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ABSTRACT: The attachment of lipids to C- or N-terminally positioned
lysine side-chain amino groups increases the activity of a short synthetic
(Arg-Trp)3 antimicrobial peptide significantly, making these peptides
even active against pathogenic Gram-negative bacteria. Thus, a peptide
with strong activity against S. aureus (1.1−2 μM) and good activity
against A. baumannii and P. aeruginosa (9−18 μM) was identified. The
most promising peptide causes 50% hemolysis at 285 μM and shows
some selectivity against human cancer cell lines. Interestingly, the
increased activity of ferrocenoylated peptides is mostly due to the
lipophilicity of the organometallic fragment.
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Next to the often-mentioned threat of resistant Gram-
positive bacteria such as methicillin resistant Staph-

ylococcus aureus (or MRSA) and vancomycin resistant Enter-
ococcus feacium (or VRE), a threat arising from Gram-negative
bacteria has been growing steadily.1 For example, it has been
long recognized that late-stage chronic infections in cystic
fibrosis patients are mainly caused by biofilms formed by the
Gram-negative Pseudomonas aeruginosa.2 In addition, another
recently emerged Gram-negative pathogen is Acinetobacter
baumannii: it causes tens of thousands of deaths in the U.S.
annually,3 has been mentioned to be “far worse than MRSA”,4

and was nicknamed “Iraqibacter” following the many severe A.
baumannii infections brought home by U.S. soldiers that served
in Iraq.5 In view of the generally higher resistance of such
Gram-negative bacteria against treatments and increasing
occurrence of infections by them, compounds with increased
activity against this class of bacteria are urgently required.6

Interestingly, synthetic antimicrobial peptides (AMPs) hold
great promise as novel antibacterial agents.7,8 Especially short
sequences with relatively simple amino acid compositions are
preferred: they are easy to make and can be modified according
to specific requirements concerning proteolytic stability,
general toxicity, circulation lifetime, or bacterial specificity. A
potential downside of short sequences is their undefined or
surfactant-like mode-of-action, and a lower activity when
compared to, for example, known natural AMPs such as
magainin, mellitin, temporin, and aurein.9 Nevertheless, the fact
that these short sequences can be easily modified to tune their
activity-profile makes them interesting from a therapeutic
perspective. For example, synergistic approaches can be
explored using synthetic methods, as was shown by
combination of vancomycin with nisin(1-12),10 combination

of vancomycin with metalloenzyme active site mimics,11 and
dimerization of vancomycin.12

Importantly, even simple modifications can already lead to
significant improvements and change the spectrum of activity,
as was shown for lipidated vancomycin: the attachment of lipids
to vancomycin led to a 40-fold increase in activity against
vancomycin-resistant Enterococci (VRE).13 A similar effect has
been shown for (short) peptides, where attachment of lipids to
the peptide N-terminus turned otherwise nonactive peptides
into nontoxic AMPs with antifungal and antibacterial activity
over a broad range of pathogens.14−18 Very recently, a trivalent
histidine-histidine dipeptide with a C14-lipid tail proved to be a
potent nontoxic in vivo antifungal agent for the treatment of
lethal lung infections in mice.19 Lastly, the attachment of an
organometallic moiety to short synthetic antimicrobial peptides
or antibacterial agents has been shown to modulate the
antibacterial properties of those therapeutics.20−22 Next to
activity-profile related considerations, it is also important to
increase the circulation lifetime of a therapeutic peptide.23

Glomeruli located in the kidney are very effective in filtering
compounds smaller than 8 nm from the bloodstream, resulting
in rapid excretion of short peptides within minutes after
administration. Albumin-binding or the formation of supra-
molecular structures can increase the plasma-lifetime of
(lipidated) peptides.24,25 However, a major downside of
lipidation is that it decreases solubility in water, which can
have severe pharmacokinetic consequences, and that it can
increase toxicity.
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In this study, we used a short antibacterial (RW)3-
sequencethat was only active against Gram-positive
bacteriaand modified it with an N- or C-terminally
positioned lysine residue that was lipidated on the side-chain
amino-group (Chart 1). Until now, this strategy has been rarely

employed: usually N-terminal lipidation is performed to
increase activity. In doing so, we generated two groups of
regioisomers of the lipidated peptides, allowing us to assess the
structure−activity relationships (SARs) of both the position
and length of the lipid with regard to antibacterial and
hemolytic properties. Although it has been established that the
attachment of lipids can increase the activity of AMPs, we
wanted to determine to what extent the activity of a short
(RW)3-peptide against Gram-positive bacteria could be altered
and, more importantly, if its activity against Gram-negative
bacteria could be enhanced.26−28 In addition, we intend to
assess whether previously observed increased activities of
organometallic-AMP conjugates were due to the redox-activity
of the organometallic fragment or merely an effect of added
lipophilicity.
Synthesis of the lipidated peptides was performed using

established Fmoc-based solid-phase peptide synthesis proce-
dures (see the Supporting Information for details). The
introduction of a highly acid-labile 4-methyltrityl (Mtt)
protected lysine residue allowed selective modification of the
side-chain amino-group. Ferrocenoyl or fatty acid derivatives
with different chain lengths were then coupled using TBTU/
HOBt and DiPEA in a mixture of 1,2-dichloroethane (DCE)
and N-methyl-2-pyrrolidone (NMP). After cleavage of the
lipidated peptides from the resin, all batches of products were
found to be >90% pure by analytical HPLC. They were further

purified by preparative HPLC, lyophilized, and tested for
antibacterial activity (Table 1). The antibacterial activity of the
prepared lysine-acylated (RW)3-peptides was tested against a
representative panel of pathogenic bacteria: two strains of S.
aureus (Gram-positive) and Escherichia coli, A. baumannii, and
P. aeruginosa (Gram-negative); the nonpathogenic Gram-
positive Bacillus subtilis was also included. As mentioned
before, we were particularly interested in peptides that showed
activity against P. aeruginosa and A. baumannii. For comparison,
together with the fourteen lipidated peptides, the unmodified
(RW)3-peptide, two nonacylated lysine-containing (RW)3-
peptides, and two ferrocenoyl-labeled lysine-containing pep-
tides were included in the activity screening.
Minimal inhibitory concentrations were determined accord-

ing to CSLI guidelines (see the Supporting Information). In
brief, serial dilutions of lipidated peptides were prepared in
Mueller Hinton broth. The cultures were inoculated with 105

bacteria per milliliter and incubated at 37 °C for 18 h. The
lowest concentration that inhibited visible growth is reported as
MIC. Tests were performed twice independently.
The general trend is that lipidation increases the activity of a

short active unnatural synthetic antimicrobial peptide (Table
1). Importantly, a sequence that is otherwise virtually inactive
against Gram-negative pathogens becomes active upon the
attachment of C6−C14 lipids. Within this window formed by
the length of the lipid, the highest activities against a broad
range of pathogens are found for compounds with C8 and C10.
For example, introduction of a C-terminal lysine-residue
acylated with a C8-lipid increases the activity against A.
baumannii 40-fold. The lower activity of the peptides lipidated
with C12 and especially C14 could be due to their poor solubility
in the media used for the MIC-tests. Interestingly, attachment
of the lipid at the C-terminal or N-terminal end of the peptide
does not make a significant difference, although C-terminal
lipidation is slightly favorable. In addition, the most active
acylated peptides are rapid bactericidal at two times MIC-
values; less than 1% survival was observed after 15 min of
exposure to the peptides (see Table S2 of the Supporting
Information). Control peptides (RW)3 and nonacylated
peptide K(RW)3 showed 2.8% and 7% survival, respectively.
It is also interesting to note that the ferrocenoyl-

derivativesfor which the lipophilicity lies in between C6
and C8 as judged from the retention timeshave an activity
that lies in between that of C6 and C8, except for P. aeruginosa.
This indicates that for most bacteria the effect of this
organometallic moiety on the activity predominantly results
from its lipophilic character. Lastly, attachment of a lysine
residue on either the N- or the C-terminus itself mostly reduces
the activity of the (RW)3-sequence, making it less active than
the parent (RW)3-sequence. Also, acetylation of the lysine side-
chain residue suppresses the activity in most cases.
After this screening for antibacterial activity, we assessed the

hemolytic potential of these peptides using a high concen-
tration of lipopeptide, i.e. 250 μg/mL (Table 2). For this, a
hemolytic assay was used in which leakage of hemoglobin from
human red blood cells (hRBCs) as a result of exposure to the
lipidated AMPs is assessed (see the Supporting Information for
detailed information on the experiment). Percentages were
calculated using leakage caused by 5% DMSO as the baseline
and leakage caused by 1% triton X-100 as the 100%-level.
Fortunately, the C-C8 peptide only causes 10−20% hemolysis
at this high concentration of 285 μM, which is 8−16 times
higher than the MIC-value against P. aeruginosa and 142 times

Chart 1. Structures of the Two Groups of Lysine-Lipidated
(RW)3-Peptides Described

a

aR = FcCO (structure is given in the chart) or C(O)CnH2n+1 with n =
1, 3, 5, 7, 9, 11, or 13.
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higher than the MIC-value against the resistant Gram-positive
S. aureus (type ATCC 43300). Since both N-C8 and C-C8 were
considered as the most interesting candidates for further
analysis, we determined their 50%-hemolysis concentration
(the HC50 value): these were 200 μg/mL (114 μM) for N-C8
and 500 μg/mL (285 μM) for C-C8. Furthermore, we assessed
the kinetics of hemolysis of these two peptides, which could be
relevant in view of the rapid degradation and clearance rate of
small peptides from the serum. To this end, hRBCs were mixed
with 500 μg/mL of either C-C8 or N-C8 and, after 5, 10, 20, 30,
and 60 min samples were taken, treated and analyzed (see the
Supporting Information). The end-point was taken at 60 min,
and this value was set at 100% hemolysis even though not all
hRBCs were lysed. From this experiment, it became clear that
most hemolysis occurs in the initial stages of the experiment,
indicating surfactant-like properties of these peptides at the
high concentrations used. Specifically, in the first 5 min 48% of
all hRBCs that are lysed in 1 h were already destroyed using C-
C8; for N-C8 this number is almost double of that with 88%.
Clearly, the N-C8 peptide is more hemolytic than the C-C8
peptide, each of which are more hemolytic than the parent
(RW)3 sequence. Apparently, the presence of a positively
charged N-terminus next to the membrane-anchoring lipid in

the N-series results in faster and more efficient hemolysis. This
might be due to the fact that hRBCs are richly coated with
sialic-rich glycoproteins and are hence negatively charged.29

Finally, the effect of N-C8 and C-C8 on the cell-viability of
two cancer-cell lines (MCF7 and HT29) and against healthy
fibroblast cells was assessed. For this, solutions with increasing
amounts of the lipidated peptides were applied after 12 h of
preincubation of the cells (in duplicate). After incubation with
the peptides for 48 h, the crystal violet assay30 was performed in
order to determine the cell numbers. The relative cell numbers
were calculated as the percentage absorption of treated cells
compared to untreated cells. Concerning the cell-viability of the
cancer cell-lines when exposed to either C-C8 or N-C8, both of
these peptides were very active (Table 3). At only 4−5 μM of

the peptide, 50% of the cells were dead, which is a strong
indication that these two peptides are very toxic to malignant
eukaryotic cells, although hardly hemolytic at those low
concentrations. Against nonmalignant fibroblast-cells
(GM5657), IC50-values of 31−33 μM, i.e. seven times higher
than those against the two tested cancer-cell lines, were
observed. These concentrations are in the range of the MIC-
values observed against P. aeruginosa but they are 15−30 times
higher than the lowest MIC-values (against S. aureus).

Table 1. Minimum Inhibitory Concentrations (MIC) of (RW)3-Peptides Containing a Lipidated Lysine Side-Chain against
Several Clinically Relevant Isolates of Gram-Positive and Gram-Negative Bacteria (MIC-Values Are Given in μM)a

HPLC-
analysis Gram-negative bacteria Gram-positive bacteria

peptideb tR/min
E. coli DSM

30083
A. baumannii DSM

30007
P. aeruginosa DSM

50071
S. aureus DSM

20231
S. aureus ATCC

43300
B. subtilis 168
DSM 402

hemolysis 250
μg/mL

(RW)3 17.3 21 85 n.a. 11 6 3 <10%
K(RW)3 16.7 18 n.a. n.a. 37 9−18 2 <10%
N-C2 16.9 n.a. n.a. n.a. n.a. n.a. 10 <10%
N-C4 17.4 38 n.a. n.a. 38−75 19 2−5 <10%
N-C6 18.1 9 9−19 37−74 5−9 5 0.6−1.2 <10%
N-C8 19.0 5 9−18 9 2 1 0.6−1.1 >50%
N-C10 19.9 5−9 9−18 9 2 1 2 >50%
N-C12 21.0 9−18 18−35 n.a. 4−9 2−4 9 >50%
N-C14 22.6 35 35 n.a. 9−17 17−35 9 >50%
(RW)3K 16.5 18 n.a. n.a. 37−74 18 5 <10%
C-C2 16.9 n.a. n.a. n.a. n.a. n.a. 10 <10%
C-C4 17.3 38 n.a. n.a. n.a. 38−75 5 <10%
C-C6 18.2 19 19−37 74 18−37 9 2 <10%
C-C8 19.1 2−5 5−9 18−37 2−5 2 0.6−1.1 10−20%
C-C10 20.2 2−5 5−9 9 1 1 0.6−1.1 50%
C-C12 21.4 4 9 18−35 1−2 1−2 1−2 >50%
C-C14 22.4 17−35 9−17 70 2−4 2−4 4−9 >50%
N-FcCOc 18.4 9−17 17 n.a. 4 2−4 1 <10%
C-FcCOc 18.5 9−17 9−18 n.a. 9 4 2 <10%
aAll MIC-values were determined in duplicate; values separated with a dash represent two distinct MIC-values that were obtained. Retention times
are given for elution of the respective peptide on a reversed-phase analytical HPLC system using a C18 column (see the Supporting Information).
The abbreviation “n.a.” means “not active”; that is, MIC values were higher than 100 μM. bFor the peptides “N” refers to “K(RW)3”, “C” refers to
“(RW)3K”, and “Cn” refers to the lipid attached to the lysine side-chain residue; n is the number of C-atoms; that is, C8 means that a lipid with
C(O)C7H15 is present on the lysine side-chain amino group. cSee Chart 1 for the structures.

Table 2. Comparison of MIC and HC50 Concentrations (in
μM) of N-C8 and C-C8

a

peptide MIC HC50 HC50/MIC

N-C8 5−18 (−), 0.6−2 (+) 114 6 (−), 57 (+)
C-C8 2−37 (−), 0.6−5 (+) 285 8 (−), 57 (+)

aThe (−) and (+) indicate that the MIC- and HC50/MIC-values apply
to Gram-negative or Gram-positive bacteria, respectively.

Table 3. Cell Viability of MCF7, HT29, and Fibroblast
(GM5657) Cells in the Presence of N-C8 or C-C8 (IC50, in
μM)

peptide MCF7 HT29 fibroblast

N-C8 4.6 4.3 32.5
C-C8 4.7 4.5 31.3
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Interestingly, whereas a large difference was observed in the
hemolytic activity of the two regioisomers of the C8-lipidated
peptides, in these cell-culture tests no significant difference was
observed.
In conclusion, attachment of a side-chain lipidated lysine

residue on a short (RW)3-sequence substantially increases its
activity against both Gram-positive and -negative bacteria.
Interestingly, it appears that the increased activity of a
ferrocenoyl-conjugated peptide, as observed in other organo-
metallic AMPs, is primarily due to the added lipophilicity rather
than to the redox-properties of the metal-center. The retention
times of the Fc-derivatized AMPs are in between those of the
C6- and C8-lipidated AMPs, a trend that is roughly followed by
the MIC-values. Importantly, with activities ranging from 37 to
0.6 μM, both N- and C-terminally C8-lipidated peptides show
promising activity against a broad spectrum of bacterial
pathogens, including P. aeruginosa and A. baumannii. For
these two peptides a significant difference in hemolytic activity
was observed, of which the C-terminally lipidated peptide had
an HC50 value of 285 μM. In addition to this, IC50-values of
these two regioisomers of the C8-lipidated peptides equally
showed moderate selectivity activity against cancer cells over
healthy fibroblast cells; IC50-values were seven times higher for
the healthy cells. Whether these peptides retain therapeutic
potential in animal model systems remains to be determined.
Depending on this outcome, these peptides can find
applications in a therapeutic setting or will be limited to a
technological setting.
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