly
higher even when compared to sC18 at a concentration of
10 uM (p < 0.05). When comparing the different cell lines, the
uptake rate of (sC18), at 1 uM decreases in the order HEK-293
> MCF-7 > HT-29 (p < 0.05). Similarly, at 10 pM, the amount
of (sC18), taken up by HT-29 cells (human colon adenocarci-
noma) is still less than half compared to the other cell lines;
however, no statistically significant difference between HEK-
293 and MCF-7 was observed.
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'S 150
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2
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o 100 -
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Figure 1: Flow cytometric uptake studies of carboxyfluorescein-
labeled (sC18), in HEK-293 (human embryonic kidney) cells, HT-29
cells (human colon adenocarcinoma) and MCF-7 cells (human breast
adenocarcinoma) with sC18 as reference after 1 h incubation. Experi-
ments were conducted in duplicate with n = 2. Error bars represent the
standard deviation.

The drastically enhanced uptake of the dimer compared to the
monomeric peptide is in contrast to previous studies with the
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TAT peptide, which is similar to sC18 with respect to the
number of arginine and lysine residues and the overall charge of
the peptide. Dimerization of TAT turned out to have no or little
effect on translocation through cellular [14,16] or model [17]
membranes. Only a branched trimeric variant of TAT was
observed to have a major impact on the internalization behavior
[14].

In order to gain insight into the mechanism of cell entry of
(sC18),, we investigated the intracellular distribution pattern of
the fluorescently-labeled peptide in HEK-293 by fluorescence
microscopy (Figure 2). The punctate uptake pattern speaks in
favor of an endocytic internalization mode and is also observed
for sC18, which is in line with previous reports [8]. Therefore,

the general uptake mechanism in this cell line seems not to be

altered upon dimerization.

Figure 2: Top: Fluorescence microscopic images of unfixed HEK-293
cells after 30 min incubation with 1 yM CF-sC18 and CF-(sC18),.
Bottom: Fluorescence microscopic images of unfixed hADSC after 1 h
incubation with 25 yM CF-sC18 and CF-(sC18),. Blue: Hoechst33342
nuclear dye, green: carboxyfluorescein-labeled peptides. Images taken
with a 63x oil immersion objective.

With this potent cell-penetrating peptide at hand, we were inter-
ested as to whether it is also able to internalize into primary
cells, which are much less susceptible to CPP-based intracel-
lular delivery than immortalized or tumor cell lines. We indeed
observed bright intracellular fluorescence when incubating
human adipose tissue-derived stem cells for 1 h with (sC18), at
25 uM as opposed to sC18, which shows hardly any detectable
uptake (Figure 2). Interestingly, the peptide is evenly distrib-
uted throughout the cells, indicating that a large fraction of
(sC18), was able to reach the cytosol. Whether this is due to a
different mechanism of uptake or to improved endosomal
escape requires further investigation. Importantly, no effect on

Beilstein J. Org. Chem. 2012, 8, 1788-1797.

cell morphology is apparent and, thus, no cytotoxicity at a
concentration that is sufficient for very efficient peptide inter-

nalization.

Cytotoxicity of (sC18),

The effect of the dimeric sC18 on the survival of HEK-293,
HT-29 and MCF-7 cells was determined by means of a
resazurin-based cell viability assay. After 24 h incubation, a
cell-type-dependent cytotoxicity profile of (sC18), was
observed (Figure 3). While HEK-293 cells remained unharmed
even at high peptide concentrations up to 100 uM, a steady
decrease of cell viability was induced in the tumor cell lines,
which was particularly obvious in MCF-7 cells. At least for
HEK-293 and MCF-7, this effect seemed to be in no way
related to different intracellular amounts of peptide since both
cell lines showed equal propensity to take up (sC18), as was
shown above. The significant induction of cytotoxicity in
MCF-7 and HT-29 is in plain contrast to the monomeric
peptide, which did not cause any loss of cell viability in

previous studies [8].

100
[

S
z
3 = HEK-293
Z 501 = HT-29
g MCF-7
2 I
k)
o

0 -

25 M 50 uM 100 pM

Figure 3: Cell viability of different cell lines after 24 h incubation with
(sC18), at different concentrations as determined by a resazurin-
based cell viability assay. Experiments were conducted in triplicate
with n = 2. Error bars represent the standard deviation.

Since (sC18), possesses a net charge of +17 and due to the fact
that it has been shown for oligoarginines that the higher the
number of positive charges, the higher is the propensity of the
peptide to induce pore formation in the cellular membrane [18],
we performed membrane integrity assays measuring the amount
of lactate dehydrogenase (LDH) released from the cells when
the membrane becomes prone to leaking. In the case of MCF-7,
high levels of extracellular LDH even after 1 h incubation with
30 uM (sC18), attested to a high extent of membrane destabi-
lization, which eventually leads to cell death (Figure 8),

suggesting membrane disruption as the cause for the cellular
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toxicity of the dimeric peptide owing to its high number of
basic residues. Extracellular LDH levels in HT-29 were much
smaller, which is in line with the results of the resazurin-based
cell viability assay, as well as the observation that HEK-293
cells only show a little membrane leakage even at elevated
(sC18), concentrations (Figure 4). It can thus be hypothesized
that the cytotoxic behavior of the peptide is related to the indi-

vidual membrane composition of each cell line.

The finding that the dimer exhibits significant cytotoxic effects
while the monomer does not is consistent with previous studies
that demonstrated the increase of membrane leakage and cyto-
toxicity with the number of arginine residues in oligoarginines
[19] as well as increased cytotoxicity for oligomeric CPPs in

general [20].

Synthesis and characterization of (sC18),
bioconjugates

In order to evaluate the potential of the sC18 dimer to effec-
tively deliver cytotoxic drugs into cells and even enhance the
cytotoxicity of functionalized cymantrenes, the synthesis of
which has previously been reported [11], we synthesized a

Table 1: Peptide sequences.?

Beilstein J. Org. Chem. 2012, 8, 1788-1797.

100

50

cell lysis [%]

1

1 10 25 50 75 100 positive

control
concentration [%]

Figure 4: Cell lysis of HEK-293 cells induced by (sC18), after 1 h incu-
bation. Experiments were conducted in triplicate with n = 2. Error bars
represent the standard deviation.

single (1) and a double conjugate (2) of (sC18), and Cym2
(Table 1, Scheme 1). For comparison, we also synthesized
bioconjugates with known cytostatic agents: the common DNA

Peptide Sequence
sC18 GLRKRLRKFRNKIKEK-NH,
(sC18), GLRKRLRKFRNKIKEK-NH,

GLRKRLRKFRNKIKEK:

Cym2-GFL-(sC18), (1)

Cym2-GFLGLRKRLRKFRNKIKEK-NH;

GLRKRLRKFRNKIKEK

(Cym2-GFL)2-(sC18), (2)

Cym2-GFLGLRKRLRKFRNKIKEK-NH,

Cym2-GFLGLRKRLRKFRNKIKEK:

(Cbl-GFL)2-(sC18), (3)

Cbl-GFLGLRKRLRKFRNKIKEK-NH,

Cbl-GFLGLRKRLRKFRNKIKEK

PAD-GFL-(sC18), (4)

KLAKLAKKLAKLAKGFLGLRKRLRKFRNKIKEK-NH,

GLRKRLRKFRNKIKEK

PAD

aCbl: chlorambucil.

KLAKLAKKLAKLAK-NH
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(a)

Dde

1) 3% hydrazine in DMF
12 x 10 min, rt

2) SPPS HzN

3h,rt

TFA/TA/TC 90/5/5

Beilstein J. Org. Chem. 2012, 8, 1788-1797.

1) TFA/TIS/DCM 0.5/5/94.5
5 x 2 min, rt

2) 4 equiv HATU/DIPEA
3)4 equivA,2 x2h, rt

NH,

(b)

(o]

OC/Mn\-.,.,Co ) 0]

Cym2

. Rink amide resin

A chlorambucil or Cym2

Cl

A
co HOM/@ e

chlorambucil

Scheme 1: Synthesis of (sC18), bioconjugates (a) and chemical structures of the coupled anti-tumor agents (b). Mtt: 4-methyltrityl chloride; Dde:
1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)ethyl; SPPS: solid-phase peptide synthesis; TFA: trifluoroacetic acid; TIS: triisopropylsilane; HATU:
O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate; DIPEA: diisopropylethylamine; TA: thioanisole; TC: p-thiocresol.

alkylating anticancer therapeutic chlorambucil (Cbl, 3), which
may induce apoptosis, and the cell impermeable proapoptotic
peptide (KLAKLAK), (PAD, proapoptotic domain peptide)
[21] 4. All conjugates were synthesized with an enzymatic
cleavage site for the peptidase cathepsin B (Gly-Phe-Leu-Gly),
the expression of which is up-regulated in tumor cells [22,23],
since this approach has been shown to improve intracellular
release of the cargo [12,24]. Peptides were obtained in high
purity as determined by analytical HPLC, and their identity was
confirmed by mass spectrometry (Table 2). However, for
compound 2 a partial loss of one Mn(CO)3; unit of the
organometallic complex was observed to some extent, which
was considered to be negligible for the biological testing. An
exemplary HPLC chromatogram and ESI-MS spectrum is
shown in Figure 5. Double conjugates were synthesized by an
orthogonal protecting-group strategy involving highly acid-

Table 2: Analytical data and IC5q values of the (sC18), bioconjugates.?

Peptide MWealc MWeyp
1 4722.8 472540
2 5326.0 5328.9°
3 5324.1 5324.1°¢
4 5941.9 5941.0°

labile 4-methyltrityl (Mtt) protection (Scheme 1), which can be
cleaved in the presence of tert-butyloxycarbonyl (Boc). Indeed,
we did not observe concomitant deprotection of lysine side
chains, which was favored by the fact that Mtt groups situated
at the N-terminus are even more acid-sensitive than Né-Mtt
groups [25].

The structural analysis of the (sC18), conjugates by circular
dichroism spectroscopy did not reveal any change of the sec-
ondary structure with respect to the parent peptide (Figure 6).
They all exhibit a random coil structure in phosphate buffer
with transition to an a-helical structure in the helix-inducing
environment of trifluoroethanol, which has already been shown
for monomeric sC18 [8]. Thus, in this case, no significant influ-
ence of the cargo on the uptake of (sC18), is expected, since
this is largely determined by the structure of the CPP.

Purity [%] ICs0 [UM]
HT-29 MCF-7
>95 33.2+22 11.8 + 0.4
>90 21.1+20 6.2+0.9
>95 26.0+1.2 8.9+0.3
>99 143+1.4 36+15

aMonoisotopic masses given, purity determined by analytical HPLC; PESI-MS; °MALDI-MS.
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Figure 5: Chromatogram and ESI-MS of purified Cym2-GFL-(sC18),. The gradient was 10—60% acetonitrile in water over 45 min.
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Figure 6: Circular dichroism spectra of the (sC18), conjugates. Spectra were acquired in 10 mM phosphate buffer with or without 50% trifluoro-

ethanol (TFE), as indicated.

The bioconjugates were tested for cytotoxicity in MCF-7 and
HT-29 in the presence of serum by using a resazurin-based cell
viability assay. These are well-established tumor cell lines that
allow for direct comparison of the results with previous studies.
All substances were shown to exhibit significant cytotoxicity in
both cell lines (Figure 7). ICs( values are given in Table 2.
Importantly, the unconjugated cytostatic compounds did not
have any effect on cell viability at any of the concentrations
tested, which is confirmed by microscopic images of HT-29 that
do not reveal any morphological aberration except in the case of
incubation with the bioconjugates. This is in agreement with
previous studies for Cym2 [12] and Cbl [26] and is also plau-
sible for PAD, since it was shown to interact with mitochon-

drial membranes; however, it does not cause cell death unless it
is internalized into the cytosol [27]. The failure of the cytostatic
compounds to induce cytotoxicity is due to their limited capa-
bility to cross the cellular membrane. Likewise, the CPP alone
did not affect cell viability of HT-29 cells over the whole
concentration range tested, while in MCF-7 the 1C5 values of
1-4 are still well below the onset of cytotoxic effects, which
were only observed to some extent above a concentration of
15 uM. Compound 2 showed significantly increased cytotoxi-
city compared to 1, demonstrating the advantage of the double
conjugate approach. Importantly, when using the dimer instead
of monomeric sC18, which was used in previous studies [12],

the ICsq values of the functionalized cymantrene could be
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Figure 7: Cell viability of (a) HT-29 and (b) MCF-7 cells after 24 h incubation with the (sC18), conjugates at different concentrations, as determined
by a resazurin-based cell viability assay. Experiments were conducted in triplicate with n = 2. Error bars represent standard deviation. Curves
obtained by nonlinear regression (sigmoidal dose—response). For IC5q values see Table 2.

significantly reduced to 21 uM in HT-29 and 6 uM in MCF-7.
Interestingly, Cym?2 and Cbl were shown to be similarly effec-
tive in both cell lines, whereas the highest cytotoxicity was
induced by the PAD conjugate.

The mechanism that eventually leads to cell death has not yet
been elucidated for the functionalized cymantrenes; however, it
was observed that it is mainly induced by necrosis, albeit apop-
tosis could also be demonstrated to some extent [12]. The high
degree of membrane leakage even after 1 h and, thus, the
rapidly occurring induction of cell death again speak in favor of
mostly necrotic cell death. This is also true for compounds 3
and 4, which exert the same effect on cell morphology
(Figure 8) and induce an equal amount of LDH release
(Figure 9). This is surprising at least for compound 4, since

several PAD—CPP conjugates were shown to induce apoptosis
upon cytosolic delivery [28,29]. It is possible, though, that the
even higher positive net charge (+23) of 4 due to the additional
lysine residues of the cargo peptide leads to further membrane
destabilization, which eventually becomes irreversible and
induces cell death. Thus, (sC18), may not be suitable for the
delivery of positively charged cargo.

In conclusion, we could demonstrate that dimerization of a cell-
penetrating peptide, sC18, leads to dramatically enhanced
cellular uptake in various cell lines, but also increases cytotoxi-
city in a cell-type-dependent manner. The dimer also turned out
to efficiently internalize into primary cells that are commonly
less susceptible to standard delivery methods. Furthermore, we
were able to effectively transport cytostatic compounds into

Figure 8: Brightfield microscopic images of unfixed HT-29 cells after 24 h incubation with the (sC18), conjugates at 30 uM. Scale bar: 50 pm.
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Figure 9: Cell lysis of (a) HT-29 and (b) MCF-7 cells induced by the (sC18), conjugates at different concentrations after 1 h incubation. Experiments
were conducted in triplicate with n = 2. Error bars represent the standard deviation.

tumor cell lines, observing a significant decrease of the ICs
values of Cym2 compared to previous studies, further
increasing the therapeutic potential of functionalized

cymantrenes.

Experimental

Materials
N®-Fmoc-protected amino acids were purchased from IRIS
Biotech (Marktredwitz, Germany), the following side-chain

protecting groups were chosen: tert-butyloxy (#-BuO) for Glu;

tert-butyloxycarbonyl (Boc) and 1-(4,4-dimethyl-2,6-dioxocy-
clohex-1-ylidene)ethyl (Dde) for Lys. 4-(2°,4’-Dimethoxy-
phenyl-Fmoc-aminomethyl)phenoxy (Rink amide) resin and
4-methyltrityl chloride were obtained from Novabiochem
(Darmstadt, Germany). O-(7-Azabenzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HATU), N,N-diiso-

propylethylamine (DIEA), thioanisole, p-thiocresole, piperidine,

trifluoroacetic acid, trypan blue, 5(6)-carboxyfluorescein (CF)
and 2,2,2-trifluoroethanol were purchased from Fluka
(Taufkirchen, Germany). Chlorambucil (Cbl) and the resazurin-
based in vitro toxicology assay kit were purchased from Sigma-
Aldrich (Taufkirchen, Germany). N,N-Dimethylformamide
(DMF), dichloromethane, and diethyl ether were obtained from
Biosolve (Valkenswaard, Netherlands). Acetonitrile was
obtained from Merck (Darmstadt, Germany). The CytoTox-One
homogeneous membrane integrity assay was from Promega.
For cell culture, the following media and supplements were
used: Dulbecco’s modified Eagle’s medium (DMEM), Ham’s
F12 (without L-glutamine), OptiMEM, Dulbecco’s phosphate
buffered saline (PBS) without calcium and magnesium, fetal
bovine serum (FBS), L-glutamine and trypsin/EDTA
(all purchased from PAA, Linz, Austria, or Gibco Life

Technologies, Karlsruhe, Germany). Cell culture flasks

(75 cm?) and 96-well plates were from TPP (Trasadingen,

Switzerland), 48-well plates were purchased from Greiner
Bio-One (Frickenhausen, Germany) and 8-well p-slides were
from ibidi (Martinsried, Miinchen Germany). MCF-7, HT-29
and HEK-293 cell lines were kindly provided by Prof. Dr. A. G.
Beck-Sickinger.

Peptide synthesis

The peptides used were synthesized as described previously
[30] by automated solid-phase peptide synthesis (SPPS) on a
multiple Syro II peptide synthesizer (MultiSynTech, Witten,
Germany) following Fmoc/¢-Bu-strategy utilizing a double-
coupling procedure and in situ activation with Oxyma/DIC.
Synthesis of branched (sC18), was achieved by N-terminal
coupling of Dde-Lys(Fmoc)-OH to sC18(5-16) and subsequent
automated elongation of the peptide chain at the lysine side
chain by using N*-Boc protected glycine at the terminal posi-
tion. Cleavage of the Dde group was achieved by treatment with
a 3% solution of hydrazine in DMF for 12 x 10 min. Subse-
quently, the peptide was elongated to its final length by auto-
mated SPPS. N-terminal coupling of Cym2 or 5(6)-carboxyfluo-
rescein was carried out by using 2 equiv of the substance to be
coupled and activation with 2 equiv of HATU/DIPEA in DMF
under vigorous shaking for 2 x 2 h. CF-polymers were cleaved
by treatment with 20% piperidine for 45 min.

For the synthesis of double conjugates of (sC18), with Cym2 or
Cbl (Scheme 1), the N-terminus of the first sC18 unit was
protected by using 10 equiv of Mtt and 1 equiv of DIPEA in
DCM under vigorous shaking for 18 h at room temperature.
After cleavage of the Dde group at the side chain of Lys* and
automated elongation of the peptide chain, the Mtt group was
selectively removed by treatment with 0.5% TFA and 5% TIS
in DCM for 5 X 2 min. Coupling of the cytostatic compound
was carried out by using 4 equiv of either Cym2 or Cbl, and ac-
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tivation with 4 equiv of HATU/DIPEA in DMF under vigorous
shaking for 2 x 2 h. All peptides were purified by preparative
reversed-phase HPLC using a binary eluent system consisting
of 0.1% TFA in water and 0.08% TFA in acetonitrile and
analyzed by MALDI or ESIMS, and analytical RP-HPLC. For
the peptide sequences see Table 1.

Circular dichroism spectroscopy

Circular dichroism spectra were recorded on a Jasco spectropo-
larimeter J 715 at 20 °C in 10 mM phosphate buffer (pH 7.0)
with or without addition of 50% trifluoroethanol, respectively.
The concentration of the peptides was 20 uM.

Cell culture

HEK-293 cells (human embryonic kidney epithelium trans-
formed with adenovirus 5 DNA) were grown to subconfluency
in 75 cm? culture flasks at 37 °C and 5% CO; in a humidified
atmosphere by using DMEM/Ham’s F12 (without
L-glutamine), which contained 15% heat-inactivated FBS.
MCEF-7 cells (human breast adenocarcinoma) were grown under
the same standard growth conditions in DMEM/Ham’s F12
containing 2 mM L-glutamine and 10% FBS. HT-29 cells
(human colon adenocarcinoma) were grown in RPMI 1640
supplemented with 10% FBS. Freshly isolated human-adipose-
tissue-derived stem cells (hADSC) were grown in DMEM high
glucose (4.5 g/L) containing 1% penicillin/streptomycin and
10% FBS.

Internalization studies

For peptide-uptake studies by flow cytometry, cells were seeded
in a 48-well plate and grown to 60—70% confluence. After incu-
bation at 37 °C for 1 h with 5(6)-carboxyfluorescein-labeled
peptides in OptiMEM, the cells were treated with 150 pM
trypan blue for 0.5 min to quench extracellular fluorescence and
washed twice with PBS, trypsinized and resuspended in stan-
dard cell-culture medium. Analyses were performed on a Partec
CyFlow ML flow cytometer. Cellular autofluorescence was
subtracted. The experiments were carried out with # (number of

experiments) = 2 in duplicate.

For fluorescence microscopic uptake studies, cells were seeded
in an 8-well ibidi plate and grown to 60—70% confluence. The
cells were then incubated with CF-labeled peptides in
OptiMEM for 30 min at 37 °C. Ten minutes prior to the end
of incubation, the nuclei were stained by addition of
Hoechst33342 nuclear dye. Finally, the solution was removed,
and the cells were treated with a 150 uM trypan blue solution
for 0.5 min. After washing twice with PBS, images were
taken by using a Zeiss Observer Z1 fluorescence microscope
equipped with an ApoTome unit using a 63% oil immersion

objective.

Beilstein J. Org. Chem. 2012, 8, 1788-1797.

Cell viability assay

Cytotoxicity was determined by means of a resazurin-based
cell-viability assay. Cells were seeded in a 96-well plate, grown
to subconfluency and incubated with the substances at different
concentrations for 24 h in the presence of serum under standard
growth conditions. For the positive control, cells were treated
with 70% ethanol for 10 min. After washing, the cell viability
was determined relative to untreated cells by using the In Vitro
Toxicology Assay Kit from Sigma-Aldrich according to the
manufacturer’s protocol. Measurement was performed fluori-
metrically at 595 nm (Aex = 550 nm) on a Tecan SpectraFluor
Plus plate reader. Untreated cells were set to 100%. ICsq values
were calculated by using nonlinear regression (sigmoidal
dose—response) with GraphPad Prism. Experiments were
carried out with n = 2 in triplicate. Microscopic images were

taken with a 20x objective on a Zeiss Observer Z1 microscope.

LDH release assay

For the membrane leakage assay utilizing the Promega
CytoTox-One kit, cells were seeded in a 96-well plate, grown to
subconfluency, and incubated with the substances at different
concentrations for 1 h in the presence of serum under standard
growth conditions. Afterwards, the assay was conducted
according to the manufacturer’s protocol including the provided
cell lysis positive control. Measurement was performed fluori-
metrically at 595 nm (Aex = 550 nm) on a Tecan SpectraFluor
Plus plate reader. The negative control served as blank value,
and data were normalized to the positive control. Experiments
were carried out with n = 2 in triplicate.
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Based on the structure of the HIV-1 glycoprotein gp120 in complex with its cellular receptor CD4, we have designed and synthe-

sized peptides that mimic the binding site of CD4 for gp120.

The ability of these peptides to bind to gp120 can be strongly

enhanced by increasing their conformational stability through cyclization, as evidenced by binding assays, as well as through mole-

cular-dynamics simulations of peptide—gp120 complexes. The specificity of the peptide—gp120 interaction was demonstrated by

using peptide variants, in which key residues for the interaction with gp120 were replaced by alanine or D-amino acids.

Introduction

Synthetic molecules that have the ability to mimic binding and/
or functional sites of proteins are useful tools for exploring and
modulating protein function, as they interfere with binding
events underlying the protein function. Furthermore, such
mimetic molecules are promising candidates for the inhibition
of protein—protein interactions. Synthetic peptides can be
produced as direct reproductions of protein fragments and by
diverse chemical modification, including the integration of non-
proteinogenic amino acids, and the modification of the peptide
backbone. Such modifications widen the chemical and struc-

tural diversity exhibited by peptides, as well as improve their

proteolytic stability, increasing their prospects for pharmaceu-
tical use. Therefore, peptides are excellent candidates as protein
binding site mimics. We have previously developed strategies
for the design and generation of scaffolded and assembled

peptides to generate protein binding site mimics [1].

The interaction of the HIV-1 envelope glycoprotein gp120 with
its cellular receptor CD4 is the first step in the process of entry
of the virus HIV-1 into its host cell. A range of crystal struc-
tures of the gp120—-CD4 complex [2-6] have provided informa-
tion on the structural details of the gp120—-CD4 interaction and,
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thus, the basis for a rational design of inhibitors. Later on, it
was found that the epitopes of a range of broadly neutralizing
anti-HIV-1 antibodies, such as mAb b12 [7] and mAb VRCO1
[8], overlap the CD4 binding site (CD4bs) of gp120, making
this region of gp120 an important target for immunogen design.
Therefore, we have previously designed and generated a syn-
thetic peptide that presents the CD4bs fragments of gp120 [9].
This peptide is recognized by CD4, as well as by mAbs b12 and
VRCO1.

The receptor glycoprotein CD4 is composed of four extracel-
lular immunoglobulin domains (D1-D4), a short cytoplasmatic
tail, and a single transmembrane helix [10]. Gp120 contacts the
CD4 D1 domain, which forms a stable eight-stranded beta-sheet
[3] (Figure 1). The 22 residues of CD4 that contact 26 amino
acids of gp120 [3] are located in the N-terminus of CD4 D1
(residues 22—64). Hot spots of CD4 for its interaction with
gp120 include F43 at the tip of the CDR2-like loop, which
contacts the CD4 binding site of gp120. lonic interactions of
R59 of CD4 with D368 of gp120 stabilize this interaction [3]
(Figure 1). Mutation of F43 and R59 to alanine or glycine [11-
14] dramatically impairs binding to gp120, corroborating the
importance of F43 and R59 for the interaction of CD4 with
gp120.

Molecules that are capable of inhibiting the CD4—gp120 inter-
action are promising candidates for HIV-1-entry inhibitors, an

Beilstein J. Org. Chem. 2012, 8, 1858—1866.

upcoming class of AIDS therapeutics that offer an alternative to
the clinically established anti-HIV-1 drugs, which are mainly
inhibitors of HIV-1-encoded enzymes (protease, reverse tran-
scriptase and integrase). During recent years, a range of struc-
turally different CD4 mimetic molecules have been presented.
These include small molecules [15-18] as well as stably folded
miniproteins, which were mutated to present a putative binding
site for gp120 [19-21].

We have recently shown that synthetic peptides mimicking the
gp120 binding sites of human and murine CD4 can be used as
molecular tools to elucidate the structural basis for the species
selectivity of the CD4—gp120 interaction [22]. We have now
focused on peptides mimicking the binding site of human CD4,
and on their interaction with gp120.

Results and Discussion

Peptide design and synthesis

Based on the resolved 3D structure of the gp120—CD4 complex,
we have designed peptides that present the binding site of CD4
for gp120, i.e., residues 22-64 (Table 1). Apart from the
peptides covering this complete CD4 stretch (CD4-M1), we
generated a truncated peptide presenting only the CDR2-like
loop of CD4 (residues 34-48, CD4-M4). Since the N- and
C-termini of CD4-M1 and CD4-M4 are in fairly close prox-
imity in the CD4-gp120 complex [3], as evidenced by the short
distances between S23 and D63 (4.6 A) as well as between 134

Figure 1: Structural details of the CD4—gp120 complex (pdb 1rzj). The binding site of CD4 for gp120 is shown in blue (residues 22—-33 and 49-64)
and in cyan (CDR2-like loop, residues 34—48). The key residues for the interaction with gp120 (F43 and R59) are depicted in purple, and the contact

residue D368 of gp120 in yellow.
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Table 1: Peptide sequences.

Peptide CD4-residues
22-64,
linear
22-64,
cyclic,
S23C,
D63C
22-64,
cyclic,
F43A,
R58A,
R59A,
S23C,
D63C
34-48,
linear
34-48,
cyclic
34-48,
cyclic,
F43A
34-48,
cyclic,
F43-D-Phe

CD4-M1

CD4-M2

CD4-M3

CD4-M4

CD4-M5

CD4-M6

CD4-M7

Ac-Hisg?-X’KSIQFHWKNSNQ F

Ac-Hisg-XK[CIQFHWKNSNQ F

Ac-Hisg-XK[CIQFHWKNSNQ A

Ac-Hisg-X F

Ac-Hisg-X[CB® F

Ac-Hisg-X[CB A

Ac-Hisg-X[CB
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Sequence

SKLNDRADSRRSLWDQ-NH,

SKLNDRADSRRSLWC]Q-NH,

SKLNDRADSRASLWC]Q-NH,

-NH,

BC]-NH,

BCJ-NH,

-DPhe- BC]-NH,

@Hisg, hexahistidine tag; X, e-aminohexanoic acid; °B, B-alanine. Brackets indicate a disulfide bridge between cysteine residues. All residues that are
part of CD4 are shown in bold face and blue (residues 22—-33 and 49-64) or cyan (CDR2-like loop). The hot spot residues F43 and R59, or their

substitutes, are shown in red.

and P48 (10.6 A), we also generated peptides in which this
proximity is covalently stabilized. This was achieved by means
of a disulfide bridge between cysteine residues, which were
introduced either by replacing S23 and D63 with cysteine
(CD4-M2 and CD4-M3), or by being added to either side of the
CD4 sequence (CD4-M5, CD4-M6 and CD4-M7). Furthermore,
variants CD4-M2 and CD4-MS5 were synthesized in which the
key amino acids for the interaction with gp120 (F43 and R59)
were replaced by alanine (CD4-M3 and CD4-M6). In CD4-M3,
we also replaced the adjacent R58 by alanine in order to avoid
functional compensation for the loss of R59 by R58. Finally, we
probed the stereoselectivity of the peptide—gp120 interaction by
replacing F43 in CD4-M5 by D-phenylalanine (CD4-M7). All
peptides were equipped with an N-terminal hexahistidine tag for
directed attachment to Ni-NTA assay plates. The tag, as well as
the additional cysteine residues in CD4-M5, CD4-M6 and CD4-
M7, was separated from the CD4 sequences by the spacer
amino acids e-aminohexanoic acid (X) and B-alanine (B). All
peptides were generated through solid-phase synthesis and puri-
fied by preparative HPLC (Figure 2 and Experimental section).

Peptide binding to gp120
The seven CD4-derived peptides (Table 1) were tested in an
ELISA type binding assay for their ability to bind to recombi-

nant gp120 from HIV-1 strain IIIB (Figure 3, left). Of the two
linear peptides (CD4-M1 and CD4-M4), only the longer peptide
CD4-M1 is recognized by gp120, illustrating the importance of
the salt bridge R59 for the stabilization of the interaction of the
CDR2-like loop of CD4 with gp120, as CD4-M4 lacks this
residue. Covalent stabilization of the spatial proximity between
the N- and C-termini of peptides CD4-M1 and CD4-M4
through a disulfide bridge in the cyclic peptides CD4-M2 and
CD4-MS5 appears to stabilize the gp120-bound conformation,
since binding of both peptides to gp120 was strongly enhanced,
as compared to their linear, more flexible counterparts. The
specificity of this interaction could be demonstrated by using
analogues of CD4-M2 and CD4-MS5, in which the key residues
for the interaction with gp120, (F43 and R59), were replaced by
alanine (CD4-M3 and CD4-M6, respectively). Binding of these
alanine variants to gp120 was largely abrogated, indicating that
the mode of binding of CD4-M2 and CD4-M5 to gp120 is
related to that of CD4. Likewise, an analogue of CD4-MS5, in
which F43 was replaced by D-phenylalanine (CD4-M7), did not
bind to gp120, most likely because the incorrect orientation of
the phenyl side chain of this amino acid precludes its inter-
action with D368 and E370 of gp120, which are key residues of
the CD4 binding site of gp120. The differences in affinity to
gp120 between the cyclic peptides CD4-M2 and CD4-M5 on
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Figure 2: HPLC chromatograms and ion masses from the ESI-mass spectra (insets) of purified CD4-M2 (M = 5979.83, top) and CD4-M5 (M =
2896.4, bottom).

one hand, and their alanine substitution variants CD4-M3 and
CD4-M6 on the other hand, could also be shown in a more
quantitative fashion by dose-dependent binding of gp120

(Figure 3, left).

3.5

2.5

Ar

15

0.5

-0.5

CDAM-1

CD4AM-2

CD4M-3

cDam-4

CD4M-5

CD4M-6

cDam-7

Peptide

In a separate binding assay, we addressed the interaction of
HIV-1 with cellular coreceptors. This interaction is induced by
binding of gp120 to cellular CD4, which triggers a con-
formational rearrangement of gp120, resulting in the exposure

2.5

\

£ o CD4-M2
§1.5
< / T —=—CD4-M3
1 —=1 CD4-M5
- A —=CD4-M6
05 - _

0.1 1
gp120 1B [pg/mL]

10

Figure 3: Left: Relative affinities (A;, CD4-M1 = 1) to gp120(IlIB) of peptides. Right: Concentration-dependent binding of gp120 to peptides.
Absorbance values (A) are corrected for the respective blanks (wells without peptide). See Table 1 for peptide sequences and Experimental section
for details of the binding assay.
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of its coreceptor binding site [23]. Such binding enhancement
could also be demonstrated in binding assays involving recom-
binant proteins, i.e., gp120, and soluble CD4 (sCD4) presenting
the extracellular CD4 domains, in conjunction with the use of
antibodies that recognize the coreceptor binding site of gp120
(CD4i antibodies) as coreceptor surrogates [8]. Similar to sCD4,
the cyclic peptide CD4-MS5, which presents the CDR2-like loop
of CD4, is able to enhance binding of gp120 to the CD4i anti-
body mAb X5 [24] (Figure 4), providing further indication of a
functional mimicry of CD4 by the mimetic peptides.

1.2 1

0.8 T

0.6

A 492 nm

0.4

) -
0

gp120 only

gp120 +CD4A-M5 gp120 +sCD4

Figure 4: Enhancement of binding of gp120(MN) to the CD4i antibody
X5 by CD4-M5 and sCD4, respectively. See Experimental section for
details of the binding assay.

Comformational stability of gp120-peptide

complexes

To investigate the conformational stability and binding prop-
erties of CD4-M1 and CD4-M2, molecular dynamics (MD)
simulations of the peptides in complex with gp120 were carried

Beilstein J. Org. Chem. 2012, 8, 1858—1866.

out and compared to a simulation of the CD4—gp120 complex.
Analysis confirmed that the linear peptide CD4-M1 is more
flexible than the respective region in CD4 (Figure 5A) because
it lacks the stabilizing interactions contributed by the remaining
parts of intact CD4 (Figure 1).

Interestingly, the introduction of a disulfide bridge between C23
and C63 in CD4-M2 re-establishes the rigidity present in the
CD4—-gp120 complex. This is evident from the conformational
stability shown in Figure 5A and the per-residue fluctuations
shown in Figure 5B. In both types of analysis, the cyclic peptide
CD4-M2 is significantly more stable than the linear peptide
CD4-M1, with a conformational stability similar to the respec-
tive region in CD4. The larger flexibility of CD4-M1 also
becomes evident from a visual analysis of the structures over
time (Figure 6). Regions of enhanced fluctuation comprise the
CC’-loop, both termini, and the C-terminal stretch containing
two short 3¢-helices (Figure 5B and Figure 6A). Hence, it
appears that the introduction of a disulfide bridge between the
N- and C-terminus in CD4-M2 stabilizes not only the termini
but also other flexible regions of the peptide, suggesting a
global stabilization of the peptide (Figure 6B). The overlays
shown in Figure 6B and Figure 6C again demonstrate that the
conformational rigidity of gp120-bound CD4-M2 is similar to
that of the respective region in CD4.

Another observation from the binding assay was the complete
loss of binding of the triple alanine mutants (F43A, RS8A,
R59A) of CD4-M2 (peptide CD4-M3). Analysis of the interac-
tions formed by these residues over the simulation time shows
that F43 and R59 preserve the stable interactions with gp120

A B
3 1 1 1 ] 1 1 ] 1 1 2 4

1.5F =

= /]
: 1\ AL M ]
\VJ< \\\\/QAV/ y(\l/y%
o M A | P P
0..|.|.|.|.|.|.|.|.|. POl P P P PR P P P P P AP P P P P B P B P T
0 2 4 6 8 10 12 14 16 18 20 KSlQFHWIfNSNQIKILGNQGSEKGPSKLNDRADkSRRSLWDQ
time [ns] —lCc —C —C @-b)-8—

Figure 5: Conformational stability of CD4 mimetic peptides in complex with gp120 during 20 ns of MD simulation. Results are shown in blue (CD4-
M1) and red (CD4-M2), respectively. For comparison, the respective sequence region has also been analysed for the CD4—gp120 complex (black).
(A) Root-mean-square deviation of the peptides and CD4 over simulation time. (B) Root-mean-square fluctuation of individual residues measured for
backbone atoms averaged over time. Residues replaced by cysteine in CD4-M2 are indicated in bold face. Secondary structure elements are

assigned below the plot.
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Figure 6: Structural presentation of peptide motions in the gp120-bound state during the MD simulation. (A) CD4-M1, (B) CD4-M2, (C) respective
sequence stretch of CD4 (the remaining part of CD4 has been omitted for simplicity in this plot). The disulfide bridge that fixes N- and C-termini in
CD4-M2 is represented by yellow sections. Arrows indicate regions in CD4-M1 that show enhanced fluctuation during simulation, namely the N- and
C-termini, the CC’-loop and the stretch between the short 31p-helixes upstream of the C-terminus.

that are present in the gp120-CD4 complex (Figure 1), while
R58 does not significantly contribute to binding in any of the
simulations. The importance of F43 and R59 for peptide
binding also supports the notion that both peptides bind specifi-
cally to the CD4 binding site of gp120.

Conclusion

The binding behaviour of synthetic CD4 mimetic peptides was
shown to be strongly related to their conformational flexibility,
as demonstrated by binding assays in conjunction with molec-
ular-dynamics simulations. These results illustrate the utility of
peptide mimics of protein binding sites as molecular tools to
explore the molecular and structural basis of protein—protein
interactions. Furthermore, this strategy may be potentially
useful for the structure-based design of synthetic protein-
binding-site mimics by improving the conformational stability
of the mimetic peptides, which in turn will increase their
affinity to the complementary protein, and, consequently, their
ability to interfere with the native protein—protein interaction.

Experimental
Peptide synthesis

Peptides were synthesized as C-terminal amides by Fmoc/#-Bu-
based solid-phase synthesis on 100 mg TentaGel S RAM resin
(0.23 mmol/g) by using an automated multiple peptide synthe-
sizer (SYRO from MultiSynTech), as previously described [25].
In a standard coupling cycle, five equiv of Fmoc-amino acid/
N,N’-diisopropylcarbodiimide/N-hydroxybenzotrialzole in
DMF were coupled twice for 60 min, followed by a capping
step using a mixture of acetic anhydride/pyridine/DMF (1:2:3;
30 min). The Fmoc group was removed by using 20% piperi-
dine/DMF (20 min). After completing the sequence, the
N-terminal amino group was acetylated. Peptides were cleaved

from the resin by using Reagent K (TFA/water/phenol/

thioanisole/1,2-ethanedithiol; 82.5:5:5:5:2.5), precipitated in a
cold 1:1 mixture of cyclohexane and tert-butyl methyl ether,
extracted with water, lyophilized twice, and purified by prepara-
tive HPLC (conditions: column: Dr. Maisch Reprosil 100, 250
x 20 mm, flow rate: 9 mL/min, gradient: 35-45% ACN in H,O
(both containing 0.1% TFA) in 40 min and UV detection at
216 nm). Disulfide bridges were formed by oxidizing the
peptides (0.25 mg/mL in 50% ACN in 0.1 M ammonium
acetate, pH 8) at room temperature with slight shaking until free
thiol groups were no longer detectable by Ellman’s reagent.
Oxidized peptides were purified again as described above.
Peptides were characterized by analytical HPLC with online
ESI mass spectrometry detection (LC-MS). Conditions:
column: Phenomenex Kinetex 2.6 uM C18 100 A, 50 x
2.1 mm, flow rate: 0.4 mL/min, gradient: 5-95% ACN in H,O
(both containing 0.05% TFA) in 15 min (see Table 2 for mass
spectrometry data).

Binding assays

Direct ELISA (Figure 3): The following buffers were used:
Coupling buffer: 0.01 M KCI; blocking buffer: 5% BSA in
0.1 M phosphate buffer pH 7.2; sample buffer: 0.1% BSA and
0.01% Tween 20 in 0.1 M phosphate buffer pH 7.2; washing
buffer: phosphate buffer pH 7.2 containing 0.01% Tween 20.
Antibody buffer: Phosphate buffer pH 7.2 containing 1% BSA
and 0.1% Tween 20. The wells of 96-well Ni-Chelate plates
from Thermo Scientific were coated overnight at 4 °C with
peptide solution (100 pL, 4 pM in coupling buffer). After
unspecific binding had been blocked with a blocking buffer (1 h
at room temperature, gentle agitation), the plates were washed
twice. Plates were then incubated for 2 h with 100 pL/well
gp120(11IB) from ImmunoDiagnostics at 0.25 pg/mL (Figure 3,
left), or in serial dilutions starting at 2 pg/mL (Figure 3, right)
in sample buffer, and washed four times. Following incubation

1863



Table 2: ESl-mass spectrometry data of peptides.
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Peptide Maalc [M+2H2*  [M+3HP*  [M+4H*  [M+5HSY  [M+6H®"  [M+7H""  [M+8HJ®*
CD4-M1 5977.72 1494.9 1196.0 996.8 854.3 748.1
CD4-M2 5979.83 1495.9 1197.4 997.7 855.3 748.6
CD4-M3 5733.51 14335 1147.1 956.2

CD4-M4 2550.0 1275.7 851.0 638.3 510.8

CD4-M5 2896.4 1448.4 966.1 725.1 580.2

CD4-M6 2707.14 1354.6 903.4 677.8 542.9

CD4-M7 2896.4 1448.6 966.3 725.1 580.4

with 100 pL/well sheep-anti-HIV-1-gp120 (D7324) from Aalto
Bio Reagents (1:5000 in antibody buffer) for 1 h at room
temperature, plates were washed four times with washing
buffer, incubated for 1 h at room temperature with 100 pL/well
rabbit-anti-sheep-IgG peroxidase conjugate from Dianova
(diluted 1:5000 with antibody buffer), and washed four times
with washing buffer. Plates were developed with 100 pL/well
substrate solution (1 mg/mL OPD in 0.03% H,0,/H,0) in the
dark (approx. 20 min), and the reaction was stopped by add-
ition of 2 M sulfuric acid (50 pL/well). Absorbances (4) were
read at 492 nm by using a multichannel photometer (Infinite
F200 from Tecan).

Relative Affinities (4;) were calculated according to the
following formula:

Ar= (Apeptide — Aplank) / (A1~ Aplank)

in which 4 is the absorbance of a well coated with CD4-M1,
and Apjank 18 the absorbance of a well without any peptide.

Enhancement Assay (Figure 4): The following buffers were
used: Coating buffer: 0.1 M Na,COs3, pH 9.5; blocking buffer:
1% BSA in 0.1 M phosphate buffer pH 7.2; sample buffer:
0.1% BSA and 0.01% Tween 20 in 0.1 M phosphate buffer
pH 7.2; washing buffer: phosphate buffer pH 7.2 containing
0.01% Tween 20. The wells of 96-well Immulon 2HB plates
from Thermo Labsystems were coated overnight at 4 °C with
100 pL mADb X5 (0.25 pg/mL in coating buffer). After unspe-
cific binding had been blocked with blocking buffer (1 h at
room temperature), the plates were washed twice. CD4-M5
(50 puL, 60 pM) or sCD4 from SinoBiologicals (50 pL,
0.4 pg/mL) was pre-incubated with gp120(MN) from Immune
Technology (50 pL, 0.5 pg/mL) for 10 min. Then the pre-incu-
bated mixture of gp120(MN) with CD4-M5 or sCD4 was added
to the X5-coated plate, incubated for 2 h, washed four times,
and developed as described above. Absorbances (4) were read

at 492 nm, and corrected for the respective blanks (wells

without X5). All binding assays were performed at least twice,

each time in duplicate.

MD simulation

Computational analysis included modelling of peptide—gp120
complexes followed by molecular dynamics simulation to study
the stability and dynamics of the respective complexes. Three
gp120-complexes were investigated: gp120 in complex with
CD4-M1 and CD4-M2, as well as with CD4. All protein struc-
tures were derived from the crystal structure [3], which was
treated as explained in the following. First, the gp120-CD4 part
was extracted and the nonresolved V4 loop of gp120 was added
by using SwissModel [26]. Shortened loops V1, V2 and V3 of
gp120 were treated according to the crystal structure. This
procedure yielded the setup structure for the full length
CD4-gp120 complex, from which all CD4 residues except
22—-64 were deleted to obtain the starting structure for the linear
peptide CD4-M1. To obtain the complex for CD4-M2, muta-
tions of S23C and D63C and the connecting disulfide bridge
were additionally introduced by using Sybyl 7.3 [27]. Final
system preparation and MD simulation were carried out
according to standard approaches [22,28] by using the software
package AMBER [29-31] with the ff99SB force field [32].
Following neutralization with an appropriate number of chlo-
ride ions, each protein complex was placed in a standard TIP3P
water box [33] with at least 12 A space to the box boundaries.
Energy minimization, heating and equilibration were carried out
as explained previously [22]. Subsequently, all complexes were
subjected to 100 ns simulation at 310 K with boundary condi-
tions and a 2 fs time step by using SHAKE [34]. Analysis was
based on a total of 1000 structures taken from the final 20 ns of
the MD simulation at an interval of 20 ps.
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Cryptophycins are cytotoxic natural products that exhibit considerable activities even against multi-drug-resistant tumor cell lines.

As fluorinated pharmaceuticals have become more and more important during the past decades, fluorine-functionalized crypto-

phycins were synthesized and evaluated in cell-based cytotoxicity assays. The unit A trifluoromethyl-modified cryptophycin proved

to be highly active against KB-3-1 cells and exhibited an ICs value in the low picomolar range. However, the replacement of the

3-chloro-4-methoxyphenyl-substituent in unit B by a pentafluorophenyl moiety resulted in a significant loss of activity.

Introduction

Cryptophycins form a class of cytotoxic sixteen-membered
macrocyclic depsipeptides. Cryptophycin-1 (1) was isolated for
the first time in 1990 from cyanobacteria Nostoc sp.
ATCC 53789 [1] (Figure 1). Moore et al. isolated cryptophycin-
1 from the related Nostoc strain GSV 224, investigated the
stereochemistry, and described the cytotoxicity [2]. At the same
time Kobayashi et al. succeeded in a full structural analysis and
described the first total synthesis of another member of the
cryptophycin family [3,4]. Twenty-eight naturally occurring
cryptophycins have been isolated up to this day [5-7], while
numerous synthetic analogues have been synthesized in the

frame of structure—activity-relationship studies [8,9]. Crypto-

unit A

unit C
R'=H: cryptophycin-1 (1)
R" = Me: cryptophycin-52 (2)

Figure 1: Structures of cryptophycin-1 (1) and -52 (2).
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phycins display remarkable biological activity against multi-
drug-resistant (MDR) tumor cells. Such tumor cells express a
P-glycoprotein, a drug efflux pump that transports xenobiotics
out of the cell. A synthetic analogue, cryptohycin-52 (2,
LY355703), has been investigated in clinical trials. However,
this development was discontinued because of neurotoxic side
effects and lacking efficacy in vivo [10,11].

Fluorinated drugs are gaining increasing importance, and
currently about 20% of all pharmaceuticals on the world market
contain fluorine substituents [12,13]. Fluorination is supposed
to enhance bioavailability and receptor selectivity. The van der
Waals-radius of a fluorine substituent (1.47 A) lies between the
value of a hydrogen substituent (1.20 A) and an oxygen
substituent (1.52 A). However, despite this similarity in size, a
fluorine substituent exerts considerable electronic effects due to
the high electronegativity. A trifluoromethyl substituted
analogue of epothilone, another important tubulin-binding cyto-
toxic drug, was shown to retain the cytotoxic activity of the
parent compound. At the same time nonspecific side effects due
to oxidative degradation were prevented by the introduction of
the CF3 group [14,15]. Likewise, partially fluorinated taxoids,
analogues of paclitaxel and docetaxel, displayed biological
activity even exceeding that of the parent nonfluorinated com-
pounds [16]. The interesting biological profile of fluorinated
cytotoxic agents prompted us to synthesize partially fluorinated

analogues of cryptophycins.

The depsipeptidic character of the cryptophycins suggests four
different fragments to be assembled in the total synthesis,
named unit A-D (Figure 1). Unit A is an a,B-unsaturated
d-hydroxy acid that usually also contains a benzylic epoxide or
a benzylic double bond. Unit B represents a chlorinated
O-methyl-D-tyrosine derivative, while unit C is a p2-amino
acid, usually p2-homoalanine. Finally, unit D is leucic acid, the
hydroxy analogue of leucine. Numerous synthetic analogues
have been obtained in the frame of structure—activity-relation-
ship studies (SAR-studies), as reviewed in [17,18].

o™ 7
R

R=H (3)

R = CH (4)

Figure 2: Fluorinated derivatives of cryptophycin-1 and -52 [20-22].
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Unit A para-alkoxymethyl derivatives of cryptophycin-52 have
been synthesized and were shown to retain cytotoxicity even
against MDR tumor cell lines [19]. The introduction of a fluo-
rine substituent in the same position also provides a cytotoxic
analogue, albeit with decreased biological activity by a factor of
58]

In unit B the chlorine and the methoxy substituents at the
D-tyrosine residue were crucial for high antimitotic activity
[17,18]. Moore et al. patented the synthesis of fluorinated
analogues of cryptophycin-1 and cryptophycin-52 [20]. In
particular, derivative 3 was shown to retain biological activity
(IC59 = 39 pM) and was active against the tumor cell
line KB-3-1 [21] (Figure 2). The chlorohydrin derived from 4
that also contained a fluorine substituent in the para-position of
the unit A phenyl ring was patented as a promising candidate
[22].

In the frame of our on-going SAR studies on cryptophycins
[19,23-30], we envisaged the synthesis of analogues of crypto-
phycin-52 with a para-trifluoromethyl substituent at the unit A
aryl ring. In addition, we targeted the replacement of the unit B
by a D-pentafluorophenylalanine residue.

Results and Discussion
Cryptophycin-52 with a para-trifluoromethyl

substituted unit A

The synthesis of the para-trifluoromethyl substituted unit A
started with a modified Knoevenagel condensation [23,31]. The
required aldehyde 9 was obtained by DIBAL-H reduction of the
corresponding methyl ester 8 and was found to decompose upon
chromatographic purification (Scheme 1). However, it can
usually be employed in the Knoevenagel condensation without
purification. Reaction of 9 with malonic acid in the presence of
piperidine/acetic acid gave the B,y-unsaturated carboxylic acid
10. The latter compound was transformed into the methyl ester
by treatment with SOCI, in methanol. The resulting ester 11
could then be directly employed without purification in the

R=H (5)
R = CI (6)
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3*“

16 (71% for 2 steps)

Scheme 1: Access to the trifluoromethyl substituted unit A-building block 16. Reagents and conditions: (a) SOCly, MeOH, 0 °C — rt, 16 h; (b)
DIBAL-H, CH,Cly, =78 °C, 3.5 h; (c) malonic acid, piperidine, AcOH, DMSO, 65 °C, 1.5 h; (d) SOCl,, MeOH, 0 °C — rt, 1 h; (e) K,COs3,
K»0s04:2H,0, K3[Fe(CN)g], (DHQD),-PHAL, CH3SO,NH,, -BuOH/H,0, 0 °C, 42 h; (f) LDA, Mel, THF, -78 °C, 3 d; (g) (CH3)2C(OCHg3),, MeOH,
Amberlyst-15®, rt, 8 d; (h) DIBAL-H, CH,Cl,, =78 °C, 4.5 h; (i) AllylSnBus, MgBry-Et,0, CH,Cly, =78 °C, 15 h.

asymmetric dihydroxylation with osmium tetroxide and
(DHQD),PHAL, in close analogy to a previously published
procedure [23]. The initially formed vicinal diol cyclizes under
the reaction conditions to give lactone 12 in enantiomerically
pure form (chiral HPLC: Chiralpak OD®). Deprotonation of 12
with 2.5 equiv of LDA, followed by treatment with
iodomethane furnished the a-methyl substituted lactone 13.
Treatment of this compound with acetone dimethyl acetal in
methanol in the presence of an acidic ion exchanger resulted in
acetonide protection of the vicinal diol, accompanied by methyl
ester formation. The methyl ester 14 was subsequently reduced
with DIBAL-H to give the aldehyde 15. In order to avoid
epimerisation, this aldehyde was not purified, but filtered
through Celite only and then reacted with allyl-tri-n-butyltin to
give the homoallyl alcohol 16. The magnesium bromide diethyl
etherate mediated allylation proceeded under substrate control
and with complete diastereoselectivity [23,32].

Cross-metathesis of homoallyl alcohol 16 with the unit B
derived acrylamide 17 provided the o,B-unsaturated 3-hydroxy
carboxamide 18 (Scheme 2). In order to bring about complete
metathesis of 16, the acrylamide 17 had to be employed in 1.2-
fold excess, which resulted in a contamination of the cross-
metathesis product 18 with minor amounts of the homo-
coupling product 23. The latter could not be separated by flash
chromatography on this stage, but did not interfere with the

subsequent Yamaguchi esterification of 18 with the unit C-D
segment 19 and was removed on this stage [33]. Fmoc cleavage
of the seco-depsipeptide 20 liberated the free amino group of
unit C, which under the reaction conditions displaced the
trichloroethylester of unit B resulting in macrocyclization
according to Moher et al. [34]. In the final steps the dioxolane
ring of 21 was cleaved with trifluoroacetic acid in the presence
of water. The resulting vicinal diol was not purified, but reacted
with a large excess of trimethyl orthoformate. The cyclic
orthoester resulting from this transformation was directly
subjected to reaction with acetyl bromide to form a bromohy-
drin formate. This was then treated with a potassium carbonate/
ethylene glycol/dimethoxyethane-emulsion to bring about
cleavage of the formyl ester accompanied by epoxide forma-
tion as previously described by us [19]. The trifluoromethyl
substituted cryptohycin-52 analogue 22 was obtained in a yield
of 39% over the final four steps. It was purified by column
chromatography, followed by lyophilization.

Cryptophycin-52 with D-pentafluorophenyl-
alanine as unit B

The N-acryloyl derivative 26 of D-pentafluorophenylalanine
was obtained by carbodiimide esterification of commercially
available Boc-D-pentafluorophenylalanine (24) with
trichloroethanol, followed by cleavage of Boc and reaction with

acryloylchloride in the presence of base [19] (Scheme 3).
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Scheme 2: Assembly of units A-D and macrocyclization, followed by diol-epoxide transformation to give the trifluoromethyl substituted analogue 22 of
cryptophycin-52. Reagents and conditions: (a) Grubbs Il catalyst, CH2Cly, reflux, 16 h; (b) 19, DMAP, NEts, 2,4,6-trichlorobenzoylchloride, THF, 0 °C,

1 h; (c) piperidine, DMF, rt, 16 h; (d) TFA, CHxCly, H20, 0 °C, 3 h; (e) (CH30)3CH, PPTS, CH2Cly, rt, 2 h; (f) AcBr, CHxCly, rt, 4 h; (g) K.CO3, DME,
ethylene glycol, rt, 3 min.

o) OY\
CIY\OJKE/NHF

b
) cl ¢l

o OYO 0 OYO
HOJYNHFK CIYOJMHFK

Cl

25 26

Scheme 3: Synthesis of the pentafluorophenylalanine building block 26. Reagents and conditions: (a) pyridine, trichloroethanol, DCC, CH,Cly, 0 °C,
20 h; (b) 1. TFA, rt, 2 h; 2. NEt3, acryloylchloride, CH2Cly, 0 °C, 7 h.
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The cryptophycin analogue with D-pentafluorophenylalanine as
unit B was synthesized by the same convergent route as
described for derivative 22. Homoallyl alcohol 27 [23] was
reacted with the D-pentafluorophenylalanine derivative 26 in a
cross-metathesis reaction in the presence of Grubbs II catalyst
(Scheme 4). The resulting a,B-unsaturated 6-hydroxy carbox-
amide 28, representing units A and B was then esterified with
19 under Yamaguchi conditions with 2,4,6-trichloroben-
zoylchloride and triethylamine in the presence of catalytic
amounts of DMAP. Macrocyclization was brought about by
cleavage of the Fmoc protecting group from the unit C amino
group, which concomitantly displaced the trichloroethylester at
unit B to result in the macrocyclic product 30 [34]. Cleavage of
the dioxolane liberated the vicinal diol, which was then
subjected to the final diol-epoxide transformation to provide the
cryptophycin-52 analogue 31 in a yield of 14% over the final
four steps.

The biological activities of the fluorine-functionalized crypto-

phycin analogues were determined in a resazurin assay with the

R F
0
/\Hﬁ "‘“‘“‘Qﬁl:
0 : o;\o FoF
N

CCly

27 26

O
MO RF
@ Qo 0 HNI\»—QF
0”0 F F

b) (@) O
0
O%><\NHFmockCCI3
29
d-g)

31 (14% for 4 steps)
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Table 1: Cytotoxicity of the fluorinated cryptophycins 22 and 31 in
comparison to cryptophycin-52 (2).

ICs0 [pPM] ICs0 [NM] E

(KB-3-1) (KB-V1) R
2 15.5 0.26 16.7
22 66.0 10.1 153
31 2970 98.4 33

tumor cell line KB-3-1 and its MDR correlate KB-V1. The ICs
values of the fluorinated cryptophycins 22 and 31 were
compared to cryptophycin-52 in Table 1 [17]. While the cyto-
toxicity of the unit A-modified analogue 22 against the tumor
cell line KB-3-1 was only by about a factor of 4 decreased
compared to cryptophycin-52, the pentafluorophenylalanine-
containing derivative 31 was much less active. A significant
loss in activity of both analogues against the MDR cell line
KB-V1 was observed. The degree of activity against MDR

tumor cells can be described by the resistance factor Fg, which

a) OH HN_ o F
43% anN
0o
8 CiC
o
~_0 R _F
. Y T T e
83% )\j[ l\
° o WY F F

Scheme 4: Convergent synthesis of the pentafluorinated cryptophycin 31. Reagents and conditions: (a) Grubbs Il catalyst, CH,Cl,, reflux, 16 h; (b)
19, DMAP, NEts, 2,4,6-trichlorobenzoylchloride, THF, 0 °C, 1 h; (c) piperidine, DMF, rt, 16 h; (d) TFA, CH,Cl,, H20, 0 °C, 3 h; (e) (CH30)3CH, PPTS,
CHyCly, rt, 2 h; (f) AcBr, CH,Cly, rt, 4 h; (g) KoCO3, DME, ethylene glycol, rt, 3 min.
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is defined as the ratio of the ICsq value for the MDR cell line
and the value for the nonresistant cell line. A high Fr means a
high loss of activity due to the cellular resistance mechanisms.
Analogue 22 exhibited a high Fg value whereas compound 31
showed a lower loss of activity.

Conclusion

The synthesis of selectively fluorinated cryptophycin-52
analogues succeeded and both target compounds could be
obtained. The two analogues were less active, both against the
tumor cell line KB-3-1 and its MDR subclone KB-V1. This fact
was quite surprising because the fluorinated cryptophycins were
expected to display higher lipophilicity compared to the parent
compound cryptophycin-52 and, therefore, exhibit equal or
even higher activities. In contrast, more amphiphilic or polar
compounds are usually good substrates for the P-glycoprotein
efflux pump resulting in a decreased bioactivity.

Supporting Information

Supporting Information File 1

Full experimental procedures and detailed analytical data
for the synthesis of all compounds.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-8-231-S1.pdf]
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Phallotoxins inhibit the dynamics of microfilaments in cells and lead to apoptosis. Due to poor cellular uptake these effects cannot
be studied in live cells, even at millimolar toxin concentrations, nor can phalloidin be used for the elimination of tumor cells.
Uptake is greatly enhanced by conjugation of phallotoxins to either lipophilic or polycationic moieties, such as oleic acid, polyly-
sine, or Tat-peptide. These conjugates were lethally toxic for cells, e.g., mouse fibroblasts or Jurkat leukemia cells, in the micro-
molar range. Uptake into cells starts with the attachment of the toxin conjugates to the plasma membrane, followed by endocytosis
and, in most cases, cleavage of the toxin from the carrier. Interestingly, the internalization rate of phalloidin into cells was also
significantly increased by the fluorescent moiety tetramethylrhodaminyl, as well as by high molecular weight methoxy-polyethyl-
eneglycol, two compounds unknown so far for their uptake-mediating activity. Conjugation to carriers as investigated in this work
will allow the use of phallotoxins in experimental cell biology and possibly in tumor therapy. The findings obtained with phallo-
toxins could be applied also to the family of amatoxins, where a-amanitin, for example, when conjugated to oleic acid was more
than 100-fold more toxic for cells than the native toxin. This suggests the possibility of a more general use of the moieties exam-

ined here to enhance the uptake of hydrophilic peptides, or drugs, into live cells.

Introduction
Phallotoxins and amatoxins, the two families of toxic cyclopep-  structure, the two peptide families have totally different cellular

tides produced by the green death cap Amanita phalloides, have  targets. Phallotoxins, such as phalloidin, bind to polymeric

been the subject of intense biochemical research for decades

[1]. Although produced by the same mushroom and of similar

actin, thus stabilizing microfilaments and decreasing the amount

of monomeric actin in equilibrium with the filaments. This
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interaction is in the nanomolar range and highly specific: no
other targets for phalloidin in the cell are known. Amatoxins,
such as the main toxin o-amanitin, bind to RNA-polymerases 11
of eukaryotic cells, thus inhibiting the transcription process at
nanomolar concentrations. Also this interaction is specific,
since RNA-polymerases I are not inhibited at all, whereas
RNA-polymerases III are inhibited at amanitin concentrations
ca. 1000 times higher than for RNA-polymerases II [2,3]. The
fact that both the cytoskeleton and the eukaryotic transcription
machine are complex structures and still under investigation,
may explain the continuing interest in these two kinds of
specific inhibitors.

Phalloidin has been used to study actin dynamics in vitro [1],
and in microscopic studies after microinjection into single cells
[4]. Beside such experiments phalloidin conjugated to fluores-
cent moieties is widely used for visualizing filamentous actin in
fixed cells [5,6]. In all these applications, cell-free systems were
used, allowing direct access of phallodin to its target. Similarly,
o-amanitin was mainly used with isolated nuclei or the solubi-
lized enzyme, as recently reported for stabilizing yeast RNA-
polymerase Il in an X-ray analysis [7].

For both phallotoxins and amatoxins, experience with live cells
is limited by the fact that the peptides cross the plasma
membrane barrier only very slowly. Poor uptake rates of phallo-
toxins and amatoxins have been observed for most mammalian
cells. Mammalian hepatocytes are an exception: they display
transporting proteins on their sinusoidal surface (such as
OATP1B1 and OATP1B3 of human hepatocytes [8-10]), which
internalize phallotoxins and amatoxins. It is through the pres-
ence of the transporting protein OATP1B3 on human hepato-
cytes, for example, that amatoxins are feared as liver toxins
causing the majority of fatal human mushroom poisonings
worldwide.

The aim of this study was to explore known lipophilic and poly-
cationic internalization-mediating moieties for their applicabil-
ity with phallotoxins and amatoxins, and to find novel internal-
ization-mediating moieties and investigate the potential of their
conjugates with toxins as specific inhibitors in cultured cells.
The internalization-mediating moieties used in this study were
either lipophilic in nature (such as oleic acid), or multicationic
(such as polylysine and octarginine): two features applying also

to so-called membrane-transducing peptides [11,12].

Results

Preparation of phallotoxin derivatives
Attachment sites in phalloidin (Figure 1) for conjugation with
uptake-mediating moieties were chosen based on our knowl-

edge of structure—activity relationships in phalloidin [1]: As the

Beilstein J. Org. Chem. 2012, 8, 2072-2084.

side chains in the small heterodet peptide ring are known to be
involved in actin binding they were not used for derivatization.
In the larger peptide ring, on the other hand, the dihydroxylated
leucine moiety is juxtaposed to the actin binding site and thus
appeared as most promising for derivatization. Accordingly, all
residues investigated in this study were attached to the Cd-atom
of the dihydroxylated leucine moiety, either as esters or amides
(Table 1). Large residues, which might disturb the interaction of
a phalloidin derivative with actin through steric hindrance, were
coupled via disulfide-containing linkers, which would be
reduced inside the cell so as to release a defined thiol derivative
of phalloidin (Table 1).

CHs,
|
H3C—C|H—CO—NH—C|H—CO—NH—C|H—CH2—(|)—CH2—R
H'l\l HoC CcO OH
|
oc s/ NH
HZIC N |
N-CO-CH H HE-CH,
HO HN—CO~CH—NH~CO
HO-CH
CHs

Figure 1: Chemical structure of phalloidin with the attachment site (R)
used for conjugation to uptake-mediating moieties.

Actin binding

All phalloidin derivatives were tested for their affinity to
muscle actin (o-actin), which is used as a model for B-actin
present in nonmuscle cells. This parameter was important, since
cytotoxicity depends not only on membrane permeability but
also on actin affinity. Moreover, this parameter will hint on
whether phalloidin was cleaved from its carrier inside the cell,
in cases where low actin affinity of a phalloidin derivative was
combined with high cytotoxicity. Relative affinity values of the
phalloidin derivatives to muscle actin are shown in Table 1.

Growth inhibition of mouse fibroblasts

By using the MTT cell proliferation assay, each phalloidin
conjugate was examined for its capacity to inhibit the growth of
mouse fibroblasts in vitro after 72 h incubation time (Table 1).
Phalloidin displayed no antiproliferative activity up to a concen-
tration of 1073 M in the culture medium. In contrast, the most
lipophilic ester derivative, phalloidin oleate (1e), showed an
ICs value of proliferation inhibition of 2.5 x 107% M, and was
thus ca. 1000 times more active than phalloidin. Other esters
(1a—-1d) exhibited increasing cytotoxic activities with increasing
hydrophobicity (Figure 2). In order to examine a possible rela-
tionship between cytotoxicity and hydrophobicity we deter-
mined the octanol/water equilibrium distribution coefficient of

the ester derivatives (log Py values) and found a linear rela-

2073



Beilstein J. Org. Chem. 2012, 8, 2072-2084.

Table 1: Structures of phalloidin derivatives, their relative affinity values for a-actin as compared to phalloidin and their IC5q values of cell growth inhi-

bition after incubation for 72 h as determined by MTT cell proliferation assay (n.a.: not assayed).

Relative IC,\?IOHVgI.;.":,? S ICs values
R Name/designation affinity to fibroblasts Jurkat cells
a-actin [%] [UM] [uM]
1 OH phalloidin 100 ca. 1,000 ca. 1,000
1a OCOCgHs5 (1)-benzoate 76 92 94
1b  OCOCgH40-OH (1)-salicylate 81 364 96
1c  OCOC7Hqs5 (1)-octanoate 12 44 37
1d OCOCq3Hy7 (1)-myristate 7 11 9
1e  OCO(CH3)7CHCH(CH3)7CH3 (1)-oleate 4 3 2
2 NH, aminophalloidin 2 ca. 1,000 ca. 1,000
2a NHCOCgHs5 N-benzoyl-(2) 74 693 599
2b  NHCO(CHy)7CHCH(CH5)7CH3 N-oleoyl-(2) 5 883 630
NHCO(CH3)>SS(Ac)CysGlyTyrGly- . .
2c -Arg(Lys)a(Arg),Glu(Arg)s0H (2)-Tat-peptide 3 4 3
2d  NHCO(CH;)2SS(Ac)CysGly(Arg)gOH  (2)-octarginine 2 11 7
(2)-poly-(L)-lysinezs 0o 40 5 4
2 NHCO(CH2)sCONH(L: '
€ (CH2)e (Lys)z1o (2)-poly-(D)-lysinezs 000 38 54 37
(2)-(SS) poly-(L)-lysinesg ooo 39 3 2
2f  NHCO(CH3)2SS(CH3)2,CONH(L ’
(CH2)2SS(CH22CONR(LYS)210 51 (55) poly-(D)-lysinezs oc0 39 4 2
2g NH(CH32)2SS(CH3)2,CONH(PEG)s00 (2)-(SS) PEGgno 8 167 98
2h  NH(CH2)2SS(CH2)2CONH(PEG)5200  (2)-(SS) PEGs 200 4 77 50
2i  NH(CH32)2SS(CH2)2CONH(PEG)23. 000  (2)-(SS) PEG23,000 1 10 10
2f
+DTT NH(CH2),SH N-(2-mercaptoethyl)-(2)-SH 37 n.a. n.a.
3 for structure see Figure 6a dithiolanoaminophalloidin 25 11 n.a

TRITC labeled

tionship between log P, and ICs( values of cellular cytotoxic- amide 2b possess comparable affinities to actin (Table 1), but
differ in their ICsg values by a factor of ca. 300. The effect is

presumably a consequence of the faster hydrolysis of esters

ity (Figure 3). The ester derivatives of phalloidin are probably
hydrolyzed inside the cell, e.g., by esterases or proteases, as

suggested by the fact that the ester 1e and the corresponding over amides by intracellular hydrolases.

oo w
|I: 80 -
s
> —o— phalloidin oleate
£ 60
<] —@— phalloidin myristate
© ]
% 40 - ~® phalloidin octanoate
)
1 —®— phalloidin benzoate
201 o phalloidin salicylate
phalloidin
0 TorTTTTaT TorTTTTaT TorTTTTaT T
0.01 0.1 1 10 100 1000 10000

Toxin concentration [uM]

Figure 2: Cytotoxicity of phalloidin derivatives. NIH 3T3 mouse fibroblasts were incubated with various concentrations of phalloidin and phalloidin
derivatives. Cell viability was determined after 72 h incubation time by MTT assay.
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Figure 3: n-Octanol/water distribution coefficients (log Poy) of the
hydrophobic phalloidin derivatives of Figure 2 plotted versus cell toxi-
city (log (1/ICs0) in NIH 3T3 mouse fibroblasts.
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Polycationic derivatives of phalloidin, such as the polylysine
conjugates, were highly toxic for mouse fibroblasts, and their
antiproliferative activity was comparable to the most lipophilic
derivative, phalloidin oleate (Figure 4a). Their toxicity was
found to be dependent on the configuration of the polymer,
since phalloidin bound to D-configurated polylysine was about
10 times less toxic than when bound to poly-(L)-lysine. This
suggests that the release of a toxic phalloidin species inside the
cell includes the enzymatic breakdown of the carrier. In agree-
ment with this we found no difference between the L-configu-
rated and the D-configurated carrier when the linker contained a
disulfide bridge, arguing for the presence of a disulfide-
reducing compartment inside the cells.

Likewise, high cytotoxicity was found for the octarginine
conjugate (Figure 4a). From the fact that the cytotoxic activi-
ties of the polylysine derivative (ca. 150 residues) and the
oligoarginine derivative (8 residues) are comparable, we argue
that arginine residues are more effective in mediating internal-

ization of phalloidin than are lysine residues.

10 100 1000 10000

a
100+
—_ 80
-
'—
£
> 60+
x
e}
8
s 40
2 —@— phalloidin poly-(L)-lysine
—@— phalloidin Argg
201 o phalloidin poly-(D)-lysine
1 @ phalloidin
04
0.01 0.1 1
b
100+
— 80
-
= .
£
> 60
=
‘s 4
; 40- —@— Tat phalloidin
2 | —@— phalloidin PEG 22,600
—@— phalloidin PEG 5,200
201 o phalloidin PEG 800
) phalloidin
0
0.01 0.1 1

10 100 1000 10000

Toxin concentration [uM]

Figure 4: (a) and (b): NIH 3T3 mouse fibroblasts were incubated with various concentrations of phalloidin and phalloidin derivatives. Cell viability was

determined after 72 h incubation time by MTT assay.
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For phalloidin bound to methoxy-polyethylene-glycol we found
that cytotoxicity strictly depended on the molecular weight of
the polymer chain (Figure 4b). Most active was the conjugate
with the longest chain (M, = 22,600). Cytotoxicity fell strik-
ingly when the polymer chain was shortened (Table 1).

Coupling to Tat-peptide was also very effective in enhancing
the cytotoxicity of phalloidin (Figure 4b), while the phalloidin
conjugate with the Kaposi protein fragment (likewise claimed to
enhance membrane permeability) was much less effective (data
not shown).

Beside mouse fibroblasts, we investigated the phalloidin deriva-
tives in several human leukemia and lymphoma cell lines, in
order to find possible specificities for one or the other kind of
tumor cell. However, Jurkat cells (Table 1) and all other cell
lines tested (K562 cells, HL-60 cells, and Daudi cells) showed
sensitivities comparable to mouse fibroblasts (see Supporting
Information File 1).

Uptake kinetics

Since the toxic effects of phalloidin develop slowly, growth
inhibition was measured only after 72 h. During this period
several partial processes must occur such as binding to the
plasma membrane, internalization, processing and toxin release,
etc., which cannot be distinguished. However, replacement of
the toxin medium by toxin-free medium after various times of
incubation would provide information on the time required for
each of the toxin derivatives to bind to the cell surface. We
compared the three most effective phalloidin conjugates, phal-
loidin oleate (1e), phalloidin-Tat conjugate (2¢), and phalloidin
polylysine (2e) (Figure 5) and found that the exposure times

Beilstein J. Org. Chem. 2012, 8, 2072-2084.

necessary to achieve, e.g., a 50% growth inhibition by a given
toxin concentration after 72 h indeed varied considerably, from
2 h to 24 h. The results show that the polycationic derivative
was bound much more rapidly than the lipophilic conjugate.

A fluorescent residue that enhances uptake of phal-
loidin into cells

Tetramethylrhodaminyl-phalloidin (Figure 6a) has been used to
visualize actin fibers in fixed cells for 30 years. Here we show
that the rhodamine residue also strongly enhanced cellular
uptake, making this phalloidin derivative a tool for cell biology.
With an ICsq value of 11 uM its toxicity is comparable to those
of the most toxic phalloidin derivatives, phalloidin oleate (1e)
and phalloidin-poly-(L)-lysine (2e). More importantly,
rhodaminyl-phalloidin seems not to be cleaved inside the cell
and, through its fluorescence, can report on the structure of its
target protein, the actin filaments, albeit under toxic conditions.

Using rhodamine-labeled phalloidin, we could also study how
membrane-permeable peptides are incorporated into the cell.
Immediately after exposure the toxin was located on the plasma
membrane of the cells as shown by fluorescence microscopy
(Figure 6¢), while after 6 h increasing amounts of the toxin
were found in endocytotic vesicles. After 24 h most of the
rhodamine-labeled toxin was still in endosomes, while some
of it had found its target, as concluded from the decoration of

filaments.

Phalloidin causes apoptosis of cells
Under the microscope, cells treated with membrane-permeable
phalloidin derivatives appeared shrunken and developed blebs,

as described for cells undergoing apoptosis. Treatment with

1074 TS
1073

107

3107

concentration [M]

IC

—@- phalloidin poly-(L)-lysine E
—@- aminophalloidin Tat-peptide [

—®- phalloidin oleate

107 ———r
0.1 1

10 100

Time [h]

Figure 5: Time course of uptake in NIH 3T3 cells of three phalloidin derivatives as measured by the cytotoxicity after 72 h incubation during which the

toxins were washed off after various exposure times.
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Figure 6: (a) Chemical structure of tetramethylrhodaminyl-phalloidin (3). (b) Growth inhibition of NIH 3T3 mouse fibroblasts by tetramethylrhodaminyl-
phalloidin (3) versus phalloidin (1) after 72 h incubation time. (c) Binding and uptake of tetramethylrhodaminyl-phalloidin (3) in NIH 3T3 mouse fibro-

blasts after 1, 6 and 24 h, as documented by fluorescence microscopy.

annexin followed by flow cytometric analysis showed a fluores-
cence distribution typical for apoptosis and similar to that
induced by camptothecin. Cells treated with native phalloidin
were indistinguishable from controls [13].

Growth inhibition by amatoxin derivatives

Unlike the phallotoxins, the natural amatoxins are toxic in cell
cultures, exhibiting ICs( values around 10~® M. As amatoxins
are more hydrophilic than phallotoxins, it seems unlikely that
their membrane permeation capacity is larger than that of phal-
lotoxins. The more likely explanation is that for amatoxins the
threshold concentration lethal for cells is much lower than for

phallotoxins (see Discussion).

Two of the internalization-mediating residues investigated in
the phallotoxin series, oleic acid and polylysine, were also
tested for their uptake capacity in the amatoxin series. Struc-
ture—activity studies had shown that the primary OH group of
the dihydroxy-isoleucine moiety (Figure 7) is not involved in

RNA polymerase II binding and, hence, may be used for deriva-

tization with oleic acid chloride (Table 2). In order to avoid
concurrent acylation of the 6’-OH of tryptophan, the phenolic
OH was methylated before acetylation. For coupling to polyly-
sine the natural carboxy group of aspartic acid as present in
B-amanitin was used, which after activation as N-hydroxysuc-
cinimide ester reacted with g-amino groups in polylysine. Since

OH

HsC !
e Mg, rs
HN-HC—CO—NH—?H—CO—NH—CHz—(EO
H2C NH

¢o | CH
H CH 4 HC-HC
| OQ? NH o_RZ C|: CHZ_CH3

o
¢Ha I
OC—CH—NH-CO~CH—NH-CO—CH,~NH

H,C-CO-R3

Figure 7: Chemical structure of amanitin with attachment site for
conjugation to internalization-mediating moieties (R, R3).
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Table 2: Structures of amanitin derivatives and IC5( concentrations of growth inhibition in mouse fibroblasts after 72 h incubation time (MTT cell prolif-

eration assay).

R R2
4 OH OH
4a OCO(CH5)7CHCH(CH,)7CH3 OCHj3
5 OH OH
5a OH

OH ‘°’NH(CH2)4—(|3H

5b OH

the polymeric carrier may be broken down inside the cell by
proteases, we investigated both poly-(L)-lysine and poly-(D)-
lysine as carriers, in order to study whether the biological avail-
ability of the amatoxin depended on the configuration of lysine

in the polymeric carrier.

Conjugation of amanitin to oleic acid increased the cytotoxicity
by a factor of 150 (see Table 2). In analogy with the phallo-
toxins, we conclude that the oleic acid ester is hydrolysed inside
the cell. B-Amanitin, when conjugated to poly-(L)-lysine,
became 100-fold more toxic for mouse fibroblasts than the
native toxin, showing ICsg values in the nanomolar range
(Figure 8). As in the phallotoxin series, toxicity of f-amanitin
conjugates depends on the cleavage of the toxin from the poly-

IC50 values NIH 3T3

R3
fibroblasts [nM]
NH» a-amanitin 6,200
NH, a-amanitin oleate 39
OH B-amanitin 1,000
CO(Lys)nOH B-amanitin 10
' poly-(L)-lysine
B-amanitin 18,000

NH(Lys),H poly-(D)-lysine

meric carrier, as shown by the fact that f-amanitin coupled to
the (L)-polymer was 1800 times more toxic than when coupled
to the (D)-polymer (Table 2).

Discussion

Growth inhibition as a parameter of internal-
ization

Phallotoxins as well as amatoxins find their targets inside the
cell. Thus, if growth inhibition by these toxins occurs the toxins
must have penetrated the cell. Moreover, the extent of the toxic
lesions will mirror the amount of toxin that penetrated the cell
and, hence, can be used to estimate the amount of toxin taken
up. Although some of the steps involved in the uptake process
became evident in this study it was not our aim to investigate

amanitin oleate —@—

amanitin —@—

amanitin poly-(L)-lysine —@—

100+

—~ 80+
-
-
£

> 60-
E
o

S 40-
R

20+

e T T T T T
1 10 100 1000 10000

100000

Toxin concentration [nM]

Figure 8: NIH 3T3 mouse fibroblasts were incubated with various concentrations of a-amanitin and amanitin derivatives. Cell viability was determined

after 72 h incubation time by MTT assay.
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details of internalization, but to gather experience with moieties
that may help to overcome the plasma membrane barrier and to

shift hydrophilic peptides into a cell.

Previous experience with internalization-mediating
moieties

Lipid acids have been used by various researchers to enhance
the uptake of peptides and proteins into cells. For example
Honeycutt et al. [14] used palmitic acid to deliver a protease
inhibitor into cells, and Bradley et al. [15] used docosahexanoic
acid to improve the uptake of paclitaxel into tumor cells. For a
review see Wong and Toth [16]. Of particular interest was the
incorporation of anti-sense oligonucleotides into cells by
coupling them to lipophilic ligands as reported by Boutorin et
al. [17], Letsinger et al. [18], and Shea et al. [19].

Polycationic carriers such as polylysine and polyarginine repre-
sent another, and possibly even more effective technique for
delivering drugs into cells. Ryser and Shen [20] reported the
internalization by polylysine of methothrexate and horse radish
peroxidase; Leonetti et al. [21] the internalization of oligonu-
cleotides; and Mulders et al. [22] the internalization of adeno-
virus into cells. A polylysine peptoid derivative was used by
Murphy et al. [23] for “gene delivery”, and Emi et al. [24] used
polyarginine as a carrier for gene transfer.

Protein transduction domains such as Tat-peptide, usually
consisting of 10-30 amino acids, have been used to transport
enzymes, drugs, liposomes and supermagnetic particles into
cells [25-29]. In the meantime it has been shown that nona-argi-
nine is many times more efficient than Tat-peptide, suggesting
that the internalization effect of Tat-peptide is mainly due to its

eight cationic side chains [30].

Attachment to plasma membrane determines the
rate of internalization

Plasma membranes of cells in culture represent a lipophilic
phase in an aqueous medium, and amphiphilic compounds
brought into this system will distribute between the two phases
according to their nature. This process is similar to the distribu-
tion the substance will take between n-octanol and water, an
idea that has been suggested by Palm et al. [31].

Compounds 1a—1e represent a series of phalloidin derivatives
with increasing log P, values. At the same time they represent
a series of phalloidin derivatives with increasing cytotoxic
activity. Since the two parameters are linearly related
(Figure 3), we conclude that the amount of toxin attached to the
membrane determines the extent of the toxic effects observed.
Clearly, this conclusion is valid only under the condition that, as

in our case, all derivatives belong to the same chemical class,
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esters for example, and that processing inside the cell will yield
the same toxic product, here native phalloidin, set free in all

cases.

Attachment to the plasma membrane can also occur by electro-
static forces and, thus, may be behind the internalization effect
observed with polylysine or oligoarginine as well. Plasma
membranes expose numerous negatively charged components
that can attract oligo- or polycationic molecules. As already
pointed out, arginine residues as in 2d are more effective
than lysine residues in 2e, as 120 lysine groups are required
to match the internalization increase caused by eight arginine
residues.

Concerning Tat-peptide, we believe that its eight cationic side
chains interacting with the plasma membrane represent the
more likely explanation for its internalization than other models
proposed in the past.

Finally, tight attachment to the plasma membrane may also
explain why the methoxy-polyethyleneglycol residue mediates
internalization, since polyethyleneglycols are soluble not only
in water but also in diethylether, i.e., can adopt a conformation
capable of anchoring to the phospholipids in the plasma
membrane. Lipophilic interaction of the aromatic part of tetra-
methylrhodamine with the plasma membrane is also thought to
be the main cause of the internalization capacity of this fluores-
cent residue, beside its delocalized cationic charge on the two

nitrogen atoms.

Although proved for a lipophilic phalloidin derivative only, we
postulate that attachment to the plasma membrane also provides
the first step in entering cells for the polycationic and the pegy-
lated toxin derivatives presented in this study.

Internalization and processing

The uptake process following the binding step of the phalloidin
derivative 3 to the plasma membrane was identified as endo-
cytosis. As shown in Figure 6¢, the fluorescent phalloidin is
bound on the plasma membrane of mouse fibroblasts after 1 h,
while after 6 h most of the fluorescent material resides in endo-
cytotic vesicles. This finding confirms the earlier observation
[6] that TRITC-phalloidin 3 enters isolated mouse hepatocytes
by endocytosis and not through a phalloidin-transporting
protein, such as the OATP1B1 present on human hepatocytes.
The type of endocytosis seen here remains, however, to be elu-
cidated. Likewise, we have no data on whether lipophilic or
polycationic phallotoxins enter cells in the same way as the
fluorescent toxin, but this seems likely since proteolytic
enzymes present in endosomal-lysosomal compartments were

found to be involved in the processing, and the difference in de-
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gradation after arrival in endosomes is the most likely explan-
ation for the difference found in the toxicities of phalloidin

when bound to either poly-(L)- or to poly-(D)-lysine (2e).

There is no evidence so far about how phalloidin released from
the carrier finds its way out of the endosomal-lysosomal
compartments into cytoplasm, where the target, the actin fila-

ments, is located.

Conclusions

With ICsq values of >10 mM (8 mg/mL; M, 789 g/mol), phal-
loidin has so far been of no benefit for research on living cells,
unless it was microinjected. This is regrettable, since the molec-
ular mechanism of phalloidin action, the immobilization of the
microfilament system, has been investigated in great detail.
Moreover, phalloidin action is comparable to that of taxol,
which induces comparable immobilization of the microtubular
system and has been widely employed in cell research and even
in tumor therapy [32,33]. One difference is that taxol is a
lipophilic compound, and is thus active on cells at much lower
concentrations. We balanced this disadvantage by coupling
phalloidin, e.g., to oleic acid, allowing studies of the molecular
toxicity of phalloidin on cells in the micromolar range and
encouraging its use in tumor therapy.

The internalization-mediating effect observed with phalloidin
was seen also with amatoxins. Although amanitin is active on
cells in the micromolar range, it may be advantageous to use it
bound to oleic acid or polylysine and thus decrease the medium
concentration necessary to achieve growth inhibition down to
the nanomolar range. Amanitin as a drug bound to tumor mono-
clonal antibodies, has recently been described for the therapy of

adenocarcinomas [34].

Coupling to methoxypolyethyleneglycol has been described as a
method to improve the solubility of drugs, prolong their half-
lives in plasma, or modulate their pharmacokinetics [35]. An
effect not described to our knowledge so far is that pegylation
can enhance, several hundred-fold, the penetration of a
hydrophilic drug into cells. Linkers with the drug should
contain a disulfide bridge, as in compound (2i), to make sure
that after internalization the drug is released in a defined and
active form.

Likewise new, is the observation that the red fluorescent tetram-
ethylrhodaminyl residue can facilitate internalization, e.g., of
phalloidin, by a factor of >100. Linked by a thiourea moiety, as
in compound 3, the fluorescent moiety is not cleaved inside the
cell, as concluded from the observation that this phalloidin
derivative still decorates filaments in the cell. This property of

rhodamine-labeled phalloidin seems useful as a tool for
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studying the kinetics of phalloidin-induced disturbances in the
actin system of a cell in correlation with, for example, the

development of apoptosis in the cell.

Experimental

Fatty acid esters of phalloidin

Ten micromoles of phalloidin was dissolved in 0.1 mL dry pyri-
dine and reacted with 0.3 pmol of benzoyl chloride, salicyl
chloride, octoyl chloride, myristoyl chloride, or oleoyl chloride
for 2 h at rt. Under these conditions, the reaction proceeded
predominantly at the primary OH group of the y,5-dihydroxy-
leucine residue in position 7 of phalloidin, with ca. 10-20% of
esterification at the secondary OH groups. The reaction was
stopped with 2 mL of methanol, and solvents were removed in
vacuo at 60 °C. Purification of the esters was achieved by
preparative TLC on silica (Merck HF»s4, Darmstadt; Germany)
in chloroform/methanol/2 N acetic acid (65:25:4), followed by
further purification of the methanolic extract of the silica on a
Sephadex-LH20 column developed with methanol. Yields of
the esters were 43% for benzoyl phalloidin, 35% for salicyl
phalloidin, 46% for octoyl phalloidin, 50% for myristoyl phal-
loidin and 44% for oleoyl phalloidin; purities were 88 to 95%
by HPLC.

Aminophalloidin

Ten micromoles of toluene-4-sulfonyl chloride in 2 mL chloro-
form were added to 0.6 pmol of phalloidin in 5 mL dry pyri-
dine and allowed to react for 30 min on ice. The reaction was
stopped by the addition of 50 mL of dry diethyl ether, and the
sediment was isolated by centrifugation, washed twice with
50 mL diethyl ether, and dissolved in 5 mL methanol for sep-
aration on a Sephadex-LH20 (60 x 3 cm) column developed
with methanol/H,O (1:1). Yield of the monotosylphalloidin was
65%; purity 94%. The vacuum-dried monotosylphalloidin was
dissolved in 40 mL of methanol containing 2.5 N ammonia and
reacted for 2 h. After evaporation in vacuo at 60 °C, the
aminophalloidin was purified on a Sephadex-LH20 column
with methanol as eluant. Yield of aminophalloidin was 80%,
purity 89% by HPLC.

Fatty acid amides of phalloidin
Aminophalloidin and the fatty acid chlorides were reacted as
described for the synthesis of phalloidin esters.

Linear peptides linked to aminophalloidin

Linear peptides such as Ac-Cys-Gly-Tyr-Gly-Arg-Lys-Lys-
Arg-Arg-Gln-Arg-Arg-Arg-OH (Tat peptide), and Ac-Cys-Gly-
Argg-OH (Argg) were synthesized on an Eppendorf Ecosyn P
solid-phase synthesizer by using 9-fluorenylmethoxycarbonyl
(Fmoc)-Arg(Pbf)SPHB resin (Rapp Polymere, Tiibingen,
Germany). For the Kaposi sequence Ac-Cys-Gly-Ala-Ala-Val-
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Ala-Leu-Leu-Pro-Ala-Val-Leu-Leu-Ala-Leu-Leu-Ala-Pro-OH
an Fmoc-Pro-Trt-Tentagel resin was used. All amino acids were
incorporated with the a-amino functions protected with the
Fmoc group. Side chain functions were protected as fert-butyl
ethers (tyrosine), tert-butyloxycarbonyl derivatives (lysine),
trityl derivatives (cysteine, glutamine), and as (2,2,4,6,7-
pentamethyl)dihydrobenzofuran-5-sulfonyl derivative
(arginine). Coupling was performed by using a 4-fold excess of
each of the protected amino acids and the coupling reagent
2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium tetraflu-
oborate (TBTU) and 2 equiv of diisopropylethylamine (DIEA)
over the resin loading. Before the coupling steps the Fmoc
groups were removed from the last amino acid of the growing
peptide fragment by using 25% piperidine in dimethylformami-
de. After cleavage of the N-terminal Fmoc group, the peptide
was removed from the resin under simultaneous cleavage of the
amino-side-chain protecting groups by incubation for 3 h in a
mixture of trifluoroacetic acid (TFA) (12 mL), ethanedithiol
(0.6 mL), anisole (0.3 mL), water (0.3 mL), and triisopropyl-
silane (0.15 mL). The mixture was filtered, and washed with
TFA and anhydrous diethyl ether. The crude products were
further purified by HPLC on a Nucleosil 100 C18 (7 pum)
column (250 x 10 mm, Macherey & Nagel, Diiren, Germany)
by using a gradient from 10-90% B in 32 min (solution A:
0.07% TFA/H;0; solution B: 0.059% TFA in 80% acetonitrile).
The elution was monitored at 214 nm. The peptides were
assayed for purity by analytical HPLC and ESIMS. The
peptides were coupled to aminophalloidin through the hetero-
bifunctional cross-linking agent SPDP (3-(2-pyridyldithio)pro-
pionic acid N-hydroxysuccinimide ester). Thus, the activated
ester end of excess SPDP was reacted with the primary amine
group in aminophalloidin to form an amide linkage. In general,
63 pmol aminophalloidin were dissolved in 3.4 mL H,O and
1.7 equiv SPDP, dissolved in 900 uL dimethylformamide, were
added. The solution was adjusted to pH 7.5 with 1 N NaOH;
reaction time was 1 h. Separation of the products was
performed by Sephadex-LH20 column developed with
methanol. The purity of PDP-aminophalloidin was 93%; the
yield was about 65%. The 2-pyridyldithiol group at the other
end of the linker was reacted with the sulthydryl in the amino
terminal Ac-Cys-Gly moiety of the linear peptides to form a
disulfide group. The reaction conditions of the three linear
peptides varied slightly and were as follows: 33 umol Tat-
peptide, dissolved in 1.0 mL PBS was added to 40 pmol of
PDP-aminophalloidin dissolved in 0.5 mL methanol; 13.6 umol
Argg-peptide, dissolved in 1.5 mL PBS was added to 28 umol
of PDP-aminophalloidin dissolved in 0.25 mL methanol;
12 pmol Kaposi-peptide, dissolved in 0.8 mL PBS was added to
36 umol of PDP-aminophalloidin dissolved in 0.2 mL
methanol. Reaction time was in all cases 16 h at rt. Separation
was achieved on Sephadex-LH20 with H,O/methanol (4:1) as
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solvent. Yield for Tat-phalloidin was 52%, for Argg-phalloidin
43% and for Kaposi-peptide 39%. Purity of all conjugates was
>90% as shown by HPLC (Table 1) and MALDI-TOF analysis.
The HPLC analysis conditions were as follows: Column Knauer
RP Nucleosil-100 C18 (250 x 4 mm); mobile phase was a linear
gradient of buffer A H,O, 0.05% TFA and buffer B acetonitrile/
H,0 (9:1), 0.05% TFA.; flow rate, 1.2 mL/min.

General

MALDI-TOF analysis was performed in the linear, high-mass,
positive-ion mode with pulsed (time-delayed) extraction on a
Kratos Maldi IV instrument (Shimadzu Deutschland, Duisburg,
Germany). Samples (usually in 0.1% TFA) were either applied
by a sandwich technique (in which 0.7 pL of matrix was dried
onto the sample spot, followed by 0.7 pL of sample and then
another 0.7 pL of matrix) or, for more concentrated samples,
were simply mixed 1:10 with the matrix solution and 0.7 pL of
this mixture was dried onto the stainless-steel sample holder.
Matrix solutions were usually a-cyano-4-hydroxycinnamic acid
[dissolved at 10 mg/mL in 50% acetonitrile, 50% 0.1% TFA (all
% v/v)]. Spectra were calibrated by using near-external stan-
dards consisting of a mixture of fragment 1-4 of substance P
([M + H] m/z 497.6); angiotensin II ([M + H] m/z 1047.2);
angiotensin I ([M + H] m/z 1297.5); fragment 1-13 of
angiotensinogen ([M + H] m/z 1646.9); and oxidized insulin B
chain ([M + H] m/z 3496.9). Absolute m/z values occasionally
varied up to 1 Da depending on the individual calibration and
the distance and time between the individual measurements; for
these samples, spectra were recalibrated by using known m/z
values of the largest peak(s). Spectra were collected and
analyzed by using standard Kratos software (Sun OS, Release
5.4, OpenWindows Ver. 3.4, Kratos Kompact Software Ver.
5.2.0) and were usually the average of 50-100 individual laser
shots across the width of the sample spot. Data were smoothed
and baseline-corrected, generally with a window width of 30
channels.

Polymers linked to aminophalloidin

Poly-(L)-lysine (hydrobromide; M, = 27500), and mono-
methoxy-polyethyleneglycolamine (M, = 810, 5200, 22600)
were coupled to aminophalloidin by the amine-reactive homo-
bifunctional cross-linking reagents DSP (dithiobis(succin-
imidylpropionate); Lomant’s reagent) with cleavable disulfide
group, or DSS (disuccinimidyl suberate) containing a hydro-
carbon chain instead of the disulfide group. DSP or DSS
(248 pmol) were dissolved in 1.0 mL of N,N-dimethylformami-
de and added to 63 umol dried aminophalloidin. The reaction
was started with 2 pL triethylamine and allowed to proceed
under magnetic stirring for 16 h at rt. The reaction was stopped
with 10 mL diethyl ether and the mixture was centrifuged; after
a second wash with ether, the sediment was dissolved in 5 mL
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methanol and separated on a Sephadex-LH20 column with
methanol as solvent. Yield of DSP-, and DSS-phalloidin was
about 80%, purity >90% for both.

Seven milligrams DSP-, or DSS-phalloidin were dissolved in
0.5 mL N,N-dimethylformamide and 5 equiv of poly-(L)-lysine
hydrobromide or poly-(D)-lysine hydrobromide added in
0.5 mL PBS. After reaction for 16 h at rt, high-molecular-
weight products were separated by gel-filtration chromatog-
raphy with Sephadex G-25 with 0.1% NacCl as eluant. After
lyophilisation, the amount of phalloidin coupled to the polymer
was determined from the characteristic absorption of phalloidin
at 300 nm (e = 10,100). We found that ca. 1 out of ca.10 lysine
residues was spiked with aminophalloidin, independent of the
molecular weight of the polymer. For modification of DSP-
phalloidin and DSS-phalloidin with methoxypolyethyleneglyco-
lamine, monomethoxypolyethyleneglycol was tosylated and
reacted with ammonia to yield monomethoxy-PEG with a reac-
tive amino group: 100 mg monomethoxy-PEG 810, 5,200 and
22,600 were dissolved in 1.0 mL of dry pyridine in a round-
bottom flask on ice, and 5 equiv toluol-4-sulfonylchloride in
0.4 mL chloroform were added dropwise. After being stirred for
30 min, the reaction was stopped with 20 mL of diethyl ether.
Sediment was dried in a rotation evaporator and reacted with
20 mL of methanol/2.5 N ammonia. After 1 h, the solvent was
evaporated in vacuo and the aminomonomethoxy-PEG purified
by Sephadex-LH20 chromatography. Ten milligrams DSP- or
DSS-aminophalloidin were dissolved in 0.5 mL N,N-dimethyl-
formamide and added to 1 equiv dry aminomonomethoxy-PEG.
After reaction for 16 h at rt, phalloidin PEG 22,600 and phal-
loidin PEG 5,200 were purified on a Sephadex G25 column by
using 0.1% NacCl as solvent, and phalloidin PEG 810 was puri-
fied on a Sephadex-LH20 column developed with methanol.
The yield was 37% for phalloidin PEG 22,600, 34% for phal-
loidin PEG 5,200 and 45% for phalloidin PEG 810.

Affinity to rabbit muscle actin

Actin was prepared from rabbit muscle as described previously
[36]. The binding assay was used with the following modifica-
tions: Freshly prepared G-actin solution was diluted in Tris-
ATP buffer (2 mM of Tris; 0.2 mM ATP; 0.1 mM CaCly;
0.02% NaN3; pH 7.8) to an extinction of 0.28 at 290 nm (null
balance at 310 nm). Typically, 18 uL of a [>H]-demethylphal-
loin methanolic solution (specific activity 9 Ci/mmol) was
evaporated in a scintillation tube by a hot-air dryer, and 1.5 mL
of G-actin solution was added. Polymerisation was initiated by
addition of 12.5 uL 0.2 M MgCl,. After 30 min incubation at
room temperature the solution was filled up to ten volumes with
Tris-ATP buffer and gently homogenized. Hydrophilic toxin
derivatives were dissolved in potassium Tris-buffer (100 mM

KCl, 1 mM Tris, pH 7.4). The concentration was determined
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spectrophotometrically at 300 nm (g (300 nm) = 10100 M~
cm™1). Hydrophobic toxin derivatives, because of low solu-
bility in aqueous solvents, were dissolved in methanol. Concen-
tration was determined spectophotometrically at 300 nm. The
methanolic solution was filled up to three volumes with potas-
sium Tris-buffer, and a dilution series established down to a
concentration of 10~/ M. Fifty microliters of this solution was
added to 450 puL of the above actin solution and allowed to
equilibrate for 1 h. Samples of 180 pL of this solution were
transferred to Ti 42.2 centrifugation tubes (Beckman) and
centrifuged at 40.000 rpm for 50 min at 10 °C. Twenty micro-
liter aliquots of the supernatant were counted, and affinity
values based on phalloidin = 1 were calculated from those
concentrations of phallotoxins required for a 50% substitution
of the [3H]-demethylphalloin.

MTT proliferation assay

Mouse fibroblasts NIH 3T3 (generous donation from Prof.
Traub, MPI Ladenburg), K562, HL-60 and Jurkat cells (ATCC)
maintained in RPMI 1640 medium containing 10% fetal calf
serum and 0.05 mM B-mercaptoethanol, were cultured at 37 °C
in a humidified 95% air/5% CO, incubator. The cytotoxicity of
phallotoxins was assessed by using the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Exponen-
tially growing cells were plated at a density of 2 x 10* cells/well
in 96-well plates 24 h before the toxin was added in medium
with up to 1% DMSO, with a volume equal to the volume of
medium in the culture dish. The final concentrations of toxins in
the media were between 107> and 1072 M. At 72 h, the medium
was replaced by serum-free medium containing 25 uL MTT
solution (5 mg/mL in PBS), and the incubation was continued at
37 °C for 4 h. Then, lysis buffer (100 uL 20% SDS in 50% di-
methylformamide) was added to each well and incubated for
another 16-20 h. Viability of cells was determined by
measuring the 570 nm absorbance of each well using a
microplate reader (Molecular Devices). ICs( values were calcu-
lated as the concentration of toxin required to reduce the

absorbance to 50% of the control cultures.

Microscopic studies

Exponentially growing fibroblasts were plated at a density of
2 x 104 cells/well in glass-bottom dishes 24 h before the fluo-
rescently labeled peptides were added. The final concentration
of the peptides was 107> M. After different incubation times the
cells were washed with fresh medium, and microscopic studies
were performed by using a confocal laser scanning microscope
TCS SP2 (Leica Microsystems, Heidelberg/Mannheim,
Germany), equipped with an inverted microscope DMIRE2 and
an incubation chamber (Pe-Con Erbach, Germany). Image data
stacks and time-lapse studies of the live cells were obtained
at 37 °C and in 5% CO; atmosphere with a 100x/1.4 N.A.
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oil immersion objective and CLSM software (Leica Microsys-
tems). The data were processed with ImagelJ software, opti-
mizing images in brightness and contrast, and visualization of
the fluorescing structures was performed on serial confocal
optical sections.

Supporting Information

Supporting Information File 1

Structures of phalloidin derivatives and ICsg concentration
values of cell growth inhibition.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-8-233-S1.pdf]

References

1. Wieland, T. Peptides of Poisonous Amanita Mushrooms; Springer
Series in Molecular and Cell Biology; Springer: Berlin, Heidelberg,
Germany, 1986.

2. Roeder, R. G.; Rutter, W. J. Nature 1969, 224, 234-237.
doi:10.1038/224234a0

3. Chambon, P.; Gissinger, F.; Kedinger, C.; Mandel, J. L.; Meilhac, M.
The Cell Nucleus; Academic Press: New York, 1974; Vol. Ill.

4. Wehland, J.; Weber, K. Eur. J. Cell Biol. 1981, 24, 176-183.

5. Wulf, E.; Deboben, A.; Bautz, F. A.; Faulstich, H.; Wieland, T.

Proc. Natl. Acad. Sci. U. S. A. 1979, 76, 4498-4502.
doi:10.1073/pnas.76.9.4498

6. Faulstich, H.; Trischmann, H.; Mayer, D. Exp. Cell Res. 1983, 144,
73-82. doi:10.1016/0014-4827(83)90443-3

7. Bushnell, D. A.; Cramer, P.; Kornberg, R. D.

Proc. Natl. Acad. Sci. U. S. A. 2002, 99, 1218-1222.
doi:10.1073/pnas.251664698

8. Fehrenbach, T.; Cui, Y.; Faulstich, H.; Keppler, D.

Naunyn Schmiedebergs Arch. Pharmacol. 2003, 368, 415—420.
doi:10.1007/s00210-003-0814-4

9. Meier-Abt, F.; Faulstich, H.; Hagenbuch, B. Biochim. Biophys. Acta
2004, 1664, 64—69. doi:10.1016/j.bbamem.2004.04.004

10. Letschert, K.; Faulstich, H.; Keller, D.; Keppler, D. Toxicol. Sci. 2006,

91, 140-149. doi:10.1093/toxsci/kfj141

.Heitz, F.; Morris, M. C.; Divita, G. Br. J. Pharmacol. 2009, 157,

195-206. doi:10.1111/j.1476-5381.2009.00057.x

12.Jones, A. T.; Sayers, E. J. J. Control. Release 2012, 161, 582-591.
doi:10.1016/j.jconrel.2012.04.003

13. Anderl, J. Synthesis and cytotoxicity of membrane-permeable
phallotoxins, Doctoral Thesis, Heidelberg University, Germany, 2003.

14.Honeycutt, L.; Wang, J.; Ekrami, H.; Shen, W.-C. Pharm. Res. 1996,
13, 1373—-1377. doi:10.1023/A:1016078118033

15.Bradley, M. O.; Swindell, C. S.; Anthony, F. H.; Witman, P. A.;
Devanesan, P.; Webb, N. L.; Baker, S. D.; Wolff, A. C.;

Donehower, R. C. J. Control. Release 2001, 74, 233—-236.
doi:10.1016/S0168-3659(01)00321-2

16.Wong, A.; Toth, I. Curr. Med. Chem. 2001, 8, 1123—-1136.
doi:10.2174/0929867013372535

17.Boutorin, A. S.; Gus'kova, L. V.; lvanova, E. M.; Kobetz, N. D.;
Zarytova, V. F.; Ryte, A. S.; Yurchenko, L. V.; Vlassov, V. V.

FEBS Lett. 1989, 254, 129-132. doi:10.1016/0014-5793(89)81023-3

1

-

18.

19.

20.

2

=

22.

23.

24,

25.

26.

27.

28.

29.

30.

3

=

32.

33.

34.

35.

36.

Beilstein J. Org. Chem. 2012, 8, 2072-2084.

Letsinger, R. L.; Zhang, G. R.; Sun, D. K.; Ikeuchi, T.; Sarin, P. S.
Proc. Natl. Acad. Sci. U. S. A. 1989, 86, 6553—-6556.
doi:10.1073/pnas.86.17.6553

Shea, R. G.; Masters, J. C.; Bischofberger, N. Nucleic Acids Res.
1990, 718, 3777-3783. doi:10.1093/nar/18.13.3777

Ryser, H. J.-P.; Shen, W.-C. Proc. Natl. Acad. Sci. U. S. A. 1978, 75,
3867-3870. doi:10.1073/pnas.75.8.3867

.Leonetti, J. P.; Degols, G.; Lebleu, B. Bioconj. Chem. 1990, 1,

149-153. doi:10.1021/bc00002a010

Mulders, P.; Pang, S.; Dannull, J.; Kaboo, R.; Hinkel, A.; Michel, K,;
Tso, C.-L.; Roth, M.; Belldegrun, A. Cancer Res. 1998, 58, 956—961.
Murphy, J. E.; Uno, T.; Hamer, J. D.; Cohen, F. E.; Dwarki, V;
Zuckermann, R. N. Proc. Natl. Acad. Sci. U. S. A. 1998, 95,
1517-1522. doi:10.1073/pnas.95.4.1517

Emi, N.; Kidoaki, S.; Yoshikawa, K.; Saito, H.

Biochem. Biophys. Res. Commun. 1997, 231, 421-424.
doi:10.1006/bbrc.1997.6125

Fawell, S.; Seery, J.; Daikh, Y.; Moore, C.; Chen, L. L.; Pepinsky, B.;
Barsoum, J. Proc. Natl. Acad. Sci. U. S. A. 1994, 91, 664—668.
doi:10.1073/pnas.91.2.664

Anderson, D. C.; Nichols, E.; Manger, R.; Woodle, D.; Barry, M.;
Fritzberg, A. R. Biochem. Biophys. Res. Commun. 1993, 194,
876-884. doi:10.1006/bbrc.1993.1903

Allinquant, B.; Hantraye, P.; Mailleux, P.; Moya, K.; Bouillot, C.;
Prochiantz, A. J. Cell Biol. 1995, 128, 919-927.
doi:10.1083/jcb.128.5.919

Rothbard, J. B.; Garlington, S.; Lin, Q.; Kirschberg, T.; Kreider, E.;
McGrane, P. L.; Wender, P. A.; Khavari, P. A. Nat. Med. 2000, 6,
1253-1257. doi:10.1038/81359

Torchilin, V. P.; Rammohan, R.; Weissig, V.; Levchenko, T. S.

Proc. Natl. Acad. Sci. U. S. A. 2001, 98, 8786-8791.
doi:10.1073/pnas.151247498

Wender, P. A; Mitchell, D. J.; Pattabiraman, K.; Pelkey, E. T ;
Steinman, L.; Rothbard, J. B. Proc. Natl. Acad. Sci. U. S. A. 2000, 97,
13003-13008. doi:10.1073/pnas.97.24.13003

.Palm, K.; Luthman, K.; Ungell, A.-L.; Strandlund, G.; Artursson, P.

J. Pharm. Sci. 1996, 85, 32—-39. doi:10.1021/js950285r

Schiff, P. B.; Horwitz, S. B. Proc. Natl. Acad. Sci. U. S. A. 1980, 77,
1561-1565. doi:10.1073/pnas.77.3.1561

Perez, E. A. Mol. Cancer Ther. 2009, 8, 2086—2095.
doi:10.1158/1535-7163.MCT-09-0366

Moldenhauer, G.; Salnikov, A. V.; Littgau, S.; Herr, I.; Anderl, J.;
Faulstich, H. J. Natl. Cancer Inst. 2012, 104, 622-634.
doi:10.1093/jnci/djs 140

Veronese, F. M.; Mero, A. BioDrugs 2008, 22, 315-329.
doi:10.2165/00063030-200822050-00004

Spudich, J. A.; Watt, S. J. Biol. Chem. 1971, 246, 4866—4871.

2083


http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-8-233-S1.pdf
http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-8-233-S1.pdf
http://dx.doi.org/10.1038%2F224234a0
http://dx.doi.org/10.1073%2Fpnas.76.9.4498
http://dx.doi.org/10.1016%2F0014-4827%2883%2990443-3
http://dx.doi.org/10.1073%2Fpnas.251664698
http://dx.doi.org/10.1007%2Fs00210-003-0814-4
http://dx.doi.org/10.1016%2Fj.bbamem.2004.04.004
http://dx.doi.org/10.1093%2Ftoxsci%2Fkfj141
http://dx.doi.org/10.1111%2Fj.1476-5381.2009.00057.x
http://dx.doi.org/10.1016%2Fj.jconrel.2012.04.003
http://dx.doi.org/10.1023%2FA%3A1016078118033
http://dx.doi.org/10.1016%2FS0168-3659%2801%2900321-2
http://dx.doi.org/10.2174%2F0929867013372535
http://dx.doi.org/10.1016%2F0014-5793%2889%2981023-3
http://dx.doi.org/10.1073%2Fpnas.86.17.6553
http://dx.doi.org/10.1093%2Fnar%2F18.13.3777
http://dx.doi.org/10.1073%2Fpnas.75.8.3867
http://dx.doi.org/10.1021%2Fbc00002a010
http://dx.doi.org/10.1073%2Fpnas.95.4.1517
http://dx.doi.org/10.1006%2Fbbrc.1997.6125
http://dx.doi.org/10.1073%2Fpnas.91.2.664
http://dx.doi.org/10.1006%2Fbbrc.1993.1903
http://dx.doi.org/10.1083%2Fjcb.128.5.919
http://dx.doi.org/10.1038%2F81359
http://dx.doi.org/10.1073%2Fpnas.151247498
http://dx.doi.org/10.1073%2Fpnas.97.24.13003
http://dx.doi.org/10.1021%2Fjs950285r
http://dx.doi.org/10.1073%2Fpnas.77.3.1561
http://dx.doi.org/10.1158%2F1535-7163.MCT-09-0366
http://dx.doi.org/10.1093%2Fjnci%2Fdjs140
http://dx.doi.org/10.2165%2F00063030-200822050-00004

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(http://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.8.233

Beilstein J. Org. Chem. 2012, 8, 2072-2084.

2084


http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjoc
http://dx.doi.org/10.3762%2Fbjoc.8.233

Beilstein Journal
of Organic Chemistry

The multicomponent approach to N-methyl peptides:
total synthesis of antibacterial (-)-viridic acid

Ricardo A. W. Neves Filho',

Full Research Paper

Address:

Department of Bioorganic Chemistry, Leibniz Institute of Plant
Biochemistry, Weinberg 3, 06120 Halle (Saale), Germany, Tel: +49
345 5582 1301, Fax: +49 345 5582 1309 (Address for
correspondence) and 2Martin-Luther-University Halle-Wittenberg,
Institute of Organic Chemistry, Kurt-Mothes-Str. 2, 06120 Halle
(Saale), Germany

Email:
Ludger A. Wessjohann - wessjohann@ipb-halle.de.

* Corresponding author
Keywords:

antibiotic; anticancer; Gram negative bacteria; natural product;
peptide coupling; peptides; peptoid; toxin; Ugi reaction

Abstract

and analogues

Sebastian Stark!2, Bernhard Westermann'-2
and Ludger A. Wessjohann'1:2

Beilstein J. Org. Chem. 2012, 8, 2085-2090.
doi:10.3762/bjoc.8.234

Received: 10 August 2012
Accepted: 30 October 2012
Published: 28 November 2012

This article is part of the Thematic Series "Antibiotic and cytotoxic
peptides".

Guest Editor: N. Sewald

© 2012 Neves Filho et al; licensee Beilstein-Institut.
License and terms: see end of document.

Two syntheses of natural viridic acid, an unusual triply N-methylated peptide with two anthranilate units, are presented. The first

one is based on peptide-coupling strategies and affords the optically active natural product in 20% overall yield over six steps. A

more economical approach with only four steps leads to the similarly active racemate by utilizing a Ugi four-component reaction

(Ugi-4CR) as the key transformation. A small library of viridic acid analogues is readily available to provide first SAR insight. The

biological activities of the natural product and its derivatives against the Gram-negative bacterium Aliivibrio fischeri were evalu-

ated.

Introduction

Viridic acid (1) is a tetrapeptide produced by several fungi of
the genus Penicillium, including P. viridicatum, P. nordicum,
and P. aurantiogriseum among others [1-4]. It was first isolated
from the basic fraction of the chloroform/methanol extract of

P. viridicatum Westling [5], and it was assumed to be respon-

sible for the toxicity of this extract due to its metal-chelating
properties [6]. Later, this (putative) mycotoxin was also found
in cultures of P. nordicum cultivated on cheese agar medium.
The crude extracts from these cultures displayed pronounced

cytotoxicity in a MTT assay on an undisclosed cell line [7].
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Albeit that these two reports on the toxicity of extracts
containing constituent 1 were very intriguing, no further bio-
logical screening of the pure substance has been performed to
date. The connection between compound 1 and the bioactivity
of the extract containing it is thus purely correlative, i.e., specu-
lative. No causal relationship between the compound and the
MTT results is proven.

The structure of compound 1 was determined as the peptide
N(Me),Ant-Gly-(N-Me)Val-Ant (Ant = anthranilic acid) in
1986, based on a series of degradation experiments, NMR, and
IR measurements as well as a first total synthesis [5]. Thus, it
was revealed that 1 belongs to the small group of natural
peptides that contain anthranilic acid residues in the peptidic
backbone [8-10]. Furthermore, to the best of our knowledge,
viridic acid is unique in its N-terminus, which bears a N,N-
dimethyl anthranilic amide moiety of still unknown biosyn-
thetic origin. The previously reported synthetic strategy toward
1 was based upon a series of peptide couplings employing DCC
reagent [5]. The necessity of difficult-to-perform peptide
couplings with phenyl carboxylates and N-methylated
amino groups demanded harsher than usual conditions, upon
which the desired viridic acid (1) was obtained in just 5%
overall yield.

The lack of sufficient amounts of isolated materials from
natural sources did not allow for reliable bioactivity tests, and
the demand for higher quantities and derivatives of viridic acid
(1), required the development of a more efficient and milder

a)
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(®)-1 OH
Ugi-4CR ﬂ/\g
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approach. In this endeavor we envisioned two routes. The first
one uses improved peptide-coupling protocols, leading to the
natural enantiomer (Scheme 1) [11]. The blueprint of the syn-
thesis was planned as a bidirectional sequence from the least- to
the most-reactive amine (NMe-Val < H-Ant-OBn < H-Gly) to
yield the protected tetrapeptide 2 (Scheme 1a). Alternatively, a
multicomponent (MCR) approach based on a Ugi four-compo-
nent reaction (Ugi-4CR) of dipeptide 3, isobutyraldehyde,
methylamine and isonitrile 4 as the key transformation was
envisioned to yield racemic viridic acid (+)-1 (Scheme 1b) [12].
Besides furnishing the desired natural product in only four
steps, the MCR approach allows a ready access to analogues
endowed with a proteolysis-resistant peptoid moiety [13].
Recently, we demonstrated that chemically more stable peptoid
analogues of tubulysins, named tubugis, present cytotoxicity
against cancer cell lines comparable to the native natural prod-
uct [14]. Thus, it was hoped that some viridic acid analogues
readily accessible by MCR may also display enhanced bio-
logical activity or at least stability.

Results and Discussion

The 2-CR approach based on the peptide coupling of Boc-Gly
and NMe-Val-OMe in the presence of EDCI and HOAt gave the
central dipeptide 5 in 73% yield (Scheme 2) [15].The use of
even more activating coupling reagents, such as HATU and
BOP, was also investigated and resulted in increased formation
of side products [11]. After saponification of intermediate 5 to
dipeptide 6, the latter was coupled with benzyl anthranilate.
This reaction was particularly challenging due to the very poor

coupling coupling
EDCI, HOAt EEDQ
a b
2-CR N7 o ﬂ | O,/
strate ’ N y
%, SN NN
| H o i H
, i
s o d
coupling
EtCO,CI
hydrogenation
CN R' = Me for viridic acid (1)
(|) o R' = alkyl for analogues
4a

Scheme 1: Retrosynthetic strategies for (-)-viridic acid (1) and analogues by (a) a bidirectional peptide-coupling sequence, and (b) a novel MCR

approach.
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Scheme 2: Reactions and conditions: (a) Boc-Gly-OH, EDCI, HOAt, TEA, CHCly, rt, 20 h, 73%. (b) LiOH, THF/H20 (1:1), rt, 3 h, 97%. (c) Benzyl
anthranilate, EEDQ, CHCl3, rt, 20 h, 51%. (d) TFA, CH2Cly, rt, 5 h. quant. (e) 8, NMM, ethyl chloroformate, CHClI3, rt, 20 h, 85%. (f) Hp, 10% Pd/C,

MeOH, rt, 16 h, 92%.

reactivity of this combination [10]. All attempts to perform this
coupling with carbodiimides, HBTU, HATU, and PyBroP failed
or resulted in very low conversions. The addition of a catalytic
amount of DMAP to the carbodiimide-mediated reactions im-
proved the conversions, but resulted in severe racemization. The
best result was obtained by employing N-ethoxycarbonyl-2-
ethoxy-1,2-dihydroquinoline (EEDQ) as coupling reagent,
which gave the optically active tripeptide 7 in 51% yield
[16,17]. Intermediate 7 was converted into amine 8 under acidic
conditions, and coupled directly to N,N-dimethylanthranilic acid
(9). It was already reported that carbodiimide-mediated
couplings involving aromatic carboxylic acids such as 9 can
result in the formation of N-acylurea adducts through competi-
tive N-O rearrangement [18,19]. In order to overcome this
problem the mixed-carbonate method was used [20]. The reac-
tion resulted in the desired optically active key intermediate 2 in
85% yield. Its hydrogenation afforded the desired (—)-viridic
acid (1) in quantitative conversion and >92% isolated yield, i.e.,
in 20% overall yield. Analytical data such as the HRMS,
'H NMR, melting point, and optical rotation of synthetic com-
pound 1 are consistent with the data reported for the natural
substance (Scheme 2) [5].

In order to more rapidly access derivatives for biological
activity screens, we decided to investigate the suitability of a
MCR approach utilizing the Ugi reaction. Due to the character
of the Ugi-4CR, the racemate of viridic acid and congeners is
casily available, and assaying with (+)-1 can give an estimation
of the relevance or effect of the configuration of the asym-
metric center on the biological activity. With this goal in mind,
the Ugi-4CR between methylamine, isobutyraldehyde, dipep-
tide 3, and the anthranilate-derived isonitrile 4a was planned
(Scheme 1) [21]. For the synthesis of the N-terminal dipeptide
3, amino acid 9 was coupled with benzyl glycinate in the pres-

ence of ethyl chloroformate to give 10 in 88% yield. This inter-

mediate was hydrogenated to afford the dipeptide acid 3
quantitatively. An alternative multicomponent approach to
dipeptide 3 requires the use of ammonia or an ammonia equiva-
lent, such as 2,4-dimethoxybenzylamine (DMB-NH>), as amino
component, formaldehyde as oxo-component, and a convertible
isonitrile [22-25]. Although many convertible isonitriles are
reported in the literature [24,26], the recently developed
4-isocyanopermethylbutane-1,1,3-triol (IPB) was chosen due to
its ease of preparation, better reactivity, and mild conversion
conditions [27]. The Ugi-4CR involving carboxylic acid 9,
DMB-NH,, formaldehyde and IPB resulted in intermediate 11
in 35% yield. A tandem DMB group cleavage/pyrrole-forma-
tion sequence under acidic conditions followed by saponifica-
tion afforded the desired carboxylic acid 3 in 21% yield over
the two steps (Scheme 3). The MCR approach to building block
3 with two convertible components gives lower yields
compared to the classical amide formation, but it carries the
diversity-generating ability inherent in Ugi-4CRs, and the
potential to synthesize derivatives where classical methods are
less suitable.

The key Ugi-4CR combining isobutyraldehyde, methylamine
(12a), dipeptidic carboxylate 3 and anthranilic isonitrile 4a, to
form the final tetrapeptide backbone was performed by using
standard protocols, with imine preformation in methanol, to
give 13a in 51% yield. Finally, saponification of 13a afforded
the racemic viridic acid (£)-1 in 83% yield. Attempts to
improve the MCR yield with conventional or microwave
heating, or by employing trifluoroethanol or DMF as solvents
resulted in poor conversions, with competitive Passerini reac-
tion in the latter case [28,29]. With the general process in place,
the MCR approach was employed to generate a library of syn-
thetic derivatives of 1 with the hope of gaining a first glimpse of
structure—activity relationships (SAR), and to give hints for

further applications, as for example for attachment points for
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oroformate, CHClg, 18 h, rt, 88%. (b) Hz, 10% Pd/C, MeOH, rt, 16 h, 98%.
(d) TFA, CH,Cly, 0 °C to rt, 48 h, then LiOH, THF/H,0 (1:1), rt, 3 h, 21%

(over two steps). (€) MeOH, rt, 20 h, 51-70%. (f) LIOH, THF/H,O, rt, 8 h, 81-91%. (g) KOH, MeOH/H,0 (3:1), rt, 8 h, 70%.

probe design and experiments [30,31]. Thus, methylamine was
substituted by 12b—f in the key Ugi-4CR to yield the intermedi-
ates 13b—f (55-70% yields) [16], which afforded the desired
peptoid analogues 14b—f after saponification. Compared to
simple peptides, N-alkylated ones (peptoid moieties) allow
different low-energy conformations, and contrary to common
belief they are more restricted in conformational space [32].
Moreover, they commonly possess a higher lipophilicity and
protease stability, and this combination seems to improve their
antibiotic properties (Scheme 3) [13].

Since the MCR results in racemates, we decided to investigate
the applicability of a chiral auxiliary MCR approach for the
asymmetric synthesis of viridic acid (1). The Ugi-4CR is not
specifically prone to asymmetric induction, but at least some
auxiliaries are known to result in preferential formation of a dia-
stereoisomer [33,34]. Therefore, the isonitrile 4b was synthe-
sized from menthyl anthranilate. The Ugi-4CR of 4b in analogy
to the reaction of 4a with methylamine (12a) gave the desired
peptoid—peptide adduct 13g in 47% yield, albeit as a 1:1
diastereomeric mixture. Unfortunately, even a separation of the
epimers failed by using thin- or thick-layer or conventional
column chromatography or HPLC, under varied conditions of

different column types, methods, mobile-phase compositions,

etc. This is in accordance with earlier results, where also no or
only negligible diastereoselection could be achieved [35,36].
Saponification of the menthyl ester 13g afforded the racemic
viridic acid (1) again in 70% yield (Scheme 3) [37].

To our knowledge no biological screening of pure (—)-viridic
acid or its analogues has been performed, and due to the poten-
tial of natural peptides and peptoids as antibacterial agents
[13,38-47], it was decided to investigate their activity against
the Gram-negative bacterium Aliivibrio fischeri [48]. Com-
pounds (—)-1 and (£)-1 were the most active ones with
ICsg values of 45.0 + 4.4 and 38.4 + 5.8 pM, respectively. In
this test system, derivatives 14b—f displayed IC5 values above
100 uM and can be considered as inactive. Although (—)-viridic
acid (1) was isolated thirty years ago, this is the first unam-
biguous report concerning its biological activity. Based upon
the results presented above, it seems that the configuration of
the stereogenic center has almost no influence on the antibac-
terial effect of 1. The lack of activity of the derivatives 14b—{f is
difficult to rationalize without knowing the target, but it demon-
strates that the size of the group attached to the nitrogen of the
Val residue has a clear influence. This fact suggests that 1 does
not act just by engaging bacterial membranes as most antibac-

terial peptides do [49], but that it may bind to a specific target.
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Conclusion

These results highlight the usefulness of the Ugi-4CR for the
diversity-oriented synthesis of natural N-methyl peptides, such
as viridic acid and its derivatives. Considering the attractive-
ness of the anthranilic acid moiety as a promising building
block for drug-like molecules and the diverse properties exhib-
ited by natural products containing it [8,50], further biological
trials involving such components are currently being pursued.
The advantages of the MCR protocol are speed, variability,
insensitivity to steric crowding, safe peptoid-moiety formation,
and access to equally distributed stereoisomers (which can be a
disadvantage though, once the most active isomer is identified).

The improved classical approach gave the natural product in
much lower overall yield and more steps but, after careful
choice of conditions, in optically pure form. A set of
N-alkylated derivatives were screened against Aliivibrio
fischeri, but only the (N-methylated) natural product displayed
noteworthy activity of ca. 40 uM ICs, independent of stereo-
chemistry.
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