
Interaction between Heat Shock Proteins and Antimicrobial Peptides†

Laszlo Otvos, Jr.,*,‡ Insug O,‡ Mark E. Rogers,§ Patricia J. Consolvo,‡ Barry A. Condie,‡ Sandor Lovas,|

Philippe Bulet,⊥ and Magdalena Blaszczyk-Thurin‡

The Wistar Institute, 3601 Spruce Street, Philadelphia, PennsylVania 19104, M-Scan, Inc., 606 Brandywine Parkway,
West Chester, PennsylVania 19380, Department of Biomedical Sciences, Creighton UniVersity, 2500 California Street, Omaha,
Nebraska 68178, and Institute de Biologie Moleculaire et Cellulaire, 15 Rue Rene Descartes, 67084 Strasbourg, Cedex, France

ReceiVed June 5, 2000; ReVised Manuscript ReceiVed September 20, 2000

ABSTRACT: Drosocin, pyrrhocoricin, and apidaecin, representing the short (18-20 amino acid residues)
proline-rich antibacterial peptide family, originally isolated from insects, were shown to act on a target
bacterial protein in a stereospecific manner. Native pyrrhocoricin and one of its analogues designed for
this purpose protect mice from bacterial challenge and, therefore, may represent alternatives to existing
antimicrobial drugs. Furthermore, this mode of action can be a basis for the design of a completely novel
set of antibacterial compounds, peptidic or peptidomimetic, if the interacting bacterial biopolymers are
known. Recently, apidaecin was shown to enterEscherichia coliand subsequently kill bacteria through
sequential interactions with diverse target macromolecules. In this paper report, we used biotin- and
fluorescein-labeled pyrrhocoricin, drosocin, and apidaecin analogues to identify biopolymers that bind to
these peptides and are potentially involved in the above-mentioned multistep killing process. Through
use of a biotin-labeled pyrrhocoricin analogue, we isolated two interacting proteins fromE. coli. According
to mass spectrometry, Western blot, and fluorescence polarization, the short, proline-rich peptides bound
to DnaK, the 70-kDa bacterial heat shock protein, both in solution and on the solid-phase. GroEL, the
60-kDa chaperonin, also bound in solution. Control experiments with an unrelated labeled peptide showed
that while binding to DnaK was specific for the antibacterial peptides, binding to GroEL was not specific
for these insect sequences. The killing of bacteria and DnaK binding are related events, as an inactive
pyrrhocoricin analogue made ofall-D-amino acids failed to bind. The pharmaceutical potential of the
insect antibacterial peptides is underscored by the fact that pyrrhocoricin did not bind to Hsp70, the human
equivalent of DnaK. Competition assay with unlabeled pyrrhocoricin indicated differences in GroEL and
DnaK binding and a probable two-site interaction with DnaK. In addition, all three antibacterial peptides
strongly interacted with two bacterial lipopolysaccharide (LPS) preparations in solution, indicating that
the initial step of the bacterial killing cascade proceeds through LPS-mediated cell entry.

One of the most serious emerging health concerns today
is the appearance and spread of antibiotic-resistant bacterial
strains (1). It is thus becoming increasingly important to
identify antimicrobial compounds with novel modes of action
for which the bacteria are unable to mount a quick response
and to build resistance. Perhaps the most promising among
these novel compounds is a family of antibacterial peptides
originally isolated from insects (2-6). Table 1 lists the
related peptide sequences. Some of these were shown to act
in a stereospecific manner on a target bacterial protein (4,
7, 8). In contrast, studies on model membranes as well as
on live bacteria have indicated that other types of antibacterial
peptides provoke an increase in plasma membrane perme-
ability (9). A direct correlation between antibiotic effect and
membrane disruption has been found for defensins from
mammals and insects, magainins, and cecropins (10-13).

However, such antibacterial peptides that lyse bacterial
membranes are potentially toxic to eucaryotic cells and are,
therefore, unsuitable as a systemic drug. This highlights the
potential of drosocin, apidaecin, and pyrrhocoricin. None of
these peptides lyse sheep erythrocytes, and in addition,
pyrrhocoricin also appears to be completely nontoxic to COS
cells of primate origin (14). Significantly, pyrrhocoricin and
one of its analogues, Chex-pyrrhocoricin-Dap(Ac) designed
to withstand protease cleavage, remain nontoxic in vivo and
protect mice from liveEscherichia coli challenge (14).
Ideally, one hopes to identify a protein present only in
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Table 1: Comparison of Sequences from Drosocin (Drosophila
melanogaster) Formaecin 1 (Myrmecia gulosa), Pyrrhocoricin
(Pyrrhocoris apterus), N-Terminal Region of Diptericin (Phormia
terranoVae), and Apideacin 1A (Apis mellifera)a

drosocin G K P R P Y S P R P T S H P R P I R V
formaecin 1 G R P N P V N N KP T P Y P H L
pyrrhocoricin V D K G S Y L P R P T P P R P I Y N R N
diptericin D E K P K L I L P T P A P P N L PQ...
apidaecin 1a G N N R P V Y I P Q P R P P H P R I
a Threonine residues, glycosylated in the native peptides, are

underlined.
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bacteria that carries a significant function. This target may
form the basis of rational drug design efforts, as was first
suggested for apidaecin (15).

Some antibacterial peptides are known to act as inhibitors
of enzymes produced by the bacteria either by serving as a
pseudo-substrate or by tight binding to the active site
eliminating the accessibility of the native substrate (9). For
example, histatins are capable of inhibiting a trypsin-like
proteinase fromBacteriocides gingiValis with an IC50 in the
submicromolar range (16). Microbial serine protease(s) are
also inhibited by the equine version of the peptide NAP-2
(17). Other peptides can control yet additional proteinases
involved in inflammatory processes, such as the inhibition
of furin by histatin 5 (18). There are significant similarities
in the mechanism of action between the latter case and the
pyrrhocoricin-drosocin-apidaecin family. The bioactive
secondary structure of drosocin has been suggested to
comprise of two reverse turns, one at each terminal region,
which constitute the binding sites to the target molecule (19).
The general fold of native pyrrhocoricin, as determined by
nuclear magnetic resonance spectroscopy (NMR)1 and
circular dichroism spectroscopy, is similar (14). Also for
pyrrhocoricin, reverse turns are identified as pharmacologi-
cally important elements at the termini, bridged by an
extended peptide domain (14). The recognition mechanism
of histatin 5 involves a well-defined bioactive conformation
of this 24-mer peptide, as was demonstrated by its selectivity
to other proprotein convertases. In addition, theall-D-peptide
remained inactive (18), just like for drosocin, pyrrhocoricin,
and apidaecin (7, 14, 15).

As for apidaecin, recent results upheld the model of
permease/transporter-mediated peptide uptake in bacterial
cells (20). The proposed mechanism involves an initial,
nonspecific encounter of the peptide with an outer membrane
component, followed by invasion of the periplasmic space
and by a specific and essentially irreversible engagement with
a receptor/docking molecule that may be inner membrane-
bound or otherwise associated, most likely a component of
a permease-type transporter system. In the final step, the
peptide is translocated into the interior of the cell where it
meets its ultimate target, perhaps one or more components
of the protein synthesis machinery (20).

In this paper, we identified some interacting macromo-
lecular targets of this cascade to provide biopolymers on
which the drug design process can proceed. We used a
combination of immunoaffinity purification, mass spectrom-
etry (MS), and a series of biochemical assays to show that
pyrrhocoricin, drosocin, and apidaecin specifically bind to
the bacterial heat shock protein DnaK but not to the
appropriate human equivalent. An inactive pyrrhocoricin
variant and a control, unrelated peptide did not bind. The
insect antibacterial peptides also interacted with the LPS of
Gram-negative bacteria and GroEL, the bacterial chapero-
nine. However, the interaction with GroEL did not seem to
be specific for these peptide sequences.

MATERIALS AND METHODS

Immunoaffinity Purification of the Target Proteins. (a)
French-pressed bacterial cell lysate (50 mL) was centrifuged
at 2500 rpm for 20 min to remove residual cells and cell
wall. (b) A total of 4.5 mL of bacterial supernatant (E. coli
strain TG-1) was mixed with 150µg of biotin-K-pyrrhoc-
oricin peptide diluted in 1 mL of phosphate-buffered saline
(PBS), and the mixture was incubated at room temperature
for 3 h followed by centrifugation at 2000 rpm for 20 min.
(c) A total of 1.5 mg of anti-biotin monoclonal antibody
(clone BN34) coupled to agarose was washed with PBS to
remove NaN3, and the peptide-lysate mixture was loaded
onto the column (1.5 mL). The column was extensively
washed with PBS. (d) The target proteins were eluted with
5 column vol of 0.1 M glycine (pH 2.9), and the eluant was
immediately neutralized with 100µL of 1 M Tris-HCl (pH
8.0). Fractions of 1 mL were collected, and the fractions were
analyzed for the presence of pyrrhocoricin-binding proteins
by 12% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and a modified Western blot
(peptide blot).

The Western-Blot Was Performed as Follows. (a) An
aliquot of each fraction from the immunoaffinity column at
1:1 ratio was mixed with 50µL of Laemmli sample buffer
(Bio-Rad), 5% of 2-mercaptoethanol was added, and the
mixture was boiled for 3 min. A total of 10µL of the boiled
samples was processed using 12% SDS-PAGE at 100 V
for 1.5 h at room temperature. (b) The proteins from the gel
were transferred to a nitrocellulose membrane (for the
Western blot) or to poly(vinylidene difluoride) (PVDF)
membrane (for staining with amidoblack), which were
equilibrated with 25 mM Tris and 192 mM glycine buffer
containing 20% methanol at 100 V for 2 h at 4 °C. The
membrane was blocked with 5% milk in a PBS-0.05%
Tween 20 buffer (PBST) overnight at 4°C. (c) The
membrane was incubated with 10 mL of 25µg/mL biotin-
K-pyrrhocoricin dissolved in PBST containing 1% bovine
serum albumin (BSA) at room temperature for 1 h. After
incubation, the membrane was extensively washed with
PBST. (d) Streptavidin conjugated to horseradish peroxidase
(Gibco-BRL) dissolved in 1% BSA-PBST was added to
the membrane and was incubated with it at room temperature
for 45 min. After being extensive washed with PBST, the
membrane was treated with a chemiluminescence reagent,
luminol-oxidizer (NEN), for 1 min. The membrane was
exposed to a X-Omat blue XB-1 film (Kodak), and the film
was developed.

E. coli Expressed Proteins. Heat shock proteins and Ras,
expressed or overexpressed inE. coli, were purchased from
Sigma (St. Louis, MO), StressGen (Victoria, Canada), and
Accurate (Westbury, NY). The purity of DnaK varied from
70% (StressGen) to 90% (Accurate). In addition to this
uncertainty, Sigma has discontinued selling this item.

Mass Spectroscopy. Positive ion electrospray ionization-
mass spectrometry (ESI-MS) was performed using a QTof
instrument (Micromass, Manchester, U.K.). Samples were
introduced via a nanospray source and needle in a solution
of 50% aqueous acetonitrile. Daughter ion spectra were
generated from the appropriate doubly charged parent ions
using argon as the collision gas.

1 Abbreviations: NMR, nuclear magnetic resonance spectroscopy;
MS, mass spectrometry; PBS, phosphate-buffered saline; SDS-PAGE,
sodium dodecyl sulfate-polyacrylamide gel electrophoresis; PBST,
phosphate-buffered saline-Tween 20 buffer; BSA, bovine serum
albumin; PVDF, poly(vinylidene difluoride); nano-ES, nano-electron-
spray; LPS, lipopolysaccharide.
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Fluorescence Polarization. The heat shock proteins were
aliquoted in 4 and 2µM concentrations into borosilicate tubes
in 100µL of final volume. 5(6)-Carboxyfluorescein-labeled
peptides were added in 1 nM final concentration, and the
tubes were incubated at 25°C for 10 min. The extent of
fluorescence anisotropy was measured on a Beacon 2000
fluorescence polarization instrument (PanVera) and was
calculated as millipolarization values. The filters used were
485 nm excitation and 535 nm emission with 3 nm
bandwidth.

Antibacterial Efficacy Assay. Antibacterial assays were
performed in sterile 96-well plates (Nunc F96 microtiter
plates) with a final volume of 100µL as described earlier
(7). Briefly, 90µL of a suspension of a midlogarithmic phase
bacterial culture at an initial 600 nm UV absorbance of 0.001
in poor broth medium was added to 10µL of serially diluted
peptides in sterilized water. The final peptide concentrations
ranged between 0.3 and 40µM. Plates were incubated at 30
°C for 24 h with gentle shaking, and growth inhibition was
measured by recording the increase of the UV absorbance
at 600 nm on a SLT Labinstruments 400 ATC microplate
reader.

RESULTS

Earlier, we showed that biotin-K-pyrrhocoricin killsE. coli
D22 and TG-1 with IC50 values of 100 nM and 10µM,
respectively (14). On the basis of this observation, we
hypothesized that the target protein from anE. coli lysate
can be isolated by using the labeled peptide and that the
complex can be purified through the attached biotin. In line
with the weakest activity figure, we used the biotin-K-
pyrrhocoricin peptide at a concentration of 10µM during
both purification of the interacting proteins and Western
blotting. Pyrrhocoricin-binding proteins were detached from
the immobilized anti-biotin antibody in an acidic buffer, and
the resulting peptide-target mixture was submitted to SDS-
PAGE, followed by sequencing by MS. The fractions from
the immunoaffinity purification showed proteins binding to
biotin-K-pyrrhocoricin in diverse amounts and purities. While
the cleanest fractions containing proteins identifiable by
pyrrhocoricin binding on a modified Western blot (peptide
blot) did not seem to contain sufficient protein for sequenc-
ing, the earliest eluting fraction, which contained a number
of other proteins in lower quantitites, had two principal
proteinaceous components that were apparently suitable for
MS. These two proteins exhibited molecular weights around
60-70 kDa (lane 10 in Figure 1A) when transferred to PVDF
membrane and stained with 0.1% amidoblack 10B. The
staining intensity of these bands was significantly increased
after immunoaffinity purification as compared to untreated
E. coli lysate. Figure 1B shows that the biotin-K-pyrrhoc-
oricin peptide labeled the 60-70-kDa bands strongly on
Western blot. Two additional bands, one running with the
front and another running close to the 15-kDa molecular
weight marker, were also labeled with the peptide. The
former band may represent the labeled peptide itself, which
was also eluted from the immunoaffinity column. According
to the amidoblack-stained gel, the 15-kDa band did not
represent proteinaceous material at a level above the other
contaminating proteins. We did not observe any alteration
in the Western blot when liveE. coli cells were treated with
the biotin-labeled peptide and were subsequently lysed by

sonication indicating that the peptide efficiently entered into
the cytoplasmic space.

The eluted fractions were submitted to another round of
SDS-PAGE analysis that was designed to yield protein
preparations suitable for subsequent sequencing. To this end,
the gel containing the first fraction of the immunoaffinity
column was stained using colloidal Coomassie Blue. A few
very faint bands were stained in the 16-50-kDa range,
apparently not suitable for sequencing. However, the two
60-70-kDa bands were clearly visible, even after some
dilution of the sample. These bands were collectively excised
from the gel together with a blank portion of the gel and
subjected to in-gel tryptic digestion. The resulting peptides
were extracted from the gel and purified using a reversed-
phase cartridge. The peptide containing fractions were
collected and analyzed by nano-ES mass spectrometry, which
resulted in four doubly charged signals, potentially corre-
sponding to tryptic fragments ofE. coli proteins. These were
at 922.5 [M+ 2H]2+, 890.5 [M+ 2H]2+, 799.3 [M+ 2H]2+,
and 1220.6 [M+ 2H]2+, representing fragments Asp328-
Arg345 (peptide 1) and Phe204-Phe219 (peptide 2) of GroEL
as well as Ser453-Arg467 (peptide 3) and Val322-Arg345
(peptide 4) of DnaK, respectively. These peaks were submit-
ted to MS-MS sequencing. Figure 2 demonstrates the
daughter ions that could be assigned based on the fragmenta-
tion pattern of the tryptic peptides.

In the next step, we investigated whether commercially
available eucaryotic and procaryotic heat shock proteins bind
to the biotin-K-pyrrhocoricin peptide in identical Western
blotting conditions. We selected the bacterial chaperonins
GroEL (60 kDa) and GroES (15 kDa) and three heat shock
proteins, DnaK (70 kDa), DnaJ (40 kDa), and GrpE (25 kDa).
These are involved in protein folding during the travel of
nascent proteins from the ribosomes to GroEL (21-23). In
addition, we included two mammalian heat shock proteins,
Hsp60 (the human equivalent of GroEL) and Hsp70 (the

FIGURE 1: (A) SDS-PAGE of heat shock proteins and standards
(2.8 µg each). The lane assignments are as follows: 1, molecular
weight markers; 2, Ras (Sigma); 3, GroES (Sigma); 4, GrpE
(StressGen); 5, DnaJ (StressGen); 6, GroEL (Sigma); 7, Hsp60
(Sigma); 8, DnaK (Sigma); 9, Hsp70 (Sigma); and 10, the earliest
eluting fraction from the immunoaffinity column. (B) Same protein
preparations developed with biotin-K-pyrrhocoricin. DnaK prepara-
tions purchased from StressGen and Accurate exhibited a pyrrho-
coricin-binding pattern similar to Sigma DnaK.
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human equivalent of DnaK), to gain insight on why pyrrho-
coricin kills bacteria but is not toxic to mammalian cells and
healthy mice. All these proteins were expressed or overex-
pressed inE. coli. As a negative control protein, we used
the guanyl-nucleotide binding protein Ras (21 kDa), also
expressed inE. coli. Approximately 2.8µg of these proteins
was loaded onto 12% SDS-PAGE, and the PVDF mem-
brane was stained with amidoblack. The test proteins showed
single bands in the expected molecular weight range with
approximately equal intensities (Figure 1A). When tested for
peptide binding, of the bands that could be stained with
amidoblack, only the bacterial heat shock protein DnaK
bound to biotin-K-pyrrhocoricin (Figure 1B). The DnaK
preparation had two additional non-proteinaceous bands that
bound to the labeled pyrrhocoricin, and the Ras preparation
also had a non-proteinaceous peptide binding band. To make
sure that we did not miss any peptide binding band, the gels
depicted in Figure 1 were deliberately overloaded with both
the fraction from the immunoaffinity purification and the
test proteins. The nonspecific background level of binding
is represented by the weak staining of the Ras protein band
at 21 kDa. An additional above-background peptide-binding
band was observed in the immunoaffinity purified fraction,
running very close to DnaK. We ran a control peptide blot
in which an unrelated biotin-labeled peptide, biotin-GPKG-
â-tubulin 434-445 (24), was used as the “primary antibody”.
This peptide was selected to serve as a negative control
because it is highly negatively charged and does not share
any sequence homology to the insect antibacterial peptides.
In this blot, the very low molecular weight bands were
stained from the eluted fraction and the DnaK preparation
together with a near-DnaK-band from the early fraction (data
not shown). A low molecular weight band from the Ras
preparation, running with the front, was also stained. All
these bands represented unspecific binding. From these
studies, we confirmed that DnaK strongly bound to pyrrho-
coricin and concluded that the peptide also bound an

unidentified component running at 15-20 kDa. Significantly,
the peptide failed to bind Hsp70, the human equivalent of
E. coli DnaK, over the background level.

Many cationic antibacterial peptides bind the negatively
charged lipopolysaccharide (LPS) of Gram-negative bacteria
(25). This suggested that the non-proteinaceous pyrrhocori-
cin-binding band might be bacterial LPS. This notion was
further supported by the electrophoretic mobility pattern of
E. coli LPS, which exhibits two stronger bands at low
molecular weight regions and a smear of higher molecular
weight bands (26). Because LPS isolated from various
bacterial strains are readily available commercially, we
purchasedE. coli LPS as well as LPS fromSalmonella
typhimuriumand tested their binding to biotin-K-pyrrhoc-
oricin on Western blot. During the experimental conditions
used, the peptide did not label LPS bands when these were
nitrocellulose membrane-bound (Figure 3). The positive
control DnaK was strongly labeled.

After learning that the antibacterial peptides interact with
DnaK, we correlated the antimicrobial activity and DnaK
binding. While native pyrrhocoricin made fromall-L-amino

FIGURE 2: Daughter ions of tryptic peptide fragments 1-4 that could be assigned based on the fragmentation pattern of the nano-electrospray
ionization tandem mass spectra. The fragmentation pattern verified the identity of the peptide sequences that were obtained from the database
based on the masses of the doubly charged full fragments.

FIGURE 3: Western blot of LPS and control protein preparations.
Approximately 1µg amounts of the proteins and LPS were loaded,
and the blot was developed with biotin-K-pyrrhocoricin. Lane
assignments: 1, DnaK; 2,S. typhimuriumLPS; 3,E. coli LPS; 4,
Hsp70 (all preparations from Sigma); 5, molecular weight markers.
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acids kills E. coli D22 in nanomolar concentrations, a
pyrrhocoricin analogue made ofall-D-amino acids is com-
pletely inactive (14). One microgram amounts of DnaK and
GroEL proteins were tested for their binding to biotin-K-
pyrrhocoricin, biotin-K-all-D-pyrrhocoricin, and biotin-
GPKG-â-tubulin 434-445 on the peptide blot. As Figure 4
shows, while theL-peptide bound strongly to DnaK, theall-
D-peptide bound only very weakly. The tubulin peptide did
not bind at all. These experiments confirmed that killing of
bacteria and DnaK binding are positively related events.

In the next step, we studied the binding of labeled variants
of the short, proline-rich antibacterial peptides to the heat
shock/chaperonin proteins and to LPS by fluorescence
polarization, which technique is performed fully in solution.
To this end, we synthesized four fluorescein-labeled peptides,
fluorescein-K-pyrrhocoricin, fluorescein-K-drosocin, fluo-
rescein-K-apidaecin, and pyrrhocoricin-K(fluorescein). The
C-terminally labeled peptide was made to investigate the
possibility of spatial separation of the active sites. From our
earlier experiments, we know that pyrrhocoricin and drosocin
bind to the receptor(s) with their two terminal domains (14,
19). During fluorescence polarization, positive signals are
detected only when the free rotation of the fluorescein
attached to one of the interacting partners is slowed due to
binding to the other partner when this label is not exceedingly
far from the site of interaction. We also know that fluorescein-
K-pyrrhocoricin kills E. coli strains (with an IC50 of
approximately 10µM against E. coli D22) (14). As a
negative control fluorescein-labeled peptide, we used the
sameâ-tubulin fragment as during the Western blotting, just
without the addition of the spacer unit (27). The same heat
shock proteins, controls, and LPS preparations were used as
in the Western blotting, except DnaJ was not studied. The
fluorescein-K-pyrrhocoricin-DnaK binding study was re-
peated with three independent DnaK preparations: one
purchased from Sigma, one from StressGen, and a third from
Accurate. GroEL was acquired from Sigma and StressGen.
The labeled peptides were used in fixed 1 nM concentrations.
The initial concentration of the proteins was 4µM, and serial
dilutions by two were done until the protein did not bind in
at least two dilutions. The 4µM protein concentration is just
barely below the lethal dose of the peptide and likely
represents the raising stretch of the dose-response curve.
The initial concentration of LPS was set to 0.5 mg/mL, and
dilutions were made until 0.031 mg/mL. This concentration
range roughly equaled that used for the heat shock proteins.

The N-terminally labeled pyrrhocoricin peptide bound to
DnaK with 50% higher millipolarization values over the

background (Figure 5). However, the N-terminally labeled
pyrrhocoricin peptide did not bind to Hsp70, GroES, GrpE
nor to the negative control Ras (Figure 5 and Table 2). All
these findings paralleled those with nitrocellulose membrane-
bound proteins. In solution, the peptide bound to GroEL (with
millipolarization values similar to DnaK) and less strongly
to Hsp60. The interaction of pyrrhocoricin with GroEL
verified the sequencing data. The reason GroEL did not bind
the peptide on Western-blot most likely lies in the nature of
the interaction of GroEL with its ligands. GroEL consists of
two heptameric rings of 57-kDa subunits that have a three-
domain structure (28). The apical domain forms the opening
of the cylinder and exposes a number of hydrophobic amino
acid residues toward the center that are thought to interact
with complementary surfaces of the polypeptide substrate.
The intermediate segments allow a hinge-like opening and
considerable twisting of the apical domains about the domain
junctions (29). Mini-chaperones made of the polypeptide-
binding fragments of GroEL assume the same folding pattern
as in the full-size molecule (30), suggesting that the three-
dimensional structure and the orientation of the hydrophobic
amino acids are necessary for efficient ligand binding. Both
the denaturing conditions during SDS-PAGE and the
binding to the nitrocellulose membrane via the surface-
exposed hydrophobic amino acids can easily eliminate the
GroEL-ligand interaction. In this regard, it is significant
that DnaK did not lose its ability to bind pyrrhocoricin during
Western blotting. This suggests that the binding of DnaK to
pyrrhocoricin is not dependent upon the global fold of the
protein and that at least one peptide-binding site lies outside
the conventional peptide-binding domain of DnaK. Alter-
natively, while in the case of the multimeric GroEL
denaturation is inevitable, for some proteins, and maybe for
DnaK, a partial restructuring can occur on the nitrocellulose
membrane when exposed to certain buffers (31).

The LPS preparations bound to the N-terminally labeled
pyrrhocoricin peptide very strongly (Table 3). Little decrease
in binding efficacy was detected at as low LPS concentration
as 31µg/mL (calculating with a molecular weight of 20 kDa
this corresponds to 1.5µM). The binding of DnaK or the
two LPS preparations to pyrrhocoricin appeared to be specific
for the peptide sequence: neither the heat shock protein or
the LPSs bound to the negative control fluorescein-labeled
tubulin peptide (Table 3). In contrast, GroEL did bind to
the tubulin sequence, with 50% over the background at 4
µM protein concentration, a level comparable to pyrrhoc-
oricin binding. This suggests that GroEL recognized a
generally unstructured peptide chain carrying a bulky
hydrophobic appendage. Accordingly, GroEL does not seem
to be the final bacterial protein target of the short, proline-
rich insect antimicrobial peptides. Rather, it may play a role
in the intermediate steps of the sequential molecular interac-
tion cascade of the bacterial cell entry and killing by this
peptide family (20).

Those biopolymers that showed strong binding to the
N-terminally labeled pyrrhocoricin (DnaK, GroEL,E. coli
LPS, andS. typhimuriumLPS) were tested for their binding
to the C-terminally labeled pyrrhocoricin peptide as well as
to N-terminally labeled drosocin and apidaecin. The binding
pattern to all three labeled peptides were very similar to that
observed with the N-terminally labeled pyrrhocoricin (Table
3). Apparently, both the C- and the N-termini of pyrrhoc-

FIGURE 4: Binding of 1µg DnaK (Accurate) and GroEL (Stress-
Gen) to biotin-K-pyrrhocoricin made ofL-amino acids (A), biotin-
K-all-D-pyrrhocoricin (B), and the negative control biotin-GPKG-
â-tubulin 434-445 peptide (C). The left lanes in each panel contain
DnaK; the right lanes contain GroEL. Blots B and C were developed
with increased exposition times (to detect any band) as is indicated
by the increased level of binding of the high molecular weight
contaminating proteins.
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oricin were involved in binding to DnaK, or the efficacy
differences between the two termini could not be quantitated
by fluorescence polarization.

The apparent differences in binding of pyrrhocoricin to
DnaK and GroEL suggested alterations in the binding
mechanism or site of interaction. To examine this question
in detail, we performed competition binding assays. During
these studies, 4µM DnaK, GroEL, or the negative control
protein Ras was premixed with 4 or 8µM unlabeled
pyrrhocoricin. After 20 min incubation time at room tem-
perature, 1 nM N-terminally fluorescein-labeled pyrrhocori-
cin was added, and the fluorescence anizotropy was recorded
(Table 2). According to this assay, 4µM unlabeled pyrrho-
coricin competed for GroEL binding, and an increase in the
peptide did not further modify the binding to the unlabeled
analogue. In contrast, the binding of the labeled peptide to
DnaK decreased after preincubation with 4µM pyrrhocoricin,
and it could be further decreased upon increasing the amount
of the competing unlabeled analogue. Since we were still

far from the binding plato, this may suggest that while GroEL
has a single site for pyrrhocoricin binding, the interaction
with DnaK involves two independent fragments of the
protein.

DISCUSSION

Apidaecin, drosocin, and pyrrhocoricin share high degree
of sequence homologies as well as similarities in the activity
spectrum. It is reasonable to suppose that all three short
proline-rich insect peptides kill bacteria by the same mode
of action. Apidaecin was recently shown to enter the cells
of Gram-negative bacteria through binding to a component
of the outer membrane, followed by the interaction with a
hypothetical transporter/receptor protein and finally to de-
activate the bacteria via interaction with a third macromo-
lecular target (20). The ribosome or perhaps other compo-
nents of the protein synthesis machinery were suggested as
potential candidates for being this last target biopolymer (20).
In this study, we identified some of the players of this
hypothetical cascade (Figure 6). According to our studies,
the first step involves the interaction with bacterial LPS. In
scenario A, the transporter proteins are heat shock/chaperonin
proteins, i.e., GroEL and DnaK. The final target biopolymer
may be the low molecular weight pyrrhocoricin-binding band
on the peptide blot. Positively charged peptides are known
to interact with the negatively charged nucleic acids often
in an unspecific manner (33) with the antibacterial peptide
buforin II reportedly killing bacteria via binding to DNA
and RNA and thus inhibiting cellular functions (34). Ac-
cordingly, the target macromolecule of the proline-rich
antibacterial peptides can also be a nucleic acid. This scenario
is similar to the one proposed by Castle and co-workers (20).
Because our competition fluorescence polarization studies
suggested a two-site interaction of pyrrhocoricin with DnaK,
we propose that the peptides bind to DnaK weakly inside
the conventional peptide binding pocket as well as strongly
outside. In this scenario B, DnaK and GroEL are the
hypothetical transport proteins, and DnaK may also serve
as the final target. The unidentified low molecular weight
peptide-binding band is either a degradation product of DnaK

FIGURE 5: Fluorescence polarization with 5(6)carboxyfluorescein-K-pyrrhocoricin and heat shock proteins.

Table 2: Competition Fluorescence Polarization with Heat Shock
Proteins against Labeled and Unlabeled Pyrrhocoricina

millipolarization after preincubation with

pyrrhocoricin Conantokin G-Ala7

protein 4µM 8 µM 4 µM 8 µM no peptide

GroEL 62 62 75 67 70( 10
DnaK 110 84 127 114 126( 5

a In these experiments, 4µM DnaK, GroEL, or Ras was premixed
with 4 µM unlabeled pyrrhocoricin, and after a 20-min incubation, the
fluorescein-K-pyrrhocoricin analogue was added in 1 nM concentration.
The background reading (without any unlabeled peptide or protein)
was 46( 7 millipolarization unit. In the presence of 4µM Ras, this
value was 52( 7. As preincubation with 4 and 8µM pyrrhocoricin
decreased the Ras readings with 16 and 27 millipolarization units,
respectively, the readings for DnaK and GroEL were corrected with
these values. The negative control peptide was Conantokin G-Ala7 (32),
which is similar in size to pyrrhocoricin (17 amino acid residues), but
in contrast to the positively charged pyrrhocoricin, which has a middle
â-pleated sheet domain, is negatively charged, and is devoid of any
extended structure (32). Accordingly, unlabeled pyrrhocoricin could
but Conantokin G-Ala7 could not compete for labeled pyrrhocoricin
binding.
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or is probably involved in the transport mechanism some-
where along the road from LPS to DnaK. This hypothesis is
not inconsistent with the target protein being associated with
protein synthesis (20). Members of the 70-kDa heat shock
family proteins but not the 60-kDa chaperonins are known
to interact with newly translated proteins both during
translation and after their release from the ribosomes (35).
It needs to be mentioned that the experimental details of
competition fluorescence polarization are not fully developed,
and these assays can result in surprising results (36) that are
not supported by other fluorescence-based techniques (37).

The detection of functional differences between bacterial
DnaK and the analogous human Hsp70 is not new to our
studies. The IgG repertoire during intravesical bacille Cal-
mette-Guerin immunotherapy in superficial bladder patients
includes antibodies to GroEL and Hsp70 but not to DnaK
(38). This finding emphasizes the significant structural and
functional differences between mammalian Hsp70 and the
corresponding bacterial DnaK and supports our findings and
hypothesis that antibacterial peptides can inactivate DnaK
without binding to Hsp70 and affecting its normal functions.
According to the competition fluorescence polarization assay,
DnaK may interact with pyrrhocoricin at two independent
sites. Because we were running these assays very close to
the IC50 of the labeled peptide, a single weak interaction site
with Hsp70 probably remained undetected. For the identi-
fication of a possible pyrrhocoricin-binding domain of DnaK
outside the conventional peptide-binding pocket, we returned
to the functional assay. We determined the antibacterial
profile of a broad spectrum pyrrhocoricin analogue (Table
4). According to this, the peptide killedE. coli, Salmonella
typhimurium, Micrococcus luteus, Bacillus megaterium, and
AerococcusViridans but did not kill Pseudomonas aerugi-
nosa, Erwinia carotoVora carotoVora, Staphylococcus au-
reus, andStreptococcus pyogenes. The pyrrhocoricin ana-
logues also killAgrobacterium tumefaciens(14). The apparent
lack of selectivity toward Gram-negative or Gram-positive

strains further confirms that the killing of bacteria is not
related strongly to membrane binding. Rather, the specificity
to certain bacterial strains may stem from altered binding to
DnaK. In this case, at least one peptide-binding fragment
should be sought in the variable domains of the protein.
Careful comparison of various DnaK sequences (40) reveal
high homology N-terminal to the peptide-binding region but
considerably less homology downstream. In Figure 7, we
aligned the DnaK sequences of some of the pyrrhocoricin-
responsive and nonresponsive bacterial strains as well as the
sequence of the human analogue, Hsp70, starting from the
conventional peptide-binding pocket (39) and extending to
the carboxy termini. The structure of pyrrhocoricin makes
it prone to bind both inside and outside the conventional
peptide-binding region. Based on screening of DnaK-bound
peptide libraries (41), DnaK recognizes extended peptide
strands within and positively charged residues outside the
substrate binding cavity (42). In perfect harmony, pyrrhoc-
oricin displays a somewhat extended fragment in the middle
of the sequence and positively charged residues all over,
including the two biactive termini (14). Incidentally, two
groups have reported peptide binding at the C-terminal area
of DnaK. One of these identified the 518-545 residue stretch
(43) (underlined in Figure 7) that serves as a lid over the
peptide-binding pocket. According to the other, the highly
negatively charged extreme C-terminal tetrapeptide of human
Hsp70 (double underlined in Figure 7) binds a peptide
substrate and affects ATPase activity (44). Yet another proof
for C-terminal peptide binding comes from comparison of
our peptide blot with Western blots developed with mono-
clonal antibodies directed against the C-terminal domain of
mt Hsp70 (45). Antibody JG1, which is specific for the

Table 3: Binding of Heat Shock Proteins and LPSs to Fluorescein-Labeled Peptides

protein or LPS N-F-pyrrhocoricin C-F-pyrrhocoricin N-F-drosocin N-F-apidaecin N-F-tubulin

Ras - - - - -
GroES - not tested not tested not tested not tested
GrpE - not tested not tested not tested not tested
GroEL ++a ++ ++ + +
Hsp60 + not tested not tested not tested not tested
DnaK ++/++b ++ ++ ++ -
Hsp70 - not tested not tested not tested not tested
E. coli LPS ++ + ++ ++ -
S. typhimuriumLPS +++ +++ +++ +++ -

a Studied with two GroEL preparations (Sigma and StressGen). N-F or C-F indicates the position of the fluorescein label (N- or C-terminus).
b Studied with three different DnaK preparations (Sigma, Accurate, and StressGen).

FIGURE 6: Hypothetical pathways of the bacterial cell entry of the
short, proline-rich antibacterial peptides, and potential interacting
protein candidates.

Table 4: In Vitro Antibacterial Activity of a Broad Spectrum
Divalent Pyrrhocoricin Analogue,
Chex-Pyrrhocoricin-2-19-Dap-[Chex-Pyrrhocoricin-2-19-Dap(Ac)

microorganism IC50 in µM

Gram-Negative Bacteria
Escherichia coliD22 0.1-1.2
Salmonella typhimurium 1.25-2.5
Pseudomonas aeruginosa >40
Erwinia carotoVora carotoVora >40

Gram-Positive Bacteria
Micrococcus luteus 40-80a

Bacillus megaterium 2.5-5
AerococcusViridans 1.2-5
Staphylococcus aureus >40
Streptococcus pyogenes >40

a The assay was performed in poor broth medium except forM.
luteus, which was done in Luria-Bertani rich nutrient medium.
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C-terminus of this 70-kDa heat shock protein, precipitates
the full-length translated product as well as smaller products
near 70 kDa and around 45 kDa (45). These smaller products
are reported to result from alternative start sites for the
initiation of translation and the lack of the N-terminus of
this heat shock protein variant (46). In contrast, antibody
JG3, which is specific for the N-terminus, recognizes only
the full-length protein and none of the smaller fragments (45).
As attractive as this explanation may seem, the proteinaceous
nature of the small molecular weight band in our case was
not supported by strong amidoblack staining. The identifica-
tion of the exact DnaK binding site is currently in progress
in our laboratories.

The design of new drugs can be based on either mimicking
the conformation of known ligands or on the structure of
the peptide-binding domain of the receptor. Here we provided
a basis for both strategies. Earlier, we characterized the
general fold of drosocin and pyrrhocoricin, and we concluded
that the antibacterial peptide ligands must assume two reverse
turns at their terminal positions bridged by an extended
peptide domain for full biological activity (14, 19). When
the receptor’s conformation is known, a candidate compound
that has the necessary structural characteristics to permit its
binding to the target protein sequence can be designed.
Determination of the conformations of the pyrrhocoricin-
interacting fragments will be highly facilitated by the

availability of the high resolution structure of DnaK. The
secondary structure and dynamics of the 10-kDa C-terminal
variable domain (a likely binding site for peptides that are
bacteria specific) was characterized by NMR and comprised
of a rigid structure of four helices and the flexible C-terminal
subdomain of 33 amino acids (47). A 21-kDa fragment just
preceding this domain was studied by multinuclear, multi-
dimensional NMR (48). This domain is observed to bind to
its own C-terminus and offers a preview of the interaction
of DnaK with other proteins and peptides.

The interaction of pyrrhocoricin, drosocin, and apidaecin
with the bacterial heat shock protein DnaK identifies DnaK
as a convenient target for drug design. The current literature
on heat shock/chaperone proteins is just too large to detail.
Excellent reviews and monographs have been published in
the past decade on the structure and function of these proteins
(21-23). Significantly, DnaK is essential for bacterial growth
at most temperatures (49). The C-terminal 10-kDa region
appears to carry an important regulatory function (47), with
many individual amino acid residues being involved in the
various bioactivities of the protein (44). Currently, the heat
shock 70 family of proteins are considered as suitable targets
for drug development against inflammatory diseases and
cancer. Hsp70, the human variant, rescues cells from
apoptosis later in the death signaling pathway than any
known anti-apoptotic protein, making it a tempting target

FIGURE 7: Alignment of various bacterial and human 70 kDa heat shock protein sequences in the C-terminal region. The residues in bold
and bracketed indicate the peptide binding pocket according to ref39. C-terminal DnaK sequences that bind peptides outside the conventional
peptide-binding pocket are underlined. Singly underlined fragment is according to ref43. Ref 44 identified the extreme C-terminus of
human Hsp70 for peptide binding. The correspondingE. coli sequence is double underlined. The stretches of h letters above some domains
indicate the predicted helical segments. The abbreviations of the bacteria are as follows: ECOLI:Escherichia coli; SALTY: Salmonella
typhimurium; AGRTU: Agrobacterium tumefaciens; BACME: Bacillus megaterium;STRPY: Streptococcus pyogenes; STAAU:
Staphylococcus aureus. According to the data presented in Figures 1 and 2, in our earlier paper (14), and in Table 4, the pyrrhocoricin
peptides kill bacteria containing ECOLI, SALTY, AGRTU, and BACME, while they do not affect species containing STRPY, STAAU,
and HUMAN.
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for antitumor therapeutic interventions (50). Cancer cells
express high levels of heat shock proteins, so the modulation
of Hsp70 expression was suggested to be a viable alternative
in cancer therapy (51). The heat shock proteins appear to be
good immunogens for both antibody and T-cell production
(52). A subset of murine T-cells, produced upon delayed-
type hypersensitivity to purified protein derivative, recognizes
the heat shock proteins DnaK and GroEL (53). Likewise,
OM-89, an anti-rheumatic bacterial extract, induces T-cell
responses to heat shock proteins, Hsp60 and Hsp70, making
it suitable for modulation of peripheral immunological
tolerance in the treatment of rheumatoid arthritis (54). It is
difficult to predict whether the antibacterial peptide-DnaK
complexes will be disadvantageously immunogenic during
therapeutic applications. Our positive in vivo data so far do
not substantiate this concern.

Our current knowledge of the correlation of antibacterial
action and heat shock proteins is very limited. It was
observed that the interaction ofSalmonella typhimuriumand
bactericidal/permeability increasing protein (BPI) results in
the synthesis of a number of host-defense proteins, including
HtpG (55). In solution, pyrrhocoricin bound to GroEL and
the human equivalent, Hsp60. This may explain why
drosocin and unmodified pyrrhocoricin, otherwise nontoxic
peptides, became toxic to compromised animals (8, 14). Since
the heat shock proteins appear to be expressed at a higher
level upon bacterial infection, large doses of some of the
Hsp60-binding antibacterial peptides may interfere with the
natural defense mechanism of mammals. One of the referees
mentioned that drosocin and pyrrhocoricin are toxic to
compromised animals, precisely the type of situation where
a peptide antimicrobial drug might prove its value. It was
also added that while the native peptides are toxic to infected
animals with presumably high levels of heat shock proteins,
the similarly high levels of heat shock proteins in bacteria
may diminish activity of the peptides. A comparison of the
in vivo and in vitro activities of pyrrhocoricin and its Chex-
pyrrhocoricin-Dap(Ac) analogue may solve this controversy.
The modified peptide exhibits a 10-fold decrease of the in
vitro efficacy againstE. coli D22, which probably reflects a
decreased affinity to the target molecule. On the other hand,
the modified peptide remains without toxicity in the entire
10-50 mg/kg peptide dose, even to compromised animals
(14), in contrast to native pyrrhocoricin. Apparently, the
modified peptide retains some ability to bind to bacterial
DnaK and kill bacteria, but the suboptimal binding to the
mammalian heat shock protein(s) prevents the negative
effects on the infection-combating efforts of the experimental
animals. In conclusion, the antibacterial peptide drug leads
need to be tested for their efficacy both in vitro and in vivo
before any additional modification in their composition is
initiated. Actually this recommendation coincides with our
latest finding as to low in vitro activity of the antibacterial
peptides does not necessarily indicate negligible in vivo
efficacy (56).

The antibacterial actions of magainin 2, buforin II, and
polylysine are all reduced against anE. coli variant that
contains elevated levels of GroEL and DnaK (57), indicating
a negative correlation between antimicrobial activity and
interaction with heat shock proteins of the bacteria. However,
these antimicrobial agents exhibit their actions either on the
bacterial membrane or binding to DNA or RNA rather than

interacting with a housekeeping/regulatory protein (34, 58,
59). Nevertheless, all these peptides are strongly positively
charged, just like drosocin, pyrrhocoricin, and apidaecin. The
referee suggested that unspecific binding of magainin 2,
buforin II, or polylysine to DnaK or GroEL reduces their
active concentration, requiring higher amounts for killing,
and this may happen with the proline-rich family as well.
Thus, pyrrhocoricin-resistant microbial strains could actually
bind DnaK better thanE. coli. We tested this hypothesis by
running peptide blots againstS. aureus(resistant) andM.
luteus (mildy responsive) lysates. Biotin-K-pyrrhocoricin
indeed labeled a band in theS. aureuslysate near theE.
coli DnaK band. This would indicate that DnaK is not the
target protein, only a carrier as depicted in the first column
of Figure 6. However, such a DnaK band was absent in the
blot using anM. luteuslysate. In addition, due to the near
E. coli DnaK unspecific band combined with the different
molecular weight of all DnaK proteins (Figure 7), quantita-
tive conclusions are difficult to draw. Moreover, apparently
the lack of E. coli DnaK binding of the inactiveall-D-
pyrrhocoricin peptide suggests a positive correlation between
killing and DnaK binding. Accordingly, it is not only the
positive charge of the proline-rich peptide family that allows
binding to DnaK. Rather, the true binding characteristics and
perhaps therapeutic potency of these peptides lies in the
actual sequences or in embedded motifs or conformations.
The identification of the peptide-binding fragment of DnaK
together with the determination of the conformation of the
DnaK-peptide complexes will allow the design of strain-
specific antimicrobial peptides.
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