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ABSTRACT: A cathelin-related antimicrobial peptide (CRAMP) of 37 amino acid residues is thought to regulate innate
immunity and provide a host defense mechanism in mammals. Here, a part of the CRAMP peptide, CRAMP (16−33)
(GEKLKKIGQKIKNFFQKL), was found to bind to FtsZ and to inhibit the assembly and GTPase activity of FtsZ in vitro. A
computational analysis indicated that CRAMP (16−33) binds in the cavity of the T7 loop of FtsZ. Both hydrophobic and ionic
interactions were involved in the binding interactions. Further, CRAMP (16−33) inhibited the formation of the FtsZ ring in
bacteria, indicating that it inhibited bacterial cell division by inhibiting FtsZ assembly.

A cathelin-related antimicrobial peptide (CRAMP) was
found in multicellular organisms and reported to provide

innate immunity to fight against microbes.1 It is mainly
expressed in neutrophil granules2,3 and sites exposed to various
microbes like the first line of defense system, skin, and
gastrointestinal tract.4 CRAMP inhibits the growth of several
pathogenic bacteria in the gut of mouse.5 The secondary
structure of CRAMP shows an amphipathic α-helical
conformation like other antimicrobial peptides.3,6 It was
thought that it causes bacterial cell death by cell membrane
permeabilization because of the amphipathic α-helical con-
formation.3 CRAMP induces elongation of bacterial cells,
indicating that it inhibits bacterial cytokinesis.5 The active part
of CRAMP, i.e., CRAMP (16−33) (GEKLKKIGQKIKNFFQ-
KL), was also found to inhibit the growth of several bacterial
species such as Escherichia coli, Bacillus subtilis, Staphylococcus
aureus, Streptococcus pyogenes, Salmonella typhimurium, and
Pseudomonas aeruginosa.7 CRAMP (16−33) is a cationic
peptide with an overall charge of 4.8 at pH 7.4. Further,
CRAMP (16−33) displays a sequence that is partially similar to
that of the C-terminus of MciZ, a 40-amino acid protein that is
known to inhibit FtsZ assembly.8 Therefore, we examined the
effect of CRAMP (16−33) on the assembly of FtsZ in vitro as
well as in vivo. As reported previously,7 CRAMP (16−33) was
found to inhibit the proliferation of B. subtilis and E. coli cells.
For example, 10 and 20 μM CRAMP (16−33) inhibited the
growth of B. subtilis by 78 ± 5 and 100%, respectively, with
respect to the control. Further, 40 and 50 μM CRAMP (16−

33) inhibited the proliferation of E. coli cells by 73 ± 8 and
100%, respectively, with respect to the control. CRAMP (16−
33) treatment increased the mean length of B. subtilis cells. The
average length of B. subtilis cells was estimated to be 3.8 ± 4
and 18 ± 8 μm in control and 10 μM CRAMP (16−33)-treated
cells, respectively, suggesting that CRAMP (16−33) inhibited
bacterial cytokinesis. A perturbation of the assembly of FtsZ is
known to cause bacterial cell length elongation and to inhibit
bacterial cytokinesis.9,10

The localization of the FtsZ ring (Z-ring) at the mid cell
position was monitored using either a GFP-FtsZ construct in B.
subtilis 2020 cells11 or indirect immunostaining in B. subtilis 168
cells using a monoclonal antibody of FtsZ. In control cells, FtsZ
was localized at the mid cells and proper Z-rings were observed
(Figure 1A,B). When the B. subtilis 2020 cells and wild-type B.
subtilis 168 cells were grown in the presence of 10 μM CRAMP
(16−33), most of the treated cells were found to be elongated
and FtsZ was either diffused throughout the cells or localized in
the form of incomplete septa (Figure 1A,B). For example, 63%
of the B. subtilis 168 cells had Z-rings at the mid cell position,
whereas 25% of the 10 μM CRAMP (16−33)-treated cells
contained Z-rings.
Because CRAMP (16−33) induced cell elongation and

perturbed Z-ring formation in bacteria, we examined its effect
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on the assembly and GTPase activity of FtsZ in vitro. CRAMP
(16−33) inhibited the assembly of FtsZ in a concentration-
dependent manner. For example, as compared to the control,
50 and 150 μM CRAMP (16−33) inhibited the assembly of
FtsZ by 34 ± 6 and 80 ± 2%, respectively (Figure 1C). Further,
electron microscopy analysis showed fewer and finer polymers
of FtsZ in the presence of 50 μM CRAMP (16−33) compared
to those with the control (Figure 1D), suggesting that CRAMP
(16−33) inhibited the assembly and bundling of FtsZ
polymers. However, under the condition used, CRAMP (16−
33) did not have any noticeable effect on the assembly of
purified tubulin (Figure S1 of the Supporting Information).
CRAMP (16−33) inhibited the GTPase activity of FtsZ in a

concentration-dependent manner (Figure 1E). For example, 50
and 150 μM CRAMP (16−33) suppressed the GTPase activity
of FtsZ by 42 ± 8.5 and 64 ± 11%, respectively, compared to
the control. The half-maximal inhibitory concentration (IC50)
for the GTPase activity was determined to be 70 ± 14 μM
(Figure 1E). The GTPase activity of FtsZ may be reduced
either due to the inhibition of GTP binding or due to a
reduction in the level of hydrolysis of GTP. Therefore, the
effect of CRAMP (16−33) on the binding of GTP to FtsZ was
monitored using TNP-GTP, a fluorescent analogue of GTP12,13

(Figure S2A of the Supporting Information). Under the
conditions used, 50 and 100 μM CRAMP (16−33) did not
inhibit the binding of TNP-GTP to FtsZ, indicating that it does
not share its binding site on FtsZ with GTP. As reported
previously,13 both GTP and MciZ were found to inhibit the
binding of TNP-GTP to FtsZ (Figure S2A of the Supporting
Information).
Because CRAMP (16−33) displays a sequence partially

similar (39%) to that of the C-terminus of MciZ, the effect of
CRAMP (16−33) on the binding of MciZ to FtsZ was
monitored using fluorescently labeled MciZ. As observed
previously,13 GTP inhibited the fluorescence intensity of the
FITC-MciZ-FtsZ complex while 50 and 100 μM CRAMP (16−
33) had no effect on the binding of FITC-MciZ to FtsZ (Figure
S2B of the Supporting Information). GTP (50 μM) inhibited

the fluorescence intensity of the FITC-MciZ-FtsZ complex by
65 ± 19% compared to the control. The results indicated that
CRAMP (16−33) does not share its binding site on FtsZ with
GTP.
A docking study revealed that CRAMP (16−33) may bind in

the cavity of the T7 loop of FtsZ (Figure 2A). Both

hydrophobic and hydrophilic residues were found to be
involved in the interaction of CRAMP (16−33) with FtsZ.
Further, an analysis indicated that Leu206, Ile207, Asn208,
Asp210, Asp213, Leu272, Val275, Gln276, Ala279, Asp280,
Val282, Ala283, Ser284, Ser286, Asp287, Val290, Asn291,
Met292, Ile293, and Phe294 residues of FtsZ were located
within 4 Å of CRAMP (16−33) (Table S1 of the Supporting
Information and Figure 2B). Moreover residues of the T7 loop
of FtsZ that interacted with CRAMP (16−33) are Leu206,
Ile207, Asn208, and Asp210 (bold in Table S1 of the
Supporting Information). We observed that CRAMP (16−
33) binding was stabilized through salt bridge, hydrogen
bonding, hydrophilic, and hydrophobic interactions with FtsZ
(Table S2 of the Supporting Information). Asp210 (located at
the T7 loop of FtsZ) forms a salt bridge interaction with Lys25
of the CRAMP (16−33) peptide. CRAMP (16−33) residues
Gly16, Lys27, and Lys32 form hydrogen bonds with Asp280,

Figure 1. CRAMP (16−33) perturbed the assembly of FtsZ both in
vivo and in vitro. CRAMP (16−33) (10 μM) inhibited Z-ring
formation in (A) B. subtilis 2020 and (B) B. subtilis 168 cells. (A) The
Z-ring in B. subtilis 2020 cells was visualized by expressing GFP-FtsZ,
and the scale bar is 20 μm. (B) FtsZ was visualized (red) using an
antibody in B. subtilis 168 cells. The scale bar is 2 μm. (C) Effect of
CRAMP (16−33) on the assembly kinetics of FtsZ. FtsZ (6 μM) was
polymerized in 25 mM Pipes buffer (pH 7.4), 5 mM MgCl2, and 50
mM KCl containing 1 mM GTP in the (■) absence or presence of
(□) 50, (▲) 100, and (△) 150 μM CRAMP (16−33) at 37 °C. (D)
Effects of CRAMP (16−33) on the assembly of FtsZ were observed
via electron microscopy. (E) CRAMP (16−33) reduced the GTPase
activity of FtsZ.

Figure 2. Binding interaction of CRAMP (16−33) and FtsZ. (A)
Identification of a putative binding site for CRAMP (16−33) on FtsZ.
The N-terminus, H7 helix, and C-terminus of FtsZ are colored blue,
green, and red, respectively. CRAMP (16−33) is depicted as a
magenta cartoon model. The N-terminus and C-terminus of CRAMP
(16−33) are colored blue and red, respectively. (B) Magnified view of
the binding cavity of CRAMP (16−33). The residues of FtsZ lying
within 4 Å of CRAMP (16−33) are shown as sticks (cyan color). (C)
Residues of CRAMP (16−33) involved in a salt bridge (green) and
hydrogen bonding (orange) are shown as sticks. (D) FtsZ (6 μM) was
polymerized for 10 min in 25 mM Pipes buffer (pH 7.4), 5 mM
MgCl2, and 250 mM KCl containing 1 mM GTP in the (□) absence
or presence of (▲) 50, (△) 100, and (▼) 150 μM CRAMP (16−33).
(E) Effects of CRAMP (16−33) on the ANS fluorescence in the
presence of FtsZ. FtsZ (3 μM) was incubated (■) without and with
(△) 100 and (▲) 150 μM CRAMP (16−33) in 25 mM Pipes buffer
(pH 7.4) for 15 min on ice and then incubated with ANS for 30 min at
25 °C. The spectra were recorded using 360 nm as the excitation
wavelength. Spectra of appropriate blanks were subtracted from their
respective data sets. (F) Effects of CRAMP (16−33) on the secondary
structures of FtsZ. FtsZ (10 μM) was incubated without and with 100
and 150 μM CRAMP (16−33) in 10 mM phosphate buffer (pH 6.8)
at 25 °C for 15 min. FTIR spectra were recorded for (●) 10 μM FtsZ
and 10 μM FtsZ with (△) 100 and (▲) 150 μM CRAMP (16−33)
using 0, 100, and 150 μM CRAMP (16−33) in 10 mM phosphate
buffer (pH 6.8) as a baseline.
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Asn208, and Gln276 residues of FtsZ, respectively. The Lys18
residue of CRAMP (16−33) forms a H-bond with both Ser286
and Asp287 residues of FtsZ (Figure 2C).
In the presence of 50 mM KCl, 50, 100, and 150 μM

CRAMP (16−33) inhibited the polymerization of FtsZ by 34 ±
6, 59 ± 4, and 80 ± 2%, respectively. However, in the presence
of 250 mM KCl, 50, 100, and 150 μM CRAMP (16−33)
inhibited the polymerization by 15 ± 1.5, 33 ± 4.5, and 56 ±
7%, respectively (Figure 2D), indicating that electrostatic
interactions are partially involved in the binding of CRAMP
(16−33) to FtsZ. KCl (250 mM) did not significantly influence
the assembly kinetics of FtsZ (Figure S3A of the Supporting
Information). Further, KCl (250 mM) affected neither the
tryptophan fluorescence (Figure S3B of the Supporting
Information) of mutated FtsZ (Y273W) nor the binding of
ANS to FtsZ, indicating that it does not grossly alter the
conformation of FtsZ (Figure S3C of the Supporting
Information). However, it is possible that a high salt
concentration can subtly alter the conformation of either
FtsZ or the peptide. Preincubation of FtsZ with 100 and 150
μM CRAMP (16−33) increased the fluorescence intensity of
ANS by 34 ± 4 and 58 ± 12%, respectively, compared to the
control, indicating that CRAMP (16−33) induced conforma-
tional changes in FtsZ (Figure 2E). Consistent with the
previous study,14 FtsZ was found to contain a high level of α-
helical structures as evidenced by the presence of a single peak
near 1653 cm−1. The peptide showed mostly random coil
structure as indicated by the presence of a single peak near
1640 cm−1.
When FtsZ was incubated with 100 and 150 μM CRAMP

(16−33), two distinct peaks were observed in the amide I
region of the FTIR spectra. The peak near 1653 cm−1

corresponds to the α-helical conformation and the peak near
1672 cm−1 to the β-turn structure (Figure 2F). The result
suggested that CRAMP (16−33) altered the secondary
structure of FtsZ.
The effect of CRAMP (16−33) on membrane integrity was

monitored using a Live/dead Bac Light Bacterial Viability Kit
(Molecular Probes).12 B. subtilis cells were grown in the
absence and presence of 20 μM CRAMP (16−33) and stained
with SYTO-9 and PI. The green fluorescence intensity was
found to be 478 ± 97 and 481 ± 93 in the control and treated
cells, respectively. When B. subtilis cells were grown in the
presence of vancomycin, which is known to damage the
bacterial membrane, the green fluorescence intensity was found
to be reduced by 90 ± 2% compared to that of control cells
(Figure S4A of the Supporting Information) and there was also
a peak shift in the red region. Further, when the B. subtilis cells
were grown without and with 20 μM CRAMP (16−33) and
stained with PI, the red fluorescence intensity was found to be
119 ± 16 and 116 ± 15, respectively. When B. subtilis cells were
grown in the presence of vancomycin, the red fluorescence
intensity increased by 2-fold as compared to that of control
cells (237 ± 30) (Figure S4B of the Supporting Information).
These results suggested that 20 μM CRAMP (16−33) did not
perturb the membrane integrity of B. subtilis cells. A proper
membrane potential is required for the localization of many
proteins.15 The Z-ring-associated proteins FtsA, MinD, and
MreB are ATPases, and a perturbation of the membrane
potential can hamper the localization of these proteins.15 B.
subtilis cells were grown without and with 20 μM CRAMP
(16−33) and stained with 12 μM 3,3′-diethyloxa-carbocyanine
iodide (DiOC2) (Bac Light Bacterial Membrane Potential Kit

from Molecular Probes).15−17 DiOC2 emits red fluorescence in
the monomeric form, but upon self-association, its emission
maxima shift to green.18 An altered membrane potential is
known to accumulate DiOC2 molecules inside the cells, which
produces green fluorescence.18 The green fluorescence intensity
of DiOC2 was 121 ± 8 and 119 ± 4 in the absence and the
presence of 20 μM CRAMP (16−33), respectively, indicating
that the peptide did not affect the membrane potential of B.
subtilis cells (Figure S4C of the Supporting Information). In
case of CCCP (0.2 μM), a known membrane potential
inhibitor, the green fluorescence intensity was increased by
290 ± 35% compared to that of the control. Human RBC
releases heme when membranes rupture, and heme displays
absorbance at 405 nm.19 When RBC was incubated without
and with 20 and 30 μM CRAMP (16−33), the absorbance of
the heme group at 405 nm was found to be similar in the
control and treated samples, whereas the absorbance was
increased by 290 ± 35% in the sample treated with saponin
(0.02%) (Figure S5 of the Supporting Information). The result
suggested that CRAMP (16−33) treatment did not lyse the
RBC membrane.

Antibacterial Mechanism of Action of CRAMP (16−
33). CRAMP (16−33) bound to FtsZ in vitro and inhibited the
assembly and GTPase activity of purified FtsZ. In silico analysis
of the binding of CRAMP (16−33) to FtsZ revealed that it
binds to FtsZ in the C-terminal domain adjacent to the T7
loop. It has been reported that when GTP binds to a
monomeric FtsZ, the T7 loop protrudes out from the FtsZ
monomer and interacts with another FtsZ monomer.13,20,21

The T7 loop of FtsZ plays an essential role in the assembly of
adjacent FtsZ monomers.20 CRAMP (16−33) interacts with
the T7 loop of FtsZ, which may perturb the association
between FtsZ monomers and thereby reduces the GTPase
activity of FtsZ. A molecular docking study indicated that Lys25
of CRAMP (16−33) and Asp287 of FtsZ form a salt bridge.
The polymerization inhibitory effect of CRAMP (16−33) was
found to be reduced in the presence of salt, indicating that the
ionic interactions are partially responsible for the binding of
CRAMP (16−33) and FtsZ. CRAMP (16−33) enhanced the
fluorescence intensity of the ANS-FtsZ complex, indicating that
the binding of CRAMP (16−33) induces conformational
changes in FtsZ. Further, the FTIR data indicated that CRAMP
(16−33) also perturbed the secondary structure of FtsZ.
CRAMP (16−33) induced elongation of B. subtilis cells and
perturbed Z-ring formation in these cells. However, CRAMP
(16−33) appeared to perturb neither the membrane integrity
nor the membrane potential of B. subtilis cells. The results
suggested that CRAMP (16−33) stalled bacterial cytokinesis by
inhibiting FtsZ assembly. The concentration of CRAMP (16−
33) required to inhibit the proliferation of B. subtilis cells was
found to be several-fold lower than that required to inhibit the
assembly of FtsZ in vitro. A partial inhibition of the assembly of
FtsZ may inhibit Z-ring formation in bacteria and thereby stalls
the bacterial division process. It is also possible that CRAMP
(16−33) accumulates inside the cells, and the intracellular
concentration of CRAMP (16−33) in bacteria may be
significantly higher than that of the media. Interestingly,
CRAMP (16−33) (100 μM) did not affect the proliferation
of human small cell lung cancer (SCLC) cells in culture.7

CRAMP (16−33) also did not lyse the membrane of human
RBC, indicating that CRAMP (16−33) preferentially acts on
the bacterial cells and suggested that it may have therapeutic
potential against bacterial infection.
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