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Introduction

Self-assembling cyclic d,l-a-peptides are a versatile class of
supramolecular structures with expanding utility in materials
and biological settings.[1–5] They can be derived from appro-
priately designed six- and eight-residue cyclic d,l-a-peptides

which partition into the membranes of targeted cells, thus
destabilizing the membrane and causing rapid cell death (in
minutes).[2–5] Among the attractive features of this class of
antimicrobials are their facile synthesis and the ability to
derive a large variety of bioactive peptides from the vast
cyclic peptide sequence space. Therefore, cyclic d,l-a-pep-
tides hold considerable promise as a class of supramolecular
antimicrobial agents which can be designed or selected to
exhibit broad-spectrum antimicrobial activities or can be
tailored to act selectively on a desired range of microorgan-
isms.[2–5] As a result of their abiotic structure, such molecules
are both chemically and proteolytically stable and can be
designed to operate in a variety of settings and environ-
ments. One such application in which targeted antimicrobial
action is highly desirable is marine biofouling, which carries
an annual financial burden in the billions of dollars.[6] Devel-
oping new antifouling technologies which do not release
broad-spectrum biocides into the marine environment is an
active area of research.[6] While the selective toxicity of
cyclic d,l-a-peptides against prokaryotic organisms has been
reported,[1] analogous activity against eukaryotic organisms
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has not yet been demonstrated. Hence, it was of interest to
investigate whether cyclic-peptide activity might also be tar-
geted towards eukaryotic organisms which participate in
bio ACHTUNGTRENNUNGfouling. With the long-term goal of creating next-genera-
tion antifouling coatings, such a discovery would serve both
as a promising advance in the development of new antifoul-
ing tools and further exemplify the diverse and selective an-
timicrobial nature of cyclic d,l-a-peptides towards a wide
range of target organisms.

We report herein, the discovery of six-residue cyclic d,l-
a-peptides with diverse activity towards two prokaryotic
bacteria (gram-positive MRSA and gram-negative E. coli)
and two eukaryotic marine algae, Ulva linza and Navicula
perminuta. U. linza is a macroalga (that is, a “seaweed”)
which colonizes a surface by the liberation of vast numbers
of microscopic motile spores (5–7 mm in diameter).[7] The
spores adhere permanently to a surface through the secre-
tion of a powerful bioadhesive, later germinating to generate
new attached plants. N. perminuta is a diatom, a single-
celled alga, which attaches to a surface through secreted
exopolymers.[6] In this case, cells can glide over the surface
and divide, resulting in the formation of a biofilm. The algal
species chosen represent two important groups of marine
foulers, namely soft foulers in the case of U. linza and slime
formers in the case of N. perminuta. Both have been used
extensively as experimental models.[8,9] A targeted strategy
to control fouling by these organisms involves engineering
materials to inhibit initial surface colonization by exerting
toxicity specifically towards the biofouling organisms as they
initiate contact with the surface, but which remain generally
nontoxic to the marine environment.

Due the fact that the antimicrobial activity of eight-resi-
due d,l-a-peptides has been proven to be sensitive towards
minor modifications of amino acid composition, coupled
with the large potential bioactive sequence space of the
cyclic d,l-a-peptide hexamer motif, target compounds in
this study were identified by combinatorial screening.[3–5] Im-
portantly, this required the use of reliable, high-throughput
assays to evaluate activity against marine organisms in an
analogous fashion to established methods for screening anti-
bacterial activity. In addition to validation studies on the
target compounds, two small analogue libraries were exam-
ined for the purpose of defining structure-activity relation-
ships for selected cyclic peptide derivatives.

Results and Discussion

The cyclic d,l-a-peptide hexamer library utilized in this
study (Figure 1) was inspired by analogous octamer sequen-
ces reported to show activity against gram-positive bacte-
ria.[2–4] Two basic design principles were employed: the se-
quence needed to be 1) cationic in nature (proposed to at-
tract it to the negatively charged bacterial cell wall) and
2) display a largely amphiphilic distribution of hydrophobic
and hydrophilic residues (proposed to drive insertion into
the cell membrane).[2–5,10–12] As a result of the universal

usage of Lys (the location of resin immobilization for syn-
thetic purposes), each library member was to be cationic
(ranging from +1 to +5), while the distribution of hydro-
phobic and hydrophilic side chains was not statistically
biased towards amphiphilicity. Because the cytoplasmic
membrane compositions of the eukaryotes U. linza and N.
perminuta are significantly different to those of either gram-
positive bacteria (such as MRSA) or gram-negative bacteria
(such as E. coli), it was unpredictable as to whether such a
library designed for targeting bacteria would have any effect
towards marine organisms.

Target compounds were identified by using two rounds of
toxicity screening, in which activity towards preventing U.
linza spore adhesion was the criterion for selection. Anti-
bacterial screening was done in parallel to these experi-
ments so that direct comparisons of peptide activity across
disparate organisms could be made. Initial screenings of this
cyclic peptide activity against U. linza were performed at a
relatively high concentration (20 mm), resulting in a surpris-
ingly large percentage of library members displaying activi-
ty. Of the 352 library members assayed, 88 members defined
as “highly active” were selected, consolidated, and re-
screened at lower concentrations (10, 5, and 2.5 mm). Activi-
ty was significantly diminished at the lower concentration
screenings, in which of the 88 members screened, fifteen
were active at 10 mm, eight at 5 mm, and only four at 2.5 mm.

Based on their activity against U. linza, MRSA, and E.
coli, as well as the quality of their LC-MS/MS Sequence pre-
diction,[13] nine members of the library were selected for val-
idation studies. Each of these nine sequences were synthe-
sized separately, purified, characterized by MS, and used as
prepared in serial dilution assay plates so that their mini-
mum thresholds of activity could be measured precisely. In
addition to repeating assays against U. linza, MRSA, and E.
coli, each derivative was tested for toxicity towards the
diatom N. perminuta and for hemolytic activity.

At this point in the investigation, it was determined that
the manual microscopic analysis employed for evaluating
the survival of adhered spores of U. linza as a model for tox-
icity was not an ideal method for high-throughput analysis.
Accordingly, a new automated assay was developed to mea-
sure toxicity directly. By correlating toxicity to the fluores-
cence intensity of chlorophyll from the eukaryote of inter-
est, and normalizing this intensity with proper standards, a

Figure 1. Design of the 1296-member cyclic d,l-a-peptide library.
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quantitative value for each peptide corresponding to its
LD66 (66 % lethal dose) was readily obtained. From a data
quality perspective, this is an advantage over the manual mi-
croscopic evaluation method in which wells were scored sub-
jectively. From a high-throughput perspective, the new auto-
mated method is also much more efficient. Whereas in the
manual method only 96 wells (one plate) could be scored in
40 minutes, the automated method allowed 96 wells to be
analyzed in five minutes. This tech ACHTUNGTRENNUNGnique proved to be useful
for evaluating toxicity towards both U. linza and N. permi-
nuta and is proposed to be of general interest to screening
the solution-phase toxicity of small molecules against a wide
range of marine organisms.

The biological activities of the nine selected cyclic pep-
tides are presented in Table 1. While these derivatives share
many common structural features, they differ widely in their

overall activity and selectivity towards this disparate range
of organisms. Seven of the nine validated peptide sequences
displayed reproducible toxicity towards U. linza in the auto-
mated assay, ranging in activity from 10 to 50 mm (consid-
ered to be largely in agreement with the values obtained in
combinatorial screening). Two of the peptides (8 and 9) did
not agree with the value predicted from the combinatorial
screening. This disagreement could be attributed to the
purity of the library samples, MS-based hit sequencing
errors, or inaccuracies in the manual assessment of U. linza
toxicity. Although hits were initially selected based on their
activity against U. linza, surprising trends in antibacterial ac-
tivities were observed. Cyclic peptides 1 and 2 displayed ap-
preciable selectivity for gram-negative bacteria (E. coli)
while peptides 3 and 4 showed an opposite gram-positive
(MRSA) selectivity. Interestingly, while MRSA-selective
cationic peptides 3 and 4 possess amphiphilic sequence
structures, E. coli-selective enantiomeric peptides 1 and 2
have an unique mixed topology, suggesting that the histidine
residue bound on either side by hydrophobic amino acids
acts as a hydrophobic residue in its deprotonated state. Fur-
thermore, in addition to the enantiomeric sequences 1 and
2, peptides 5 and 6, which are retroenatiomeric sequences,

also display similar activity profiles, suggesting that side-
chain properties are largely responsible for the observed
bio ACHTUNGTRENNUNGcidal behavior against both prokaryotic and eukaryotic
organisms. Previous studies have reported similar observa-
tions for the antibacterial behavior of cyclic peptide octam-
ers.[2–4] Based on the data obtained from the validation stud-
ies, two analogue libraries were constructed to examine the
biocidal activity and species selectivity with respect to single
amino acid substitutions (Figure 2).

Peptide sequence 1 was chosen to derive the analogue
family 1 of cyclic peptides (peptides 1, 10–16 ; Figure 2,
Table 2) because of its appreciable broad-spectrum activity
against the tested organisms. It is important to note that as
the result of single amino acid substitutions, the overall cat-
ionic charge and amphiphilicity varies within this series of
eight related peptide sequences. In comparing the activity
profiles of analogue 1 peptides (Table 2), it seems that over-
all toxicity is strongly affected by the degree of amphiphilici-
ty and not by the overall cationic charge. Sequences contain-
ing hydrophilic residues (Lys, Arg, His, or Ser) each display
broad-spectrum activity towards the range of organisms as-
sayed, while those sequences containing hydrophobic Trp,
Tyr, or Phe substitutions were largely inactive in the range
of concentrations tested. Peptide 13, containing hydrophobic
Leu, is the exception to this trend and displays >10-fold se-
lectivity for MRSA.

Peptide 3, which has the most selective activity profile
(active only against MRSA and U. linza) was used to derive

Table 1. Activities of selected hits against bacteria, algae, and red blood
cells.[a]

Peptide MIC [mm][c] LD66 [mm][d] HD50
[e]

sequence[b] MRSA E. coli U. linza N. perminuta [mm]

1 [KWFHWK] 30 15 10 20 >100
2 [KWFHWK] >100 7.5 12.5 n.d.[f] n.d.
3 [KWFFLH] 10 >100 10 >100 >100
4 [KWLFFK] 7.5 40 40 20 50
5 [KWWFWK] 30 100 10 40 >100
6 [KWFWWK] 100 >100 30 20 >100
7 [KWFKWS] >100 >100 50 30 >100
8 [KWFKKL] 50 20 >100 30 >100
9 [KWFLWH] 100 >100 >100 40 >100

[a] See the Experimental Section for assay details. [b] Underlined amino
acid abbreviations represent d-amino acid residues. [c] MIC=minimum
inhibitory concentration. [d] LD66=66% lethal dose. [e] HD50=50% he-
molytic dose (mouse erythrocytes). [f] n.d.=not detected.

Figure 2. Analogue peptide libraries.
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analogue 3 peptides (Figure 2). Single amino acid substitu-
tions resulted in a series of six derivatives (peptides 3, 17–
21) with varying degrees of the overall charge and amphi-
philicity. Similar to the trend for analogue 1 sequences, hy-
drophilic Lys, His, or Ser amino acid substitutions (peptides
19, 20, and 21) resulted in loss of species selectivity and gain
of broad-spectrum activity (Table 2). These hydrophilic var-
iants were consistently more active against N. perminuta
than the parent peptide 3. Most noteworthy, substituting
Leu (Peptide 3) with Phe (peptide 17) resulted in the most
potent and selective cyclic peptide derivative discovered in
this study. We suggest that peptide 17 which has 100-fold se-
lectivity towards U. linza might be a particularly attractive
candidate for future development of antifouling agents.

Conclusion

A combinatorial approach has been used to rapidly identify
cyclic d,l-a-peptide hexamer sequences which exert biocidal
activity towards both MRSA and E. coli bacteria, as well as
the marine algae U. linza and N. perminuta. Evaluation of
the effects against marine algae was facilitated by the devel-
opment of a reliable, automated assay for marine toxicity
which should be of general utility for biofouling investiga-
tions. This study serves as another example of the remark-
ACHTUNGTRENNUNGable scope and utility of the cyclic d,l-a-peptide architecture
for the discovery of bioactive agents.

Because antimicrobial cyclic peptides are believed to
exert biocidal behavior by partitioning into and destabilizing
the external cytoplasmic membranes of targeted cells,[2–5] it
is reasonable to expect that sequences with broad-spectrum
toxicity could be identified for both eukaryotic and prokary-

otic organisms. The cytoplasmic membranes of all living
cells have a common structure based on the phospholipid bi-
layer and contain intercalated proteins that define their
functional properties and are the main source of diversity
across the major phyla of organisms. Although much is
known about the molecular structure of the cytoplasmic
membrane of prokaryotes (such as bacteria), there is little
comparable molecular data for marine algae. However, con-
siderable variations are anticipated due to the disparate evo-
lutionary position of prokaryotes and eukaryotes (sterols for
example are only found in eukaryotic cell membranes) and
because their cytoplasmic membranes play different roles in
their respective overall biology. A goal of this investigation
was to discover biocidal molecules which are able to exploit
these differences in order to target individual organisms se-
lectively.

Due to the fact that self-assembling cyclic d,l-a-peptides
often do not display intuitive structure-activity relationships,
combinatorial screening followed by sequence optimization
through parallel synthesis was shown to be an efficient ap-
proach towards discovering new sequences of interest. In
this study, multiple cyclic d,l-a-peptide hexamers displaying
broad-spectrum activity as well as a few with species-selec-
tive potencies coupled with low hemolytic profiles were
identified. Analogous to previously reported antibacterial
properties, toxicity towards the marine organisms in this
study was shown to be highly sensitive towards single side-
chain perturbations, enabling selective biocidal behavior to
be identified from the screening process. A sequence dis-
playing 100-fold selectivity towards U. linza was discovered,
showing promise that the approach described herein may
help lead to the development of new biofouling tools which
are not generally toxic to all organisms, but rather engi-
neered towards specific microbial agents of interest.

Experimental Section

Split-and-pool peptide library synthesis : Fmoc-Lys-OAll loaded trityl
chloride macrobead resin was prepared as previously reported.[13] The
peptides [KWXXXX], in which X=F, H, K ,L, S, or W were prepared by
using a split-and-pool approach and Fmoc chemistry.[13–15] Each amino
acid coupling step was performed by using four equivalents each of Fmoc
amino acid, hydroxybenzotriazole (HOBt), and diisopropylcarbodiimide
(DIC) in N-methylpyrrolidine (NMP) relative to resin loading and agitat-
ed with orbital shaking until all library members showed complete cou-
pling by means of bromophenol blue dye monitoring (2–12 h).[16, 17] Fmoc
was deprotected by using piperidine/DMF 25:75 washings (2 M 20 min).
After the sixth amino acid residue was coupled and Fmoc deprotected,
the resin was washed with CH2Cl2 and the allyl protecting group was re-
moved.[18, 19] In two separate vessels, CH2Cl2 solutions of PdACHTUNGTRENNUNG(PPh3)4

(0.2 equivalents) and PhSiH3 (10 equivalents) were degassed by using a
nitrogen stream and then added to the resin and sealed under nitrogen.
After agitating overnight, the resin was washed with CH2Cl2 (2 M 10 min),
DMF (2 M 10 min), 1% dimethylthiocarbamic acid in DMF (2 M 10 min),
20% DIEA in DMF (2 M 10 min), and NMP (2 M 10 min). The linear de-
protected peptide was then cyclized by treatment with a NMP solution
containing one equivalent each of DIC and HOBt (4 M 1 h). The resin was
washed with DMF (2 M 10 min), CH2Cl2 (2 M 10 min), and MeOH (2 M
10 min), and was then dried under vacuum overnight. Individual beads
from the cyclic peptide library were separated into 96 well plates (one

Table 2. Activities of peptide 1 and 2 analogues against bacteria, algae,
and red blood cells (mouse erythrocytes).[a]

Peptide MIC [mm][d] LD66 [mm][e] HD50

sequence[b,c] MRSA E. Coli U. linza N. perminuta [mm][f]

analogue 1
1 [KWFHWK] 30 15 10 20 >100
10 [HWFHWK] 15 20 50 20 >100
11 [RWFHWK] 30 20 10 30 >100
12 [SWFHWK] 10 40 5 8 >100
13 [LWFHWK] 10 >100 >100 >100 >100
14 [WWFHWK] >100 >100 >100 >100 >100
15 [YWFHWK] >100 >100 >100 >100 >100
16 [FWFHWK] >100 >100 >100 >100 >100
analogue 3
3 [KWFFLH] 10 >100 10 >100 >100
17 [KWFFFH] 100 >100 1 100 >100
18 [KWFFWH] 50 >100 30 >100 >100
19 [KWFFKH] 15 10 10 8 >100
20 [KWFFHH] 7.5 50 8 10 90
21 [KWFFSH] 40 50 5 30 >100

[a] See Experimental Section for assay details. [b] Underlined amino acid
abbreviations represent d-amino acid residues. [c] Bold amino acid ab-
breviations represent the variable residues. [d] MIC=minimum inhibito-
ry concentration. [e] LD66=66% lethal dose. [f] HD50=50 % hemolytic
dose.
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bead per well) and cleaved from the resin by treatment with a cleavage
cocktail (TFA/H2O/TIS 95:2.5:2.5) for 4 h. After cleavage, the TFA mix-
ture was evaporated under vacuum to remove all volatiles. An appropri-
ate volume of DMSO was then added to each well to give approximate
2 mm concentrations of parent solutions (based on original loading of
macrobead resin). These parent plates were then used to create assay
plates by dilution into 0.5m aq NaCl by using a Tecan Genesis solvent
manipulation system.

LC-MS/MS sequencing : The amino acid sequences of library members of
interest were identified by means of LC-MS/MS analysis as previously
described.[13]

Peptide synthesis : Peptides synthesized for validation studies and parallel
screening were prepared analogously to the library described above,
except that 200 mesh trityl chloride resin was used, bromophenol blue
monitoring was not employed, and amino acid couplings were performed
by using standard HBTU/DIEA conditions. Peptides were purified by
preparatory scale HPLC (MeCN/H2O/TFA gradient) and characterized
by tandem HPLC/MS analysis.

Preparation of library assay plates : In the initial round of assays, a Tecan
Genesis system was used to dilute the 2 mm DMSO parent solutions into
0.5m NaCl to give 96-well assay plates each containing 20 (for bacteria)
or 40 mL (for marine organisms) solutions of 100 mm cyclic peptide (5 %
DMSO) in 0.5m NaCl. For each different microbe to be tested, plates
were prepared in triplicate. Upon addition of 80 (for bacteria) or 160 mL
(for algae) microbial agent solution, a final assay concentration of 20 mm

peptide (1 % DMSO) was obtained. Of the original 1296-member library,
532 members were assayed, 88 active wells were selected, and their
parent DMSO solutions were used to create “cherry picked” assay plates
of 50, 25, and 12.5 mm concentrations of peptide in 0.5m aq NaCl, which
when diluted into microbe solution gave assay concentrations of 10, 5,
and 2.5 mm peptide (containing 0.5, 0.25, and 0.125 DMSO, respectively).

Preparation of validation assay plates : A parent solution of each purified
peptide obtained from direct synthesis was prepared by dissolution in
DMSO and adjustment of the concentration to 2 mm by using the optical
density (OD, 280 nm) and extinction coefficients of the Trp and Phe resi-
dues as applicable. These 2 mm DMSO solutions were used to prepare
assay plates which resulted in final peptide concentrations ranging from
0–100 mm. Three copies of each serial dilution plate were prepared.

Anti-algal screening (manual adhesion assay for U. linza): Zoospores of
Ulva linza were released from plants collected from Wembury Beach,
Devon (UK) as previously described[7] An U. linza spore suspension in
seawater of OD (660 nm)=0.25 was prepared. Aliquots (160 mL) of this
suspension was were added to the 96-well assay plates to give a final OD
(660 nm)=0.2, corresponding to approximately 2 M 106 spores ml�1. After
addition of spores, each assay plate was placed on an orbital plate shaker
for 1 min at max speed to mix the contents, after which the plates were
incubated in the dark at room temperature for 1 h. The plates were
washed by hand shaking followed by refilling with 100 mL sea water and
this process was repeated three times. Assessment of the number of
spores attached to the well was made by viewing with an inverted micro-
scope. Each well of each plate was assigned a score of 0, 1, or 2 depen-
ACHTUNGTRENNUNGding on the quality and quantity of the attached spores. Poor-quality
spores were ones that had damaged membranes and extruded cytoplas-
mic contents, whilst good-quality spores were ones that were rounded
and appeared to be normal. A semiquantitative approach was used as au-
tomated counting could not discriminate between live and damaged
spores. A score of 0 corresponded to 0 or very few poor-quality spores at-
tached, a score of 1 corresponded to a mixture of poor and good-quality
spores attached, and a score of 2 corresponded to a large number of
good-quality spores attached (each as compared to the control wells).
The scores for each of the three replicates were added, giving a total
score of each individual well from zero to six. Those wells displaying a
score of 0 or 1 were then used to create the “cherry-picked” assay plate
tested at 10, 5, and 2.5 mm peptide concentrations.

Antibacterial screening : MRSA (ATCC #33591) and E. coli (ATCC
#35218) bacteria were grown with agitation at 37 8C overnight and then
were diluted into Muller–Hinton broth to give a concentration of 5M 105

CFU ml�1. Aliquots (80 mL) of these suspensions were added to 96-well

assay plates containing 20 mL solutions of peptide in 0.5m aq NaCl (the
identical concentrations as described in the U. linza assays). After shak-
ing in a 37 8C incubator for 24 h, the bacterial growth in each was deter-
mined by measuring OD (595 nm) by using a Tecan Genios platereader.
Those wells displaying OD<0.15 (transparent to the naked eye) were de-
fined as suppressing bacterial growth. Identical methodology was used
for both library and dilution plate screening.

Hemolytic activity : Heparinized murine blood was centrifuged at 1000 g
for 10 min and the supernatant and the buffy coat removed. Erythrocytes
were washed three times with 0.9 % saline containing 10% FBS (v/v).
Red blood cells were then treated with serial dilutions of the peptides in
a 96-well plate at 37 8C for 30 min. Control samples included a saline so-
lution and a 1% Triton X-100 as 0 and 100 % hemolysis, respectively.
Plates were centrifuged at 1000 g for 10 min and aliquots of the superna-
tant were diluted two times with saline solution and the absorbance was
measured at 560 nm.

Automated toxicity assay for U. linza and N. perminuta : Zoospores were
harvested from reproductive plants of Ulva linza as described for the
manual assay. The spores were suspended in enriched seawater
medium[20] and added to the wells of the plates to give an equivalent final
OD (660 nm) of 0.2. The plates were agitated vigorously for 2 min on an
orbital plate shaker to disperse the spores before being placed in the
dark for a 2 h settlement period, followed by incubation in the light at
18 8C with a 16/8 hour light:dark cycle.

After 96 h, the sporeling biomass was measured by using a fluorescent
plate reader (Tecan GENios Plus). By allowing healthy spores to germi-
nate and grow into sporelings, the problem of discerning between healthy
and moribund cells, which was inherent in the manual method of assess-
ment was overcome. The mean data for each treatment were converted
to a percentage of the control values for each plate. Wells in which
growth was less than two thirds of the control (<66%) were deemed to
have contained inhibiting peptides.

A similar methodology was carried out for the diatom Navicula perminu-
ta. Cells were grown to log-phase in conical flasks containing GuillardPs
F/2 medium[21] in an illuminated incubator as above. Cells adhering to
the base of the flask were washed three times with fresh F/2 medium
before being suspended and filtered for use. Cells were added to the
dishes to produce an equivalent chlorophyll a concentration of
0.1 mgmL�1 (quantified by using the method of Shoaf and Lium)[22] and
were agitated vigorously for two minutes on an orbital plate shaker.
After a 2 h settlement period, the diatoms were incubated under the
same conditions as the U. linza spores.

The growth of the diatoms was also evaluated by using the fluorescent
plate reader. The data were converted to a percentage of the control
values for each plate. Those wells with growth less than half of the con-
trol (<50 %) were scored as containing inhibiting peptides.
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