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ABSTRACT: Antimicrobial peptides are key elements of the innate immune system.Many of them interact with
membranes of bacteria leading to perturbation of the lipid bilayer and eventually to inactivation of the
pathogen. The emergence of multidrug-resistant bacteria has necessitated innovations of new and more
powerful classes of antimicrobials. Here we present the in-depth study of an antimicrobial peptide,MIRIAM,
derived from Sushi1 (S1), a well-characterized peptide from the horseshoe crab. MIRIAM interacts strongly
with negatively charged lipids, forming an R-helical structure. MIRIAMwas found to neutralize LPS and kill
Gram-negative bacteria with high efficiency, while not releasing LPS. The promising therapeutic potential of
MIRIAM is shown by hemolytic assays, which demonstrate that eukaryotic membranes are unaffected at
bactericidal concentrations. Nanoparticle-conjugated MIRIAM used in single-molecule fluorescence and
electronmicroscopy experiments showed thatMIRIAM targets bacterial membranes to kill bacteria similarly
to parental S1. Furthermore, fragments derived from MIRIAM and S1 provided insights on their molecular
mechanisms of action, in particular, the relationships of functional motifs comprised by charge, hydro-
phobicity, and structure within each peptide. We conclude that the combination of charge, hydrophobicity,
and length of the peptide is important. A close interaction of amino acids in a single molecule in a carefully
balanced ensemble of sequence position and secondary structure is crucial.

The innate immune system ofmulticellular organisms employs
antimicrobial peptides (AMPs) as the first line of defense to
respond quickly and adequately to the invasion of pathogens (1).
As key elements of the innate immune system, AMPs target a
wide range of pathogens, including Gram-positive bacteria,
Gram-negative bacteria (GNB), fungi, and protozoa (2, 3). AMPs
alsoplay a central role in recruiting andpromoting elements of the
innate immune system of most living organisms (4, 5).

With an increasing number of multidrug-resistant bacteria,
there is a need to develop new and more potent classes of anti-
biotics (6). Therefore, AMPs are valuable alternatives to classical
antibiotics, especially cationic AMPs which have many desirable
features of a novel antibiotic class. In particular, many AMPs
have a broad spectrum of activity: kill bacteria rapidly, are
unaffected by classical antibiotic resistance mutations, neutralize
LPS, and are active in animal models. As antimicrobial peptides
target the membrane structure, pathogens can only acquire
resistance by a fundamental change in membrane composition.
Hence, the evolution of pathogen resistance to AMPs may be a
slowprocess. In addition to the net positive charge,many cationic
AMPs share similar features of hydrophobic and hydrophilic
amino acid residues arranged in an amphipathic R-helix (1, 7).
However, the diversity in structure and sequence of AMPs

complicates the search for common features required for selective
antimicrobial activity (7). AMP selectivity seems to stem from
their charge and resulting electrostatic interactions whereas
hydrophobicity is apparently more important for membrane
interaction (8). However, the situation is far more complicated
since other structural parameters such as the position of charged
residues and relative size of hydrophobic and hydrophilic cores
are believed to influence peptide-membrane interaction (9).
Also, thermodynamic studies or high-throughput screening for
AMPs has shown that there are further crucial properties of the
peptides which may be exploited to maximize their interaction
with membranes, such as salt bridge formation or “imperfectly
amphipathic” structure with either one charged residue or two
polar residues within the otherwise hydrophobic core (10-17).
Many studies examinedAMPs and compared them to derivatives
where the net positive charge and hydrophobicity were altered
(11-16, 18-24). However, the modification of a peptide by a
single amino acid residue generally results in the change of more
than one parameter, e.g., helicity or amphipathicity.

Sushi 1 (S1)1 is an extensively studied antimicrobial peptide of 34
amino acid length and is derived from the factor C protein of the
horseshoe crab (reviewed in ref 10). S1 assumes an amphipathic
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R-helical structure and carries a net positive charge of þ4 at
physiological pH. S1 not only possesses antibacterial properties
against GNB but also binds and neutralizes LPS from the bacterial
cell wall. As hydrophobicity, charge, amphipathicity, and structure
are all interdependent on each other, we posed several key
questions: What were the characteristic features that render S1 a
bactericidal and selective peptide? Would a designed peptide using
only themolecular building blocks fromS1be active? If so,would it
have the same mechanism of action? What defined the antimicro-
bial activity exactly? To answer these questions, we rearranged the
entire S1 peptide sequence and created an amphipathic helix, which
completely changed the sequence butmaintained the overall charge
and composition of amino acids. Henceforth, this new analogue is
referred as MIRIAM. Furthermore, we fragmented both the
parental S1 and MIRIAM into their functional moieties predicted
in silico (Supporting Information Table 1) and compared them
with the full-length peptides in their biological and biophysical
properties. By using various real time biophysical approaches as
was previously employed in our studies with S1 (8), we were able to
confirm that an association event occurred in which these peptides
formed clusters of high concentration in order to exert their
function on the GNB membrane, which is consistent with the
action of S1. AMPs have been compared with derivatized peptides
to determine which factors of a peptide are responsible for its
activity and selectivity toward microbial membranes. The aim of
this workwas to gain deeper insights into themechanisms of action
of the AMPs at a molecular level, albeit not by changing
parameters such as charge or hydrophobicity which has revealed
essential information for the understanding of AMPs in the past
(11, 21, 23-26). In this study, we kept the amino acid composition
constant and therefore preserved the overall physicochemical
parameters but altered sequence and structure. Toward the goal
of understanding the mechanism of action of the new and its
parental AMP, the fragmentation of the peptides proved to be very
useful in revealing the relationships of charge, hydrophobicity, or
amphipathicity and structural patterns within an AMP.

MATERIALS AND METHODS

Peptides. Peptides were synthesized by Genemed Synthesis
Corp. (San Francisco, CA, USA). MIRIAM has the following
sequence: MIRIAMKALNCFKVSGLKCWSFNSPRGQESP-
CPG. Fragments ofMIRIAMwereMIRIAMKALNCF (MIR-
F1) andKVSGLKCWSFNSPRGQESPCPG (MIR-F2). Sushi 1
peptide has the sequence GFKLKGMARISCLPNGQWSNF-
PPKCIRECAMVSS. Fragments S1-F1 and S1-F2 have the
sequences GFKLKGMARI and SCLPNGQWSNFPPKCIRE-
CAMVSS, respectively. A Sushi 1 mutant named negS1was used
as negative control; the first three lysine (K) and arginine (R)
residues were changed to glutamate (E) (GFELEGMAEISCL-
PNGQWSNFPPKCIRECAMVSS). All peptides were synthe-
sized as N-terminally unmodified as well as biotinylated.
Fluorescence Spectroscopy. Fluorescence emission spectra

were recorded on a spectrofluorometer (Model LS 50B; Perkin-
Elmer, Canada). Measurements were performed between 300
and 450 nm at 1 nm increments using a 5 mm quartz cell at room
temperature. The excitation wavelength was set to 280 nm with
both the excitation and emission slit width set to 4 nm. Spectra
were baseline-corrected by subtracting blank spectra of the
corresponding lipid or detergent solutions without the peptide.
The samples contained 2 μMpeptide and 0.5mM lipid or 10mM
detergent. Measurements were performed in phosphate-buffered
saline (PBS, pH 7.4).

Circular DichroismMeasurements. Spectra were obtained
using a spectropolarimeter (Model Jasco-J-810; Jasco, Easton,
MD, USA). Each spectrum was recorded from 190 to 260 nm as
an average of six scans using a quartz cuvette with a 1 mm path
length at room temperature. The scanning speed was 30 nm/min
at a step size of 1 nm, a 2 s response time, and a 1 nm bandwidth.
All peptide samples were at 50 μm in PBS, pH 7.4. The con-
centration of POPG/POPE (3:1) or POPC was 2 mM, whereas
the concentration of LPS was 400 μg/mL. Spectra were corrected
by subtracting the corresponding spectra from samples contain-
ing no peptide. Raw data were used to calculate Theta residues;
the program CDNN was used to calculate the percentage of
secondary structural features.
LPS Neutralizing Assay (rFC Assay). The LPS neutrali-

zation was quantified using a PyroGene kit (Lonza Inc., USA)
according to the manufacturer’s instructions. The principle of
this assay is the activation of recombinant factor C (rFC) byLPS.
Upon activation the enzyme hydrolyses a fluorogenic substrate
which emits light at 440 nm (with an excitation wavelength of
380 nm). Measurements were performed on a plate-reader
spectrofluorometer (Model: LS 50B; Perkin-Elmer, Canada).
The samples are measured every 3 min. Positive (LPS in PBS,
pH 7.4) and negative (PBS, pH 7.4 only) controls were included
in each run. From triplicate measurements, the mean values
with standard error and standard deviation were obtained as a
function of time.
Surface Plasmon Resonance (SPR). The interactions

between the peptides and phospholipids on the solid-phase
substrate were studied by SPR, where lipid A from Escherichia
coli strain O55:B5 (Sigma-Aldrich, Singapore) was coated on an
HPA chip to mimic the biological membrane. The real-time
interaction between different concentrations of peptides and
phospholipids in PBS (pH 7.4) was performed using a Biacore
2000 (GE Healthcare, Singapore). The SPR was recorded on the
phospholipid-coated HPA chip. The HPA chip was regenerated
by a pulse of 0.1 N NaOH until the SPR reached baseline. The
response units (RU) were baseline-corrected by subtraction of
RU from a blank solution without peptide. The temperature
within the sample chamber was maintained at 25 �C.
Antimicrobial Assay. To test the bacteriostatic or bacte-

ricidal ability of the peptides, the BacTiter-Glo microbial cell
viability assay (Promega, USA) was performed according to the
manufacturer’s instructions using dilutions of E. coli ATCC
25922. The bacteria were washed in PBS (pH 7.4) and resus-
pended in PBS (pH 7.4) containing 2 μM peptides and then
incubated at 37 �C. Survival was monitored by determination of
the cellular ATP content using BacTiter-Glo microbial cell
viability assay (Promega, USA) using a luminometer (Glomax
20/20; Promega, USA).
Hemolytic Assay.The hemolysis assay was adapted from the

method of Shin et al. (27). Rabbit erythrocytes were used to test
the hemolytic activities of the peptides. Whole blood was
collected in a sterile, heparinized, borosilicate tube and centri-
fuged (3K10 centrifuge; Sigma) at 1000g for 5 min at 4 �C. The
supernatant, including the leukocytes above the erythrocyte
pellet, was removed carefully and discarded. Intact erythrocytes
were washed three times with 3 volumes of prechilled PBS (pH
7.4). Erythrocyte suspensions were adjusted to 0.8% for the
hemolysis assay. Dilutions of the peptides were prepared in PBS
(pH7.4), and equal volumes of 0.8%erythrocyte suspensionwere
mixed with peptide solutions in sterile disposable plastic tubes.
The tubes were incubated at 37 �C. After 1 h intact cells were
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sedimented by centrifugation, and the amount of hemoglobin
released into the supernatant was determined by reading the
absorbance at 414 nm against a reference wavelength of 490 nm.
A positive control of 0.4% erythrocyte lysed in 10% SDS
was taken as 100% lysis. The negative control was erythrocytes
in PBS (pH 7.4) alone, which gave minimal lysis. This was taken
as 0%.
Fluorescence Microscopy. Measurements were performed

as described before (8). A fluorescence microscope (Axiovert
200M; Carl Zeiss, Germany) was used to examine the staining of
peptide quantum dot (PEG-Qdot; Invitrogen, Singapore) bio-
conjugates. As labels QDots of the emission wavelengths 525 and
655 nmwere used (Invitrogen, USA). The bacteria were attached
to poly(L-lysine)-treated glass slides. After addition of the bio-
conjugates to the samples the glass slides were washed with 1 mL
of PBS (pH 7.4).
Transmission Electron Microscopy. E. coli ATCC 25922

was grown overnight at 37 �C in Mueller-Hinton broth; 1 �
109 cells/mL were washed three times with phosphate-buffered
saline (PBS, pH 7.4) and resuspended in the original volume in
PBS. Nanogold particles of 10 nm size (Sigma-Aldrich,
Singapore) were covalently linked to streptavidin (Invitrogen,
Singapore) and then conjugated with a 1:1 ratio of N-terminal
biotinylatedMIRIAM.NonbiotinylatedMIRIAMwas added to
a ratio of 1:5 (nanogold:peptide). One hundredmicroliters of this
solution was mixed with 100 μL of E. coli (final concentration
1 μM). After 30 min the bacteria were washed twice with 1 mL of
PBS (pH 7.4) each and fixed by the addition of 2.5% glutar-
aldehyde and 2% paraformaldehyde, which cross-link proteins
and peptides and trap carbohydrates, lipids, and nucleic acids in
the bacterium. Following that a 12 h lipid fixation with 1%
osmium tetroxide in PBS was performed. Subsequently, a
standard TEM sample protocol was followed with dehydration
steps before embedding in resin as described previously (8). After
microtomy and transfer of the sample preparations onto For-
mvar copper grids, the samples were stained by uranyl actetate
(10%, 10 min) and lead citrate (1.5%, 5 min). As controls, negS1
or biotin was used together with the nanogold particles. In
addition, nanogold with nonbiotinylated MIRIAM was used.
The samples were observed with a Philips CM10 TEM using a
primarymagnification of 42000-145000. The nanogold particles
were counted to evaluate their distribution on/in the cell.
Fluorescence-Activated Cell Sorting (FACS). E. coli

ATCC 25922 was grown overnight at 37 �C in Mueller-Hinton
broth; 1 � 108 cells/mL were washed three times with PBS (pH
7.4) and resuspended in the original volume in PBS. The cells
were labeled with peptide-Qdot655 conjugates as described
previously (8). The FACS analyses of the peptide-Qdot conjugate
labeled cells were performed using an Excalibur flow cytometry
instrument (excitation 488 nm, emission 675 nm; BD Bio-
sciences). For the experiments, the fluorescence from the MIR-
IAM-Qdot655 conjugate was compared with the background
fluorescence obtained from unlabeled cells as well as E. coli
labeled with S1-Qdot655 as a positive control.
Fluorescence Correlation Spectroscopy (FCS). The FCS

system was built around a FV300 Olympus laser scanning
confocal microscope, where an additional FCS module was
coupled to the microscope. Measurements were performed as
described previously (8).
Total Internal Reflection Microscopy (TIRF)-Single

Particle Tracking (SPT). SPT was performed on a modified
EMCCDcamera (Cascade 512B; Photometrics) coupled inverted

epifluorescence microscope (Axiovert 200 M; Carl Zeiss) in total
internal reflection fluorescence mode. Laser light from a 532 nm
diode-pumped solid-state laser (Calypso, Cobolt; PhotoniTech)
at 5-6 mW was used for excitation, and the emission filter used
645AF75. Measurements were performed as described pre-
viously (8).

Lipids were purchased from Avanti Polar Lipids (Germany).
All other chemicals were purchased from Sigma-Aldrich
(Singapore).

RESULTS

Design of a Sushi1-Derived Peptide. For the construction
of a new peptide, we used the same amino acid composition and
length of S1 and therefore kept the overall charge and polarity
constant. The entire peptide sequence was rearranged; then an
R-helical peptide was generated at the N-terminus whereby the
charge and polarity were distributed resulting in an amphipathic
helix. The peptide was designated as MIRIAM due to its first six
amino acids. One of the three proline residues was placed in
position 26 to create a kink in a region which potentially forms a
helix and to end the helix at this point. The other two proline
residues were placed in positions 30 and 32. Structure prediction
using the GOR V algorithm (28) gave an R-helix from residues
1 to 12 followed by a random coil structure from positions 13 to
34. Accordingly, two fragments were synthesized dividing the
peptide in two uneven halves, designated MIR-F1 (residues
1-12) and MIR-F2 (residues 13-34) (Figure 1). MIR-F1
contains the R-helical segment supposedly forming an amphi-
pathic helix, whereas the MIR-F2 fragment contains the rest of
the amino acid chain of the peptide including the single trypto-
phan residue. For comparison, we used full-length S1 and S1
fragments (S1-F1 which spans from 1 to 10 and S1-F2 which
covers 11-34 amino acids). As a negative control, the peptide
negS1 was designed identical to S1 except for the replacement of
cationic amino acids for anionic ones. Supporting Information
Table 1 provides sequences of the peptides as well as calculated
parameters and observed properties.
MIRIAM Interacts with Anionic Phospholipids Under-

going R-Helical Transition. To determine the binding affinity
of MIRIAM to negatively charged lipids, we employed surface
plasmon resonance (SPR) analysis where POPG or lipid A was
immobilized. Measurements to determine binding constants of
the peptides to POPG or lipid A showed that MIRIAM has
higher affinity than S1 (Figure 2A) for these phospholipids. The
dissociation constant of MIRIAM for POPG and lipid A was
calculated to be 1.2 nM (( 0.1) and 5.1 nM ((0.1), respectively.

In order to characterize the nature of the interaction between
MIRIAM and the lipids, we conducted circular dichroism (CD)
spectroscopy. In buffer, the peptide showed no defined secondary
structure, as was the case with S1, showing a minimum around
198 nm (Figure 2B, Sushi 1; see Supporting Information Figure
1). In a 40% TFE solution which is known to induce R-helices
in peptides (29) the full-length MIRIAM peptide adopted an
R-helical structure of about 25% according to deconvolution
with CDNN. In the presence of the micelle-forming detergent,
SDS, as well as the negatively charged lipid POPG/POPE,
MIRIAM adopted a partial R-helical structure. Interestingly,
the degree of R-helicity was highest when in POPG/POPE,
showing the specificity of the peptide for negatively charged
lipids. No structural change in MIRIAM was observed when in
the presence of a mammalian analogue membrane phospholipid,
POPC, a lipid that lacks net negative charge (data not shown).
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From these observations we can conclude that MIRIAM adopts
an R-helical structure when interacting with negatively charged
lipids but does not interact with zwitterionic lipids.

To further study the nature of interaction of MIRIAM with
membranes, we conducted fluorescence spectroscopy using in-
trinsic tryptophan fluorescence. A different emission peak was
observed when exposed in a hydrophilic environment such as
buffer, compared to when the aromatic amino acid was in a
hydrophobic surrounding such as lipids where the emission was
blue shifted. This physical effect was used to determine the
insertion of the peptide into lipids (Figure 2C). MIRIAM shows
a tryptophan emission peak shift in an anionic lipid containing
and SDS environment. Generally, insertion of a tryptophan-
containing peptide into a hydrophobic environment results in a
blue shift of the emission maximum, together with an increase of
the quantum yield (30). However, the blue shift for the binding of
MIRIAM peptides to POPG/POPE was accompanied by a
decrease in the fluorescence intensity, in contrast with the
behavior of other peptides (31). Possibly the quenching of the
tryptophan indolemoiety by arginine and lysine side chains in the
MIRIAM peptides might account for this effect. It has been
shown that the side chains of eight amino acids, including lysine,
can quench tryptophan fluorescence (32, 33). Peptide conforma-
tional changes accompanying binding ofMIRIAM to negatively
charged vesicles might decrease the distance between one ormore
lysines or arginines and the tryptophan and therefore result in
fluorescence quenching of the residue.

Since three cysteine residues are found in the peptide, we
performed the measurements under reducing conditions (1 mM
DTT) as well as under oxidizing conditions (air oxidizing to allow
disulfide bridge formation). No spectral shift was observed,
indicating no interaction under oxidizing or reducing conditions
(data not shown). Taken together, we conclude that MIRIAM
inserts into negatively charged lipids, a property which is

commonly observed for AMPs of the R-helical group. Similar
to the parental peptide, electrostatic interaction seems to be the
crucial factor for lipid binding as shown with the zwitterionic
lipid, POPC (8). Moreover, there was no indication from activity
assays that the peptides were forming dimers via disulfide bridges
to confer their binding capability.
MIRIAM Neutralizes LPS and Is Highly Effective

against GNB While Showing Low Hemolytic Effect. To
determine the biological activity ofMIRIAM,we tested its ability
to neutralize LPS. The in vitro assay we used was based on the
activity of recombinant factor C (rFC) which is activated by LPS,
leading to the cleavage of a fluorogenic substrate. Samples which
did not bind and neutralize LPS, such as the control peptide
negS1, showed fluorescence similar to internal control reactions
only containing LPS. MIRIAM at <0.5 μM concentration
efficiently neutralized high amounts of LPS (2 EU/mL) (Figure
3A, Supporting Information Figure 2), with an IC50 value of
155 nM ((3.1 nM). This confirms that MIRIAM has similar
activity to its parental peptide S1, which, in order to completely
suppress rFC activity, needs to be present at more than a 2.5 μM
concentration.

To determine the antibacterial potential of MIRIAM, we
employed an antimicrobial assay based on ATP quantification
in cells using luciferase. Outside cells, ATP is decomposed
rapidly, implying that the detected ATP hydrolysis corresponds
toATP in intact cells.E. coliwashed inPBS (pH7.4) were quickly
killed by MIRIAM, whereas the control shows a decrease solely
due to starvation of bacterial cells, resulting from decreased
metabolic rate, hence decreased cytosolic ATP. At a concentra-
tion of 2 μMMIRIAM the half-time of complete lysis of 3� 107

bacteria/mL was determined to be 19 min (Figure 3B).
To observe release of LPS from bacteria in the presence of

AMPs in real time, we used fluorescence correlation spectroscopy
(FCS) of fluorescently labeled LPSmolecules in themembrane of

FIGURE 1: Peptides and peptide fragments. Helical wheel projection of the full-length (top) MIRIAM peptide and fragments MIR-F1 (left) and
MIR-F2 (right). Helical wheel projections visualize the distribution of hydrophobic (yellow) and polar residues (green) with respect to the helical
axis, illustrating the amphipathic structure of MIRIAM and MIR-F1. Basic and acidic residues are displayed in cyan and red, respectively.
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E. coli. FCS measures fluorescence intensity fluctuations from a
confocal volume and calculates autocorrelation functions which
can be fitted with theoretically predetermined models to extract
molecular parameters for different fluorescence species (34). The
number of particles in the focal volume of each species is
proportional to their concentration, and thus molar fractions
of mixtures can be determined. To determine if MIRIAM
disrupts the outer membrane of E. coli while releasing LPS
molecules from the lipid bilayer, we labeled E. coli with the
fluorescent dyeAlexa Fluor 555 (hydrazine) on the sugar residues
of LPS. After incubation with MIRIAM, the cells were pelleted,
and the supernatantwas analyzed byFCS. Similar to the parental
peptide S1, MIRIAM did not cause a release of LPS during lysis
in contrast to the mechanism of action of polymyxin B
(Figure 3C).

After yielding promising results in the antimicrobial assay, we
tested MIRIAM for lysis of eukaryotic cells. As mentioned
above, MIRIAM interacts only with negatively charged lipids

but does not interact with the zwitterionic POPC. Membranes
from eukaryotes differ significantly from microbial membranes
in their composition and charge. We used rabbit red blood cells
resuspended in PBS. Lysis of the red blood cells would release
hemoglobin, which can be detected in the supernatant by
measuring the absorbance of hemoglobin. The peptide showed
only 3% hemolytic activity at a high concentration of 10 μM
(Figure 3D), which is five times higher than the microbicidal
concentration. The results illustrate that the peptide is a highly
selective AMPwith the ability to neutralize LPS and to kill GNB
without releasing LPS from the membranes while not disrupting
eukaryotic cells.
Fragments of MIRIAM and Sushi1 Interact with Lipids

but Lost Their Antimicrobial Activity. In the presence of
negatively charged lipids or in solutions of TFE or SDS, the
structural properties of MIRIAM fragments differed vastly from
each other. In 40% TFE, MIRIAM and MIR-F1 form helical
structures, whereasMIR-F2 remained unstructured (Figure 4A).
Interestingly, MIRIAM and MIR-F1 consistently formed the
highest ordered R-helical structure in POPG/POPE. MIR-F2
again showed no rearrangement of its structure and gave
a nonstructured signal in CD analysis (Figure 4B). Even in
TFE, <5% of MIR-F2 may be characterized as R-helical. The
acquisition of an R-helical structure ofMIRIAMandMIR-F1 in
POPG/POPE indicates their interaction with the lipid whereas
there is no clear evidence that MIR-F2 interacted with the lipids.
The only tryptophan inMIRIAM is found in fragmentMIR-F2,
which showed no shift in anionic lipids (Figure 4C), indicating
that in this fragment the tryptophan residue is not involved in a
potential interaction with lipids. However, a decrease in fluores-
cence intensity of the tryptophanwas observed, similar to the full-
length peptide. This might indicate a structural rearrangement of
the peptide and fluorescence quenching of the tryptophan residue
by lysine or arginine induced by the interaction with the
lipids (32, 33).

In the case of fragments of S1, the absence of a structural
rearrangement shown by CD spectra might indicate that S1-F1
covering amino acids 1-10 does not interact with negatively
charged lipids or with TFE (Figure 4D). Similarly, S1-F2 showed
a complete random coil with a positive signal at 212 nm for the
peptide in buffer or in TFE. However, the peptide transitioned
into an R-helical structure in POPG/POPE. To prove or disprove
the interpretation that S1-F2 interacts with the lipid, we per-
formed tryptophan fluorescence spectroscopy of the peptide in
the presence or absence of POPG/POPE. When in aqueous
environment the peptide showed a maximum fluorescence
intensity peak at 357.5 nm, which was strongly blue shifted to
349.5 nm when the peptide was preincubated in POPG/POPE-
containing solution (Figure 4F). This observation indicates that
the peptide S1-F2 interactswith the lipid. Since various blue shifts
could be observed in samples that have been incubated for
varying periods of time, we followed the shift over time, starting
with the addition of the peptide. Interestingly, the insertion of the
tryptophan residue was observed to be rather slow, with a half-
maximal insertion time of 5947 s ((67 s) (Figure 5). This slow
process stands in contrast to the binding of the full-length S1
peptide where the fast insertion could not be measured with the
same method due to limited time resolution.

Furthermore, we tested the interaction of the two tryptophan-
containing peptide fragments derived from S1 and MIRIAM
with the uncharged lipid POPC. As expected, like the parental
peptides, neitherMIR-F2 nor S1-F2 showed shifts, indicating the

FIGURE 2: Interaction ofMIRIAMwith lipids. (A) Surface plasmon
resonance measurements with MIRIAM (black line) and S1 peptide
(dashed blue line) binding to POPG/POPE demonstrate the relative
higher affinity ofMIRIAMtoPOPG/POPE. (B)CD spectroscopyof
MIRIAM shows that the structure of the peptide changes from
random in buffer (black dotted line) to R-helical in POPG/POPE
(black solid line), SDS (red dashed line), or TFE (cyan line). (C) The
blue shift in tryptophan fluorescence fromMIRIAM in buffer (black
dotted line) shows that the residue is inserting into vesicles of POPG/
POPE (red line) of detergent micelles (SDS, gray line).
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importance of electrostatic interactions between the negatively
charged lipid and the positively charged peptides (data not
shown). Even though we observed an interaction with negatively
charged lipids, neither fragment was able to neutralize LPS on its
own or combined with the other half of the respective peptide
(MIR-F1 þ MIR-F2 or S1-F1 þ S1-F2) (Supporting Informa-
tion Figure 3). Therefore, it is not surprising to observe that both
fragments lost bactericidal activity, either combined or on their
own in the antimicrobial assay (data not shown).

These results suggest that the full-lengthMIRIAMpeptide is a
very potent LPS-neutralizing agent. While fragmentation of
MIRIAM abolished its activity, a fragment of the parental
peptide S1 was still able to interact with the lipids. It also
indicates the importance of the residues flanking either side of
theMIR-F1 andMIR-F2 in conferring a full AMP functionality
to MIRIAM.
MIRIAM Targets the Outer and Inner Bacterial Mem-

branes butDoesNotEnter theCytosol.Weused transmission
electron microscopy (TEM) to obtain ultrastructural informa-
tion regarding where MIRIAM binds to GNB. Nanogold-
conjugated MIRIAM at 1 μM was incubated with E. coli for
30 min. The conjugate acted differently compared to S1. It
detached the GNB membranes but did not enter the cytosol
(Figure 6). Membranes stained with osmium tetroxide can be
seen separately from the cell, suggesting that MIRIAM binds
and, to some extent, even led to the detachment of the membrane
ofGNB. In contrast to previously published results obtainedwith
S1-nanogold particles, where the peptide conjugates were not
only found on the inner and outer leaflet of the inner and outer
membranes but also in the periplasmic space and cytosol of the
bacterium, the MIRIAM-nanogold particles were only located
on detached membranes, appearing grayish (n (cells) = 76).
Considering an apparent discrepancy with the SPR data which

demonstrated that MIRIAM dissociates from microbial mem-
brane lipids (lipid A and phospholipids), the data obtained here
might not be sufficient to conclude that MIRIAM does not
dissociate into the cytosol; it emphasizes however, the high-
affinity constant of the peptide to the membrane lipids. Controls
with nanogold alone confirmed that this result is specific to the
peptide functionality. We included negS1-nanogold as well as
biotin-nanogold as controls, where no free or bound particles
could be observed. A further control included the use of both
components separately (nonbiotinylated MIRIAM, biotin-
nanogold), not as a peptide-nanogold conjugate. Again, in all
controls, particles could not be observed (n=141). Therefore, it
can be concluded that only particles conjugated with MIRIAM
were bound to the membranes, demonstrating the specificity of
the MIRIAM-nanogold.

These results suggest that MIRIAM acts selectively on the
membrane of GNB, similar to the parental peptide S1, but it may
not have an internal periplasmic or cytosolic target. It appears
that MIRIAM acts by creating major membrane defects, which
can lead to the detachment of membranes and therefore to the
leakage of cytosolic content, which effectively kills the bacteria.
Fluorescent Nanoparticle MIRIAM-Conjugate Track-

ing on Live Bacteria Reveals Aggregation of Peptides at
Active Concentrations. We used quantum dot labeled MIR-
IAM in which the conjugates were thoroughly tested for their
biofunctional properties as described previously (8). MIRIAM-
Qdotwas used to stainE. coli, and the cells were then subjected to
flow cytometry (FACS). Binding of the conjugate was efficient
(Figure 7A). Interestingly, the binding differed from that of S1-
Qdot and showed a broader distribution, with intensely stained
bacteria. This might indicate that the bacteria disintegrated as
well as aggregated compared to when S1 was applied where the
bacteria were homogeneously sized (seen in the distribution of

FIGURE 3: Antimicrobial and membrane activity of MIRIAM. (A) LPS neutralization assay shows effective neutralization by MIRIAM
(green line) similar to values from samples without LPS (black line). Full activation of rFC is shown in the sample with LPS only (red line).
(B) Antimicrobial assay with negS1 (blue line) and MIRIAM (black line). The control without any additive is displayed in red. (C) LPS release
assay using FCS. In contrast to PMB (black line), no LPS release can be observed in samples withMIRIAM (red line) or no additive (blue line).
100% LPS release induced by addition of 10% SDS is indicated by a cyan diamond. (D) Hemolytic assay using S1 (red line) and MIRIAM
(black line). 100% lysis using 10% SDS is indicated with a blue triangle.
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sorted cells in the side and forward scatters, Supporting Informa-
tion Figure 4). Furthermore, the fluorescence spectra of the
MIRIAM-Qdot conjugate showed that the previously reported
blue shift of the nanoparticle conjugate on E. coli was not as
prominent, albeit significant compared to S1-Qdot (7 nm com-

pared to 22 nm, Figure 7B). The control negS1-Qdot however
showed an emission, which was identical to the emission of the
free Qdot measured in aqueous or organic (tetrahydrofuran)
solvents (data not shown).

We further employed MIRIAM-Qdots to study the diffusion
of the peptides using single particle tracking (SPT) on live
bacteria, employing TIRF microscopy. On live E. coli cells the
average diffusion coefficient (D) of a single MIRIAM-Qdot
particle was determined to be 5.52 μm2/s (Figure 7C). The
MIRIAM-Qdot conjugates showed a relatively unrestricted
lateral movement along the bacterium. The determination of
the lateral diffusion coefficient of the conjugates at high con-
centration of unlabeled peptide (0.5 μM) was reduced to 1.55 �
10-3 μm2/s, which is similar to our published measurements of
S1-Qdot conjugates. From this we conclude that MIRIAM
peptides aggregate on themembrane in order to formmembrane-
active complexes.

DISCUSSION

To understand the mode of action of a membrane-active
peptide on a molecular level, it is essential to study its sequence
structure-function relationship. The interactions of the peptides
with the membrane are determined by the peptide composition

FIGURE 5: Insertion of S1-F2 into POPG/POPE. The half-time of
insertion averages to 1.5 h, calculated by fitting the tryptophan
emission shift over timewith a single-exponential equation. Insertion
of the peptide is very slow compared to the parental peptide S1which
inserts faster than this method of measurement allows (>1 min).
Control measurements with peptide only in the absence of lipid
showed no change in fluorescence under the same conditions.

FIGURE 4: Structural characterization of peptide fragments MIR-F1, MIR-F2 and S1-F1, S1-F2. (A) Structural conversion of a random coiled
MIR-F1 in buffer (blue dotted line) to anR-helical peptide in TFE (red line) and POPG/POPE (black line). (B) Structural conversion ofMIR-F2
from randomcoil in buffer (blue dotted line) toR-helical structure takes place only in the presence of 40%TFEbut not in negatively charged lipid,
such as POPG/POPE (black line). (C) No tryptophan-mediated shift of MIR-F2 can be observed in the presence of negatively charged lipid
(POPG/POPE, red line) in regard to the emission in buffer (black line). (D) S1-F1 does not change the structure when in buffer (dotted line), in
TFE (red) or inPOPG/POPE(black line). (E) S1-F2 shows apositive signal at 212 nmtypical for randomcoil inbuffer (dotted line) andTFE (red),
whereas it changes to a minor content ofR-helix in POPG/POPE (black line). (F) The tryptophan in S1-F2 shifts to lower wavelengths in POPG/
POPE (red) as compared to buffer (black), indicating insertion into the lipid.
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and particular electrostatic properties, but it is not the sequence
directly that determines mechanism or specificity per se (7). In
this work, we analyzed the fundamental basis of this interaction
mechanism using a combination of mutagenesis of the naturally
occurring sequence of the peptide S1 and exchanges of charge
polarity (negS1) as well as a rationally designed peptide using
only building blocks of S1 to design a peptide named MIRIAM.
In other studies, single amino acids have been replaced with
residues of different charge or hydrophobicity.However, this was
likely to change the entire peptide and even alter the intramole-
cular interactions and structure. Our study differed in the main
approach where we did not change the overall physicochemical
parameters of the parental peptide. Instead, we created a novel
peptide by rearrangement of the residues of the S1 sequence in
order to create the known amphipathic helical moiety.

The observed selectivity of S1 andMIRIAM for anionic lipids
is attributable to electrostatic interactions and correlates well
with their antibacterial activities, an observation commonly
made with other cationic AMPs (21, 26, 35). However, the
overall charge and hydrophobicity seem not to be the sole factors
responsible for antimicrobial activity and cell selectivity
(7, 11, 18, 21, 23, 24, 36). To better understand the relationship
between the structure and activity of MIRIAM and S1, we
therefore studied the peptide as shorter fragments.While both the
full-length S1 and MIRIAM peptides form R-helices when
interacting with anionic lipids, dissection of the peptides into
two led to the loss of their antimicrobial activity although some of
the fragments still showed a structural change upon interaction
with target membranes. Nevertheless, these results suggested that
theR-helical structurewithin an amphipathic helix of the peptides
is not the sole determinant of the antibacterial activity (20, 24).

The widely accepted hypothesis states that the initial step of
AMP binding to the membrane is mediated by the electrostatic
attractions of peptides to themembrane (7, 37). Since both S1 and
MIRIAM contain multiple basic amino acid residues, the
observed antibacterial activity is likely to stem from the peptide’s
affinity for negatively charged cell surface components on the
outer membrane of GNB. In the case of negS1 in which the
cationic amino acids were replaced with anionic amino acids, a

clear decrease in affinity for negatively charged lipids, as well as
abolishment of antimicrobial functionality, was observed. How-
ever, the residual activity of negS1 (such as a low affinity for
POPG and E. coli membranes and minor antimicrobial activity)
indicates that hydrophobicity plays a significant role (23). Im-
portant information is gained by the study of the C-terminal
fragment, S1-F2, which contains positive charges correlating the
electrostatic interaction between the full-length peptide and the
negatively charged membrane of the bacterium. The peptide
S1-F2 was able to interact with negatively charged lipid
(Figure 5), indicating that S1 binds in two steps: a fast electro-
static step and a second slower step mediated by the hydrophobic
effect. However, S1-F2 on its own appeared insufficient to
neutralize LPS or to display antimicrobial activity. In the case
ofMIRIAM, theMIR-F1 appears to be necessary for the strong
binding while MIR-F2 is mechanistically important. In other
words MIR-F1 drives the binding so that the C-terminal portion
achieves sufficiently high concentrations on the membrane to
exert its function. MIRIAM’s hydrophobic motif seems to be
different from the amphipathic helix found in the studied MIR-
F1, which interacts with anionic lipids but again is not active in
neutralizing LPS or killingGNB. Samples containingmixtures of
both fragments (S1-F1 and S1-F2 or MIR-F1 and MIR-F2)
displayed no cooperativity and lack biological activity. There-
fore, it is reasonable to conclude that the length of the peptides
and a close interaction of amino acids in a single molecule are
crucial, potentially for an intramolecular interaction. Whether it
is the length of the peptide which enables its spanning the
membrane bilayer or the close proximity of differently functional
entities within a peptide remains to be confirmed.

It is notable that S1 only causesminor hemolysis of about 13%
at a concentration of 100 μg/mL, which is well beyond the
microbicidal concentration. At the same concentration, MIR-
IAM caused 25% hemolysis, suggesting that rearrangement of
the amino acid sequence increased the hemolytic activity albeit
with a concomitant increase in the affinity for negatively charged
lipids (Figure 2A). This effect on eukaryotic cells might also stem
from the increased helicity of the peptide, which is known to
correlate directly with cytotoxicity (38).

FIGURE 6: TEMofMIRIAM-nanogold conjugates. The particles can only be found attached to themembranes. (A) Representativemicrograph
showing an E. coli cell from which the membranes have been detached by the action ofMIRIAM. (B) Illustrative processed version of (A) using
ImageJ. (C) Detail of (A) showing the electron dense dark nanogold particle attached to the membrane (gray).
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In our previous study, we observed that S1 binds primarily to
membranes of GNB and therefore is unlikely to interact with
intracellular targets (8). While a minor percentage (7%) of S1
was found in the cytosol, MIRIAM conjugates were only found
attached to membranes. This indicates that the dissociation of
MIRIAMfrom themembrane is a rare event which is concordant
with the results obtained using SPR. Furthermore, TEM micro-
graphs showed that MIRIAM detaches the membranes from
bacteria (Figure 6). Whether this is a specific effect of MIRIAM
acting on GNB remains to be confirmed.

Our data obtained by TIRF microscopy SPT suggests that at
active peptide concentrations an association event occurs in
which peptides form clusters of high concentration in order to
exert their function on themembrane, which is consistentwith the
mechanism of action of S1 (8). However, whether this process is

solely a multimerization event or whether it is accompanied by
an integration step remains to be confirmed. The observed
deceleration in the mobility of MIRIAM is nevertheless likely
to be caused by association even if it precedes integration since
this process only happens at a certain peptide concentration
threshold.

The results of our study show that both, the parental and the
new peptide despite their obvious sequence dissimilarity, share
the same basic mechanism of action with slight variations such as
higher affinity for negatively charged lipids or higher content of
R-helical structure. However, the fragments show that the
moieties interacting with lipids are now in different positions of
the peptides. On the basis of our data, we conclude that in order
to create a fully functionalAMPwith the desired high therapeutic
value (cell type selectivity and high antimicrobial activity), the
combination of charge and hydrophobicity plays the most
important role but only in a carefully balanced ensemble of
sequence position and secondary structure. The observations
using the full-length peptide might indicate that the length of the
peptides is of significance too, either in order to span the lipid
bilayer or may stem from the necessity of differently functional
entities being in close proximity in order to contribute to the
function of the peptide. Our findings show that a potential way of
designing an AMP-based drug might be to structurally mimic
naturally occurring peptides, using their molecular building
blocks as templates to create new peptides.
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Structure change of full-length S1 in SDS and POPG/POPE
measured by CD spectroscopy (Figure 1); IC50 value of MIR-
IAM on LPS-induced rFC activation (Figure 2); functional
analysis of MIR-F1, MIR-F2 and S1-F1, S1-F2 peptides using
the LPS neutralization assay (Figure 3); FACS on E. coli stained
with AMP-Qdot655 conjugate (Figure 4); biological and bio-
physical characteristics of full-length peptides and fragments
(Table 1). This material is available free of charge via the Internet
at http://pubs.acs.org.
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