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macins were investigated.

repair/neurons in their hosts.
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Background: Antimicrobial macin proteins aggregate bacteria and exert nerve repair activities.
Results: Structures of theromacin and neuromacin were elucidated. Nerve repair activities and antimicrobial activities of

Conclusion: Theromacin induces the nerve repair capacity of leech plasma. Macins seem to be proliferation factors.
Significance: The extended magnitude of macin activities demands reconsidering their potential biological impact on nerve
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The tertiary structures of theromacin and neuromacin con-
firmed the macin protein family as a self-contained family of
antimicrobial proteins within the superfamily of scorpion toxin-
like proteins. The macins, which also comprise hydramacin-1,
are antimicrobially active against Gram-positive and Gram-neg-
ative bacteria. Despite high sequence identity, the three proteins
showed distinct differences with respect to their biological
activity. Neuromacin exhibited a significantly stronger capacity
to permeabilize the cytoplasmic membrane of Bacillus megate-
rium than theromacin and hydramacin-1. Accordingly, it is the
only macin that displays pore-forming activity and that was
potently active against Staphylococcus aureus. Moreover, neu-
romacin and hydramacin-1 led to an aggregation of bacterial
cells that was not observed with theromacin. Analysis of the
molecular surface properties of macins allowed confirmation of
the barnacle model as the mechanistic model for the aggregation
effect. Besides being antimicrobially active, neuromacin and
theromacin, in contrast to hydramacin-1, were able to enhance
the repair of leech nerves ex vivo. Notably, all three macins
enhanced the viability of murine neuroblastoma cells, extending
their functional characteristics. As neuromacin appears to be
both a functional and structural chimera of hydramacin-1 and
theromacin, the putative structural correlate responsible for the
nerve repair capacity in leech was located to a cluster of six
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amino acid residues using the sequence similarity of surface-
exposed regions.

Antimicrobial peptides/proteins (AMP)® most often target
an essential bacterial structure, the bacterial cell membrane. As
the elemental modification of microbial membranes to create
resistance would be too complex to achieve, AMPs are instru-
mental in a plethora of organisms from bacteria, fungi, and
protozoa to plants and animals including humans (1, 2). In gen-
eral, they have remained effective for millions of years even
against multidrug-resistant bacteria of today (3—6). The molec-
ular mechanism of antimicrobial activity is mainly described by
pore formation or by induction of micellization in a detergent-
like manner, both of which cause the death of targeted bacteria
(1). Recently, some antimicrobial peptides have been demon-
strated to target specific lipid components within the bacterial
membranes such as lipid II, leading to inhibition of cell wall
synthesis (7). Besides being antimicrobially active, several
AMPs possess further biological activities. Among others, they
were found to be mediators of the adaptive immune system,
participate in wound healing and angiogenesis, provide che-
moattraction, modulate inflammation responses, and promote
nerve repair (1, 8). To date, 1923 AMPs are deposited in the
antimicrobial database (9), but for almost 80%, the tertiary
structures, which are essential to better understand the molec-
ular mechanisms of AMPs, are unknown.

The recently established macin family of antimicrobial pep-
tides comprises three members, theromacin and neuromacin
from leeches and hydramacin-1 from Hydra (10). Whereas

3 The abbreviations used are: AMP, antimicrobial peptide/protein; TM, thero-
macin; NM, neuromacin; FP, fusion protein; TOCSY, total correlation
spectroscopy; MBC, minimal bactericidal concentration; HBD, human
B-defensin.
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FIGURE 1. Barnacle model exerted by hydramacin-1. Schematic represen-
tation of two negatively charged membranes (A and B) sandwiching hydra-
macin-1. Hydrophobic amino acid residues contributing to the molecular sur-
face of hydramacin-1 are colored yellow, whereas cationic surface areas are
colored blue.

each of the macins exerts antimicrobial activity, neuromacin
also exerts a nerve repair activity. Hitherto, only the solution
NMR structure of hydramacin-1 was determined, and its struc-
ture-activity relationship has been investigated (10). Hydrama-
cin-1adopts the knottin fold, a cysteine-stabilized a- 3 motif. Its
mode of action was shown to be the aggregation of bacteria,
which originates in its striking molecular surface property of
comprising two hydrophobic hemispheres that sandwich a belt
of positive charges. The corresponding mechanistic model,
termed barnacle model, clearly deviates from well known
mechanisms of membrane permeabilization. It suggests a dual
electrostatic as well as hydrophobic peptide-membrane inter-
action applied in parallel to two individual bacterial cells (Fig.
1). Therefore, each bacterial cell can stick to several others,
leading to the formation of huge cell aggregates. Hydramacin-1
is active against a broad range of Gram-negative and Gram-
positive bacteria including multidrug-resistant strains. By con-
trast, the tertiary structures of theromacin and neuromacin are
unknown. As the macins share high sequence identity includ-
ing eight conserved cysteine residues, adoption of the same fold
is likely. Nonetheless, both theromacin and neuromacin appear
to act mainly against Gram-positive bacteria as no activity has
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been found against Gram-negative bacteria, albeit only a few
strains have been tested so far (8, 11). Whereas the antimicro-
bial activity of neuromacin appears to involve membrane per-
meabilization (8), the antimicrobial mechanism of theromacin
remains to be determined. Interestingly, neuromacin appar-
ently is involved in the repair process of the central nervous
system of the medicinal leech that is mediated by migration of
microglia to the site of lesion and a probable cytoskeleton-
driven axon outgrowth (8). However, the nerve repair mecha-
nism of neuromacin remains elusive, and the capacity of thero-
macin and hydramacin-1 to promote the same is not known.
The aim of the present study was to directly compare the
three macins with each other to better understand their modes
of action (antibacterial and nerve repair). Accordingly, here we
have characterized the structures of the leech macins as well as
the antimicrobial activities of theromacin and neuromacin and
the nerve repair capacities of theromacin and hydramacin-1.

EXPERIMENTAL PROCEDURES

Cloning and Expression of Theromacin (TM) and Neuroma-
cin (NM)—TM cDNA was cloned as follows. Total RNA from
whole leech was extracted using TRIzol (Invitrogen). The RNA
(3 pg) was transcribed into single-stranded ¢cDNA using oli-
go(dT), adaptor primer, 5'-CGAGTCGACATCGATCGT 4-
3’ (SuperScript® kit, Invitrogen; protocol of the manufacturer).
One-fourth of the reaction was amplified by PCR using the
oligo(dT) primer and sense oligonucleotide 5'-atggctcctctcaa-
caagttgctct-3'. PCR was performed with 25 cycles using 1 unit
of Tag polymerase (Go Taq, Promega) in 1.5 mm MgCl,. The
cycling parameters were as follows: 94 °C for 1 min, 60 °C for 1
min, and 72 °C for 1 min. All PCR products were subcloned into
pGEM-T easy vector (Promega), and several different cDNA
clones were sequenced (GenBank™ accession number
EU149766). NM cDNA was characterized in a previous study
(GenBank accession number EU156754) (8).

After amplification of the sequences encoding the antimicro-
bially active regions of TM and NM (using the primer pairs
5'-GAAGATCTGGACGACGACGACAAGGGATGTTTCG-
AAGATTGG and 5'-CCCAAGCTTGTCAAGCCCAACAA-
GTTGG for TM and 5'-GAAGATCTGGACGACGACGACA-
AGGATTGCTACGAGGACTGGAGC and 5'-CCCAAGCT-
TGTCAGTAGCAATGACACTGTTTGTTGTTCTTGAGG-
ACTC for NM), they were cloned into the expression vector
pET-32a (Novagen) using BglIl and HindIII (Fermentas). The
final vectors were transformed into the Escherichia coli strain
BL21(DE3). Both TM and NM were expressed as fusion pro-
teins (FPs) comprising a thioredoxin-His, tag N-terminally
fused via an enterokinase cleavage site to the mature proteins.
Uniformly *N- and '>N/'?C-labeled TM-FP was expressed in
2X M9 minimal medium supplemented with biotin and thia-
mine (1.5 mg/liter each) (12). When bacteria cultures reached
an optical density (measured at 600 nm) of 0.5— 0.6, isopropyl
1-thio-B-p-galactopyranoside was added to a final concentra-
tion of 1 mm to induce protein expression. Cell growth was
continued for 5 h. The TM-FP was expressed as inclusion bod-
ies. Non-labeled TM-FP and NM-FP were generated using
lysogeny broth. NM-FP was expressed as a soluble form.
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Purification, Renaturation, and Cleavage of Fusion Proteins—
Bacteria were harvested by centrifugation, resuspended in
phosphate-buffered saline, pH 7.4 in the case of TM or Lysis-
Equilibration-Wash buffer (Protino® protein purification sys-
tem, Macherey-Nagel, Diiren, Germany) in the case of NM, and
disrupted by sonification. Soluble and insoluble cell fractions
were separated by centrifugation. The TM-FP inclusion bodies
were purified under denaturing conditions and renatured as
described (10). The NM-FP was purified under native condi-
tions using Protino Ni-TED 2000 columns (Macherey-Nagel)
following the manufacturer’s instructions. The eluates contain-
ing NM-FP were dialyzed against 50 mm Tris, pH 8. Cleavage of
the FPs was performed at 37 °C overnight using Enterokinase-
Max™ (Invitrogen).

Purification of Mature Theromacin and Neuromacin—The
purification of mature TM or NM was performed using
reversed-phase high performance chromatography on semi-
preparative C, 4 columns. A continuous acetonitrile gradient of
0.22%/min over a period of 23 min starting at a concentration of
25% (v/v) was used to obtain isolated TM, whereas NM was
isolated using a continuous acetonitrile gradient of 1.2%/min
for 20 min also starting at a concentration of 25% (v/v). Frac-
tions containing TM or NM were pooled and lyophilized. The
purity of the samples was confirmed by mass spectrometry in
linear mode using a 4700 Proteomics Analyzer MALDI-TOF/
TOF mass spectrometer (Applied Biosystems, Framingham,
MA). Size exclusion chromatography using a HiLoad Superdex
75 prep grade (16/60) column (Amersham Biosciences) under
conditions used for NMR spectroscopy confirmed the mono-
meric state of the mature theromacin protein (data not shown).
The lyophilized samples used for activity assays were reconsti-
tuted in 0.01% (v/v) trifluoric acid, and the protein concentra-
tion was adjusted to 1 mg/ml. Aliquots of these stocks were
used for investigation of activity and mode of action.

Assignment of Disulfide Bonds—Disulfide bridges of the
macins were assigned by applying a combination of enzymatic
digestions with different proteases (i.e. trypsin for neuromacin
and sequential enzyme treatment with trypsin and Asp-N for
theromacin) followed by separation of the cleavage peptides by
means of ion-pairing reversed-phase liquid chromatography
and analysis by electrospray mass spectrometry (LTQ-Orbitrap
Velos, Thermo Fisher Scientific, Bremen, Germany). Hydrama-
cin-1*served as a positive control because of its known disulfide
isomerization state (10). Experimental details will be published
elsewhere.”

Sample Preparation and NMR Experiments—Freeze-dried
theromacin was dissolved in 20 mm sodium phosphate, pH 7.4,
93% (v/v) H,O, 7% (v/v) D,O. The sample was transferred into
a symmetrical matched microtube (Shigemi, Inc.).

NMR measurements were performed on a Bruker Avance
600-MHz spectrometer equipped with a z-gradient triple reso-
nance cryoprobe. Sequence-specific backbone resonance
assignments of theromacin were established using the follow-
ing spectra: two-dimensional total correlation spectroscopy
(TOCSY) with a mixing time of 60 ms and three-dimensional

4 Hydramacin-1 was generated as described (10).
> C.-W.Hung, S.Jung, J. Grétzinger, and A. Tholey, manuscript in preparation.
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HNCA, HNCO, (H)C(CO)NH, H(CCO)NH, HN(CA)CO,
HN(CO)CA, HN(CO)CACB, HNCACB, '*N-edited TOCSY,
and '*C-edited HCCH-TOCSY. For verification of flexible
regions, (‘H)-'°N heteronuclear nuclear Overhauser effect
(NOE) spectra were measured additionally. Two spectra with
on and off resonance 'H saturation were recorded in an inter-
leaved manner and separated before processing with the Bruker
AU program split. The combined recycle and saturation delay
was set to 3.2 s. Only well resolved peaks were included in the
intensity (peak height) measurements and NOE ratio determi-
nation. Distance restraints were obtained from two-dimen-
sional NOE spectroscopy (mixing time, 200 ms) and three-di-
mensional *°N-edited and **C-edited NOE (mixing times, 150
ms) spectroscopy-heteronuclear single quantum correlation
experiments. The spectra were acquired at 300 K and refer-
enced to the water resonance at 4.75 ppm. The chemical shift
data were deposited in the University of Wisconsin Biological
Magnetic Resonance Bank database under accession number
18153. All spectra were processed with the program NMRPipe
(13) and analyzed with the program NMRView (14).

Structure Calculations—Structure calculations were per-
formed using the program CYANA (15). The calculations were
based on 520 interproton constraints. Distance restraints
derived from the NMR spectra were calibrated using an r'6
function. Five disulfide bonds were defined as 15 distance
restraint ranges as follows: 2.0 = d(S;, §;”) = 2.1 A;3.0=d(CP,
") =3.14A;3.0 =d(S;”,C®) = 3.1 A. The program TALOS+
(16) was used for deriving backbone torsion angles from the
NMR chemical shifts of theromacin and included in the struc-
ture calculations. 100 structures were calculated and subse-
quently refined in explicit solvent with the CNS program using
the RECOORD protocol and parameters (17). The 10 energet-
ically best structures were selected as the final refined structural
ensemble and were deposited (Protein Data Bank code 2In8).

Molecular Modeling of Neuromacin—Models of the three-
dimensional structures of neuromacin were generated using
the solution NMR structures of theromacin and hydramacin-1
(Protein Data Bank code 2k35) as templates. According to the
sequence alignment, amino acid residues of neuromacin were
exchanged in the templates. Insertions and deletions in the
molecules were modeled using a database search approach
included in the software package WHATIF (18). The model
structures were finally energy-minimized using the GROMOS
force field (19).

Graphic Representations—All molecular graphical represen-
tations were generated using the programs MOLMOL (20) and
GRASP2 (21).

Determination of Antimicrobial Activity and Salt Tolerance—
The antimicrobial activity of theromacin and neuromacin was
investigated as described previously (22). Hydramacin-1*
served as reference molecule and was also measured in parallel.
Briefly, test strains (E. coli ATCC 35218, Staphylococcus aureus
ATCC 12600, and Bacillus megaterium ATCC 14581) were
grown in brain-heart infusion broth at 37 °C for 2—-3 h. The cells
were washed three times in 10 mm sodium phosphate buffer,
pH 7.4 supplemented with 1% tryptic soy broth, and the cell
number was adjusted to 10*~10° cells/ml. From the prepared
cell suspension, 100 ul were mixed with 10 ul of the protein
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stock diluted in 10 mm sodium phosphate buffer, pH 7.4, 1%
tryptic soy broth and incubated at 37 °C. The final peptide con-
centrations tested were between 0.0125 and 100 ug/ml. After
2 h of incubation, the colony-forming units were determined.
For a negative control, bacterial suspensions were supple-
mented with 10 ul of phosphate buffer, pH 7.4, 1% tryptic soy
broth. Antimicrobial activity was tested for all strains by deter-
mination of 90% lethal dose (LDy,) or minimal bactericidal
concentrations (MBCs) (=99.9% killing). The values were
expressed as the median of at least three independent experi-
ments. Reproducibility of results did not exceed one dilution
step.

The salt sensitivity of the macin proteins was determined as
described above using 10 mm phosphate buffer, pH 7.0 with or
without supplemented sodium chloride (final concentrations
of 50150 mwm). Arbitrarily, a strain was defined as susceptible
to a peptide if it had an MBC or LD, of =12.5 ug/ml, as inter-
mediately susceptible if it had an MBC or LDy, of >12.5-100
pg/ml, or as resistant if it had an MBC or LD, of >100 ug/ml
as described elsewhere (22).

Assays for Permeabilization of Bacterial Membranes and for
Pore-forming Activity—Bacteria with compromised mem-
branes were detected by monitoring the fluorescence of the
DNA binding dye SYTOX Green (Invitrogen) as described pre-
viously (23). B. megaterium ATCC 14581 in midlogarithmic
phase were washed twice and resuspended in 10 mm HEPES, 25
mwm sodium chloride, pH 7.4. A flat bottom 96-well microtiter
plate (Sarstedt, Germany) was coated with 0.1% bovine serum
albumin (A2153, Sigma-Aldrich) for 15 min before its use in
the assay. Theromacin, neuromacin, and hydramacin—l4 were
2-fold serially diluted in 10 mM HEPES, 25 mm sodium chloride,
pH 7.4. Bacteria (10° colony-forming units/50 ul) were incu-
bated with the diluted peptides (25 ul) and 2 um fluorescent dye
SYTOX Green (25 ulin 10 mm HEPES, 25 mm sodium chloride,
pH 7.4) at 20 °C for different time periods. Permeabilization of
the bacterial cytoplasmic membrane allows the dye to cross the
membrane and to intercalate with the DNA. Excitation of the
DNA-bound dye at 495 nm resulted in an increase of emitted
fluorescence at 538 nm. Measurements were made in a micro-
titer plate reader (Fluoroskan II, Labsystems). Membrane-per-
meabilizing activity of the peptide was expressed as a percent-
age of permeabilized bacteria. For monitoring the activity at pH
5.2,20 mm MES buffer supplemented with 25 mm sodium chlo-
ride was used. As a control, the antimicrobial peptides cecropin
P1 and magainin II (Sigma-Aldrich) were used. For maximum
permeabilization of the bacteria (100% value), cells were incu-
bated with 70% ethanol for 10 min. The experiments were per-
formed in duplicate.

Pore-forming activity of theromacin and neuromacin was
determined by measuring fluorometrically the dissipation of a
valinomycin-induced membrane potential in liposomes pre-
pared from soy bean asolectin as described previously (24). Fluo-
rescence was measured by a fluorescence spectrophotometer
(model LS 50B, PerkinElmer Life Sciences) using excitation and
emission wavelengths of 620 and 670 nm, respectively. Pore-
forming activity was measured as the initial change in fluores-
cence intensity over time after the addition of the protein sam-
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ples. The pore-forming peptide alamethicin (Sigma-Aldrich)
served as a positive control to calibrate the assay.

Investigation of Protein-Membrane Interaction by Dynamic
Light Scattering—Liposomes were prepared essentially as
described by Pick (25) using defined phospholipids and 50 mm
sodium phosphate buffer, pH 5.2. Initially, crude liposome sam-
ples were refined by passing them over a NAP-5 column (Amer-
sham Biosciences). The eluate served as a stock suspension for
the subsequent experiments and was stored at 4 °C. The follow-
ing phospholipids were purchased from Avanti Polar Lipids
Inc. (Alabaster, AL): L-a-phosphatidyl-pL-glycerol and L-a-
phosphatidylcholine. Because of the net negative charge at the
membrane surface, L-a-phosphatidyl-pL-glycerol liposomes
serve as a very simplified model for bacterial membranes,
whereas L-a-phosphatidylcholine liposomes serve as a corre-
sponding model for eukaryotic membranes because of their
electrostatically neutral surface.

The dynamic light scattering experiments were performed
using a Laser-Spectroscatter 201 (RiNA GmbH, Berlin, Ger-
many) equipped with a laser diode with a wavelength of 662 nm
and an optical power of 100 milliwatts. Each experiment con-
sisted of 10 measurements, each with a duration of 10 s. The
liposome stock suspension was diluted 1:100 in the correspond-
ing buffer (50 mm sodium phosphate with either an acidic pH of
5.2 or a pH of 7.0), and 10 ul of it were measured by dynamic
light scattering. Directly after measurement, 3 ul of the protein
sample (0.5 mg/ml theromacin, neuromacin, and hydramacin-
1*) were added and mixed thoroughly, and the sample was
measured again. After 3 min, a final measurement was done
without any disturbance of the sample in between.

Nerve Repair in Leech—Adult Hirudo medicinalis were pur-
chased from Ricarimpex (Bordeaux, France) and maintained in
autoclaved 1% Instant Ocean (Aquarium Systems) changed
daily for 1 week before starting any experimental procedure.
Leeches were anesthetized by immersion in 10% ethanol, spring
water at 4 °C for 20 min. The nerve cords were removed and
prepared for nerve repair assays as described previously (8).
Connectives between the third and fourth nerve ganglia were
hemisectioned with a thin scissor. The regenerative effect of the
peptides was evaluated by adding the natural or recombinant
molecule at a final concentration of 4 um in the culture
medium. Assays were performed on three different nerve cords,
and the procedure was repeated three times. Photographs were
taken every day for 1 week (objective, X5) using a Leica
DMIRE2 inverted microscope. Images were taken using Biopo-
sition version 3.0 software developed on the Matrox MIL 7.5
Base Library.

Proliferation Assay and Immunocytochemistry—Murine
Neuro-2A neuroblastoma cells (DSMZ) were maintained in
RPMI 1640 medium supplemented with 10% (v/v) fetal bovine
serum and 1% penicillin/streptomycin at 37 °C in a humidified
atmosphere with 5% CO,. 5 X 10® cells/well were plated in
triplicate on a 96-well plate and incubated with 0.1 uMm hydra-
macin-1, neuromacin, or theromacin for 48 h. Cell viability was
assessed by relative cellular ATP levels using CellTiter-Glo
(Promega) according to the manufacturer’s instructions. Statis-
tical significance was established at p < 0.01 by one-way anal-
ysis of variance with Bonferroni post hoc test. For immunocy-
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TABLE 1

Structural statistics for 10 energetically best structures of theromacin
r.m.s.d., root mean square deviation.

Distance restraints

Intraresidual (Ji — j| = 0) 103
Sequential (/i — j| = 1) 180

Medium range (2 < |i — j| = 4) 75

Long range ([i — j| = 5) 132

Disulfide bonds (included) 30

Total 520

NOE restraint violations .

Mean number of NOE violations >0.3 A 0.2
Maximum violation (A) ) 0.35

r.m.s.d. for NOE restraints (A) 0.041 * 0.003

Deviation from idealized geometry

Bond length (A) 0.0134 * 0.0006

Bond angles (°) 1.74 = 0.05
Impropers (°) 2.09 £ 0.14
Mean global backbone r.m.s.d. to mean” (A) 0.63 = 0.20
Mean global heavy r.m.s.d. to mean” (A) 1.38 = 0.29
Ramachandran plot

Most favored regions (%) 71.7
Additional allowed regions (%) 24.6
Generously allowed regions (%) 2.0
Disallowed regions (%) 1.7

“ Residues considered: 24 —41 and 55-67.

tochemical analysis, 10* Neuro-2A cells/well were plated on
8-well chamber slides (Nunc). After 24 h, the cells were incu-
bated with 0.1 um hydramacin-1, neuromacin, or theromacin
for 15 min, 30 min, or 3 h. Cells were fixed with 4% warm (37 °C)
paraformaldehyde at room temperature for 10 min and after-
ward at 4 °C for 1 h. After washing with phosphate-buffered
saline (PBS) three times, with PBS, 0.12% glycine once, and with
PBS once, samples were treated with 10% (v/v) fetal bovine
serum in PBS for 45 min followed by 1-h incubation with the
polyclonal anti-theromacin antibody at room temperature.
Identical concentrations of preimmune serum were used for
controls and verification of background signals. The second-
ary goat-anti rabbit-DyLight"™488-coupled antibody (1:300;
Biomol) was applied after three washes with PBS and one wash
with PBS, 10% (v/v) fetal bovine serum. After incubation at
room temperature for 1 h, samples were washed four times with
PBS, stained with 1 uMm DAPI, and mounted with Mowiol/
Dabco (Calbiochem/Sigma-Aldrich). Slides were analyzed with
an FV1000 confocal microscope with a 60X lens. Image acqui-
sition was done with FV10-ASW (version 3.0, Olympus Europa
GmbH, Hamburg, Germany).

RESULTS

Tertiary Structures of Theromacin and Neuromacin—The
structural statistics for the calculation of the theromacin struc-
ture are summarized in Table 1. The ensemble of the 10 ener-
getically best theromacin structures is shown in Fig. 2, A and B.
Theromacin contains two flexible loops: one is located between
the N-terminal helix and the middle helix, and the second is
between the two B-strands (Fig. 2, A, B, and C). The spatial
positioning of the N-terminal helix and the C-terminal region
also varies slightly. The flexibility of these regions is an inherent
property of the protein and was verified by heteronuclear NOE
experiments (supplemental Fig. SF1). Like hydramacin-1 (Fig.
2D), theromacin folds into the knottin fold, i.e. a cysteine-sta-
bilized a-f topology. Moreover, it possesses the N-terminal
helix characteristic for macins (10) but does not contain an
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N-terminal B-strand like hydramacin-1. Instead, its N-terminal
helix is directed toward the interstrand loop. Finally, the C-ter-
minal region of theromacin folds into a short third helix (Fig.
20C).

The macins possess a high sequence identity including eight
conserved cysteine residues (Fig. 3A4). The assignment of the
disulfide bridges of theromacin and neuromacin by mass spec-
trometry revealed that the eight cysteine residues conserved in
all three macins form four disulfide bridges: Cys'-Cys®, Cys*-
Cys®, Cys>-Cys’, and Cys*-Cys® (Fig. 2, C-F, and supplemental
Table S1). Theromacin possesses two additional cysteine resi-
dues that form a fifth disulfide bond (Cys*'-Cys”?). The disul-
fide bridges identified by mass spectrometry are in agreement
with the NOE pattern observed in the NMR spectra. Based on
the conserved disulfide pattern and the topology of theromacin
and hydramacin-1, two structural models of neuromacin were
generated using either theromacin (Fig. 2E) or hydramacin-1
(Fig. 2F) as a template. Both models differ in the positioning of
the N terminus. Interestingly, the residues Asp* and Arg™,
which form a salt bridge in hydramacin-1, are conserved in
neuromacin (Asp' and Arg®’) and hence would allow the for-
mation of a salt bridge in the corresponding hydramacin-1-
based model as well (Fig. 2G). This would favor an interior
positioning of the N-terminal region in neuromacin. In con-
trast, in the theromacin-based neuromacin model, the N-ter-
minal region is directed toward the molecular surface. As a
consequence, the residue Asp® is buried inside the molecule
and faces Asp>® (Fig. 2H), which would be energetically unfa-
vorable compared with the situation in the hydramacin-1-
based model where Asp® is exposed to the surface (Fig. 2G). In
the case of theromacin, the charge of the Asp® residue is com-
pensated by residue Lys®® or Arg®, which correspond to Lys>*
and Arg® in neuromacin (Fig. 2H). Moreover, the correspond-
ing position 23 in theromacin is substituted by a serine residue
(Fig. 3A). Therefore, an electrostatic repulsion as observed in
the theromacin-based neuromacin model does not exist.
Because of these charge interactions, the putative hydramacin-
1-based model for neuromacin appears more likely.

The sequence alignment of the macins (Fig. 3A) depicts sep-
arately conserved residues that can be found either in neuro-
macin and hydramacin-1 or in neuromacin and theromacin.
Interestingly, there is a clear accumulation of the majority of the
separately conserved residues in two different regions of the
macins (Fig. 3, Band C). In the case of hydramacin-1/neuroma-
cin, most of the conserved residues (Glu®*?, Leu®*, Gly*®, and
Tyr®°) are allocated to the highly defined region of the molecule
(Fig. 3B). The conserved salt bridge-forming residues Asp* and
Arg®® were already mentioned above. In contrast, most of the
residues conserved exclusively between theromacin and neuro-
macin are localized in the more flexible region of the molecules.
More precisely, these residues (Ser*?, Leu®', Asn®3, Asn®*,
Lys®®, and GIn®®) cluster in the inter-g loop (Fig. 3C).

The molecular surface electrostatic potentials of the macins
are shown in Fig. 4. Hydramacin-1 possesses a ringlike arrange-
ment of cationic residues (Fig. 44). The contour plot of the
isopotential plane shows that this cationic ring is sandwiched
by two hemispheres of neutral charge. By contrast, theromacin
shows an accumulation of positively and negatively charged
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FIGURE 2. Tertiary structures of macin family members. Depicted are the ribbon presentations of an ensemble of the 10 energetically best theromacin
structures (A and B), a representative theromacin structure (C), the average structure of hydramacin-1 (D; Protein Data Bank code 2k35), and the model
structures of neuromacin with theromacin as template (E and H) or hydramacin-1 as template (Fand G). The ensemble in Bis 70° rotated around the vertical axis.
Covalent cysteine residue bonds are displayed in gray and yellow balls and sticks. N and C denote the N and C termini, respectively. C1-C8 label four covalent
cysteine residue bonds conserved in all macins according to their relative position in the primary structure, whereas C37-C73 labels an additional fifth cysteine
residue bond in theromacin according to their absolute position in the primary structure. Further labeled residues are discussed in the text.

patches arranged oppositely with an isopotential plane in
between (Fig. 4B). Therefore, the bipolar nature of theromacin
clearly differs from the surface properties of hydramacin-1. The
contour plot of the theromacin-based neuromacin model also
shows a ringlike arrangement of cationic residues that is sand-
wiched by two isopotential planes (Fig. 4C), which is highly
comparable with the situation in hydramacin-1. In the case of
the hydramacin-1-based neuromacin model, the ring of cati-
onic residues is not closed completely (Fig. 4D). As a conse-
quence, the isopotential plane does not split the molecule com-
pletely into two hemispheres as observed for hydramacin-1.
Nevertheless, both neuromacin models reveal surface proper-
ties more related to hydramacin-1 than to theromacin.

Antimicrobial Activity of Macins—The antimicrobial activi-
ties of the three macin proteins were measured in parallel. They
showed antimicrobial activity against Gram-positive bacteria
and Gram-negative bacteria in the low microgram concentra-
tion range (Table 2). The Gram-positive bacterium B. megate-
rium was killed by each macin in a comparable low concentra-
tion range (MBC = 0.2-0.39 pg/ml). However, significant
activity differences against the Gram-positive bacterium S.
aureus and the Gram-negative bacterium E. coli were observed.
The latter is highly susceptible to hydramacin-1 (LD, = 1.56
pg/ml) and, albeit 4 — 8 times less, also susceptible to theroma-
cin (LDy, = 6.25 pug/ml) and neuromacin (LDgy, = 12.5 ug/ml).
In contrast, S. aureus appears to be resistant to hydramacin-1
(LDgg > 100 pg/ml), but it is highly susceptible to neuromacin
(LDgy = 3.13 pg/ml) and intermediately susceptible to thero-
macin (LDyq = 25 ug/ml).

The antimicrobial activities of the macins against E. coli and
S. aureus were strongly salt-dependent. The activity of thero-
macin and hydramacin-1 was completely lost at low concentra-
tions of sodium chloride (50 mm NaCl) for both strains, whereas
neuromacin still displayed some activity against S. aureus
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(Table 3). However, this activity was abolished in the presence
of 100 mm sodium chloride.

Membrane Permeabilization and Pore-forming Activity—
The capability of the macin proteins to permeabilize bacterial
membranes was measured in parallel. They permeabilized B.
megaterium cell membranes without showing a clear pH
dependence (Fig. 5A). The percentage of permeabilized bacte-
ria increased with time (data not shown) and concentration. In
Fig. 5A, the permeabilization of bacteria after 5 min of incuba-
tion with the proteins at pH 5.2 and 7.4 is depicted. In the case
of theromacin, 50% permeabilized bacteria were observed at a
concentration of 10 uM. In comparison, hydramacin-1 led to
50% permeabilization at 2—3 times lower concentrations (2 and
6 uMm). Strikingly, neuromacin was able to permeabilize 50% of
the bacteria already at a concentration of 0.2—0.6 uM, which is
in the range of the well known antimicrobial peptides magainin
IT and cecropin P1 and is 1 order of magnitude lower compared
with the other two macins.

Investigation of pore-forming activities revealed that neuro-
macin is able to form pores only under acidic conditions (Fig.
5B). At neutral pH, pore-forming activity was not detectable up
to a concentration of 2 uMm. In comparison with the classical
pore-forming peptide alamethicin (0.1 ™), neuromacin pos-
sesses ~25 and 50% pore-forming activity at 10 and 20 times
higher concentrations (1 and 2 um), respectively. In contrast,
theromacin did not show any pore-forming activity up to a
protein concentration of 2 uMm at either acidic or neutral pH.
Hydramacin-1 does not form pores at any tested condition or
concentration (10).

Dynamic Light Scattering—Dynamic light scattering meas-
urements of protein-membrane interactions showed a peptide
concentration-driven formation of aggregates for hydrama-
cin-1 and neuromacin. This was independent of pH but
dependent on the membrane surface charge (Fig. 6). In the case
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FIGURE 3. Conserved residues in macin family members. A, sequence alignment of the primary structures of TM, NM, and hydramacin-1 (HM). Lines indicate
disulfide bonds between the corresponding cysteine residues (numbers 1-8) conserved in all three macins. The dashed line marks two additional cysteine
residues (marked in pink) in theromacin forming a fifth disulfide bond. Residues conserved in all macins are marked in gray or yellow, respectively, whereas
residues that are conserved in only two of the three macins are marked in blue, green, or light blue. Asterisks and hash marks indicate conserved residues where
a conserved substitution is present in the third macin. B, representative ribbon model of the theromacin structure including residues only conserved in
neuromacin. G, ribbon presentation of the hydramacin-1 average structure (Protein Data Bank code 2k35) including residues only conserved in neuromacin.
Conserved residues marked by asterisks and hash marks in the sequence alignment are not shown in Band C.

of negatively charged L-a-phosphatidyl-piL-glycerol liposomes,
the measured particle radii increased within seconds from
~30-40 to 100200 nm after addition of the proteins to the
liposome suspensions. Moreover, the radii of the aggregates
progressively increased with time to reach ~200—400 nm after
5 min of incubation. This effect was not observed for neutral
L-a-phosphatidylcholine liposomes, indicating an electrostatic
interaction. In contrast, theromacin did not lead to any meas-
urable aggregation.

Leech Nerve Cord and Murine Neuroblastoma Cells—The
nerve repair activities of the macin proteins were measured in
parallel. In contrast to mammals, the leech central nervous sys-
tem has the ability to regenerate after section, and this capacity
can be visualized ex vivo (8). As shown in Fig. 7A under control
conditions (without peptides), restoration of the connective
nerve across the cut began at day 5 postaxotomy and was com-
pleted at day 6. As previously described for the natural neuro-
macin (8), the presence of the recombinantly expressed neuro-
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macin accelerated this repair process that was then completed
24 h postaxotomy. Interestingly, theromacin also revealed a
nerve repair capacity. In contrast to neuromacin, the regenera-
tive response was slightly longer and was completed 2 days
postaxotomy. Hydramacin-1 did not show any beneficial or del-
eterious effect on the leech nerve cord. Interestingly, all macins
increased the viability of murine neuroblastoma cells. Com-
pared with untreated controls, cell numbers were elevated by
~15% after 48 h of incubation with the macins (Fig. 7B). After
96 h, the increase even reached more than 60% (data not
shown). With a polyclonal antibody for theromacin-1 (11), we
performed immunocytochemistry in murine neuroblastoma
cells upon incubation with theromacin. The peptide was ini-
tially found at the membrane of the cells after 15 min (Fig. 7C).
After 30 min, theromacin was localized to the cytosol, revealing
an inhomogeneous distribution (Fig. 7C), whereas after 3 h, the
peptide was still detectable in the cytosol but appeared distrib-
uted more homogeneously (Fig. 7C). At all recorded time
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FIGURE 4. Molecular surface properties of macin family members. The molecular surface electrostatic potentials are depicted for hydramacin-1 (A),
theromacin (B), neuromacin (theromacin template) (C), and neuromacin (hydramacin-1 template) (D) with representation of the contour plot of the isopoten-
tial plane as white mesh. Cationic regions are colored blue, and anionic regions are marked in red. In the right column, molecules are presented after 180° rotation

around the horizontal axis.

points, the protein was not localized to the nuclei of the cells.
Results of the corresponding negative control experiments did
not show a significant green fluorescence.

DISCUSSION

Hydramacin-1 was considered the founding member of a
new family of antimicrobial proteins within the superfamily of
scorpion toxin-like proteins, the macin family, which poten-
tially also encompasses theromacin and neuromacin (10). The
three-dimensional structure of theromacin established here
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clearly confirmed this suggestion. The tertiary structures as
well as a sequential alignment of the macins and of representa-
tive members of all families of the scorpion-toxin like protein
superfamily are depicted in Fig. 8. Theromacin exhibits the
same structural features as hydramacin-1, in particular (i) the
characteristic additional N-terminal helix and (ii) two long flex-
ible loops separating the two helices and the two strands. Both
are missing in the other five structures (Fig. 8). Because of the
conserved disulfide pattern of the macins and their high
sequence identity, it is very likely that neuromacin also adopts
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TABLE 2
Antimicrobial activity of macins

Strain and protein MBC“ LD,,
pug/ml pug/ml
E. coli ATCC 35218
Hydramacin-1 3.13 1.56
Neuromacin 25 12.5
Theromacin 25 6.25
S. aureus ATCC 12600
Hydramacin-1 >100 >100
Neuromacin 6.25 3.13

Theromacin 100 25
B. megaterium ATCC 14581

Hydramacin-1 0.39 0.1
Neuromacin 0.20 0.1
Theromacin 0.39 0.2
“=99.9% killing.
TABLE 3
Salt sensitivity of antimicrobial activities of macins
E. coli ATCC S. aureus ATCC
Protein and NaCl 35218 12600
concentration MBC LD,, MBC LD,
puglml pug/ml pug/ml pglml
Hydramacin
No NaCl 3.13 1.56 >100 100
50 mm NaCl >100 >100 >100 >100
100 mm NaCl >100 >100 >100 >100
150 mm NaCl >100 >100 >100 >100
Neuromacin
No NaCl 25 12.5 6.25 3.13
50 mm NaCl >100 >100 100 50
100 mm NaCl >100 >100 >100 >100
150 mMm NaCl >100 >100 >100 >100
Theromacin
No NaCl 12.5 6.25 100 25
50 mm NaCl >100 >100 >100 >100
100 mMm NaCl >100 >100 >100 >100
150 mMm NaCl >100 >100 >100 >100

this fold. As expected, both models of neuromacin show the
structural features typical for macins. For structural reasons
(conserved salt bridge and Asp® residue pointing outside), the
model based on hydramacin-1 appears more likely to reflect the
tertiary structure of neuromacin.

The most striking structural difference between hydrama-
cin-1 and theromacin is the spatial positioning of the N-termi-
nal region, which is located in the flexible region of the mole-
cules. Therefore, there is the possibility for compensating the
current unfavorable positioning of the mentioned residues
(Asp® and Asp>?). Moreover, by comparing electrostatic surface
potentials, one might favor the theromacin-based neuromacin
model for functional reasons. Both hydramacin-1 and neuro-
macin led to aggregation of liposomes (Fig. 6) as well as Gram-
negative bacteria (data not shown), whereas theromacin did
not. Taking into consideration the barnacle model, the molec-
ular surface properties of both molecules must be congruent
and have to fulfill two conditions: (i) a ringlike arrangement of
cationic residues and (ii) two oppositely located non-charged
surface patches. The surface properties of theromacin clearly
deviate from that of hydramacin-1. The bipolar character of
theromacin is insufficient for aggregation according to the bar-
nacle model. On the contrary, the surface properties of hydra-
macin-1 and neuromacin, regardless of the template used, are
much more comparable. As the surface properties of the thero-
macin-based neuromacin model show a higher resemblance to
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FIGURE 5. Membrane permeabilization of viable bacteria and pore-form-
ing activity. A, the capability of theromacin (A), neuromacin (@), and hydra-
macin-1 (4 ) of permeabilizing membranes of B. megaterium cells was deter-
mined at pH 5.2 (left-hand panel) and 7.4 (right-hand panel) after 5-min
incubation. The fluorescence of the SYTOX Green dye was used as a measure
of bacteria with compromised membranes. Magainin Il (<) and cecropin P1
(CJ) served as positive controls. B, the dissipation of a valinomycin-induced
diffusion potential of liposomes induced by the proteins at pH 5.2 (left-hand
panel) and 7.4 (right-hand panel) was monitored by fluorescence measure-

ments. The pore-forming peptide alamethicin (0.1 um; measurements “/” and

“v") served as a positive control, whereas the solvent of the protein sample

served as a negative control. “ii” and “jii" mark measurements with 2 or 1T um
neuromacin, respectively. “iv" and “vi” summarize measurements with 2 um
theromacin and 2 um neuromacin (pH 7.4), respectively, and negative con-
trols, which all overlap in the diagrams. a.u., arbitrary units.

that of hydramacin-1, one might favor it in the functional con-
text. However, due to the partial flexibility of the loops, the
hydramacin-1-based model might become more similar to
hydramacin-1 (i.e. its surface properties). In summary, the anal-
ysis of both neuromacin models clearly shows a high probability
for the adoption of hydramacin-1-like surface properties and
therefore corroborates the barnacle model.

The antimicrobial character of the macins is clearly demon-
strated by their ability to eradicate B. megaterium. However,
noticeable differences exist in killing S. aureus and E. coli that
appear analogous to the situation of human -defensin (HBD) 2
and HBD3 (3). Actually, the sequence identity/similarity
between HBD2 and HBD3 (31%/47%) is significant lower com-
pared with that between hydramacin-1 and neuromacin (48%/
61%). Therefore, it remains even more puzzling why the macins
behave that differently. Nevertheless, the structural regions
encoding the different activities of the HBDs were located by a
rational chimeric protein design approach that may be applied
to the macins to better understand their structure-activity
relationships.

The macins permeabilized membranes of B. megaterium
within a few minutes, suggesting the bacterial membrane as the
target and its disruption as the mode of action. However, the
macins showed significant differences in their mechanistic
behavior. The difference in following the barnacle model was
already mentioned above. Furthermore, a pore-forming activity
was solely observed for neuromacin. As this was pH-depen-
dent, it appears to be mediated through the de-/protonation of
the (four) histidine residues that are missing in theromacin and
hydramacin-1. The pore-formingactivity of neuromacin is only
moderate compared with the classical pore-forming peptide
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FIGURE 6. Investigation of protein-membrane interaction by dynamic light scattering. Presented are the measured particle radii of L-a-phosphatidyl-pL-
glycerol (PG) and L-a-phosphatidylcholine (PC) liposome suspensions in the absence (*) and presence of hydramacin-1 (HM), NM, and TM at acidic and neutral
pH, respectively. Asterisks indicate measurements directly (**) or 5 min (***) after mixing liposome suspensions and protein. In the case of no apparent
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FIGURE 7. Impact of macins on damaged leech connective nerve and neuronal cells. A, after axotomy of one side of the paired connective nerve, its repair in the
absence (control) and presence of recombinant theromacin, hydramacin-1, or neuromacin was studied. The repair process of the nerve cord was monitored taking
sequential micrographs from the day of sectioning (D0) until day 6 (D6) after sectioning when full repair of the connective nerve had occurred. Circles mark accom-
plished repair. Black scale bars indicate 150 um. B, viability of murine Neuro-2A neuroblastoma cells incubated with hydramacin-1 (HM), neuromacin, or theromacin for
48 h. Statistical significance, p < 0.01. C, immunocytochemistry of murine neuroblastoma cells incubated with theromacin for 15 min, 30 min, or 3 h, respectively.
Theromacin (green) was detected using a DyLight488-coupled antibody, and cell nuclei were stained with DAPI (blue). White scale bars indicate 10 uwm.

alamethicin. In contrast, the capability of neuromacin to per- and cecropin. Therefore, the formation of stable pores by neu-
meabilize the membranes of B. megaterium was in the range of romacin is probably not the primary mechanism of its antimi-
the antimicrobial and membrane-active peptides magainin II  crobial activity.
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FIGURE 8. Representatives of families of scorpion toxin-like superfamily. Displayed are the ribbon representations of the structures of hydramacin-1
(HM-1), TM, and NM either modeled on hydramacin-1 or theromacin and one representative of each of the other five families: Mediterranean mussel defensin
(MGD-1) (33), Nicotiana alata plant defensin 1 (NaD1) (34), Buthus martensi toxin 1 (BmTX1) (35), heliomicin (Helio.) (36), and Centruroides sculpturatus Ewing
variant 2 toxin (CsE-v2) (37). The sequence alignment of all molecules is shown below the structures. Cysteine residues conserved in the primary structure of all
depicted molecules are highlighted in yellow and displayed as balls and sticks in the structures, respectively. The alignment is based on the conserved cysteine
residues 1-6. Positions of a-helices and B-sheets (arrows), respectively, in the macins are depicted on top of the sequence alignment.

Besides its antimicrobial activity, neuromacin was already
known to exert a nerve repair activity. Now a second leech
antimicrobial peptide, namely theromacin, was for the first
time demonstrated to exert this activity. In Hirudo, the produc-
tion sites of the leech macins are in accordance with their
regenerative effects on injured nerve cords. Indeed, theromacin
is released into the blood that surrounds the nervous system,
whereas neuromacin is directly produced by nerve cells and
accumulates at the wounded site of the central nervous system
(26). Recently, we demonstrated that the leech plasma enriched
in AMPs, among them theromacin, stimulated the regenera-
tion of the central nervous system, suggesting a nerve repair
activity of at least one of these antibiotic molecules (27). The
data presented here corroborate this hypothesis and support
the idea of an in vivo activity of theromacin.

The neuronal repair process in leech does not include the de
novo regeneration of entire neurons (28). It is described so far as
migration of microglia to the site of lesion and an axon out-
growth that is probably cytoskeleton-driven. We asked whether
the leech macins can also affect non-leech neuronal cells. Inter-
estingly, both neuromacin and theromacin not only induce
nerve repair (i.e. the axonal regrowth in leech) but they also
increased the number of viable murine neuroblastoma cells.
This observation might extend the role of leech macins in nerve
repair as they are able to modulate cytoskeletal functions in
leech and enhance the proliferation of neuroblastoma cells.
Therefore, the nerve repair process in leech might also include
the proliferation of neurons de novo. The mechanism of prolif-
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eration induction remains to be determined. The fast uptake
and initial inhomogeneous distribution of theromacin might be
a hint that endocytosis is involved. As proliferation of neuro-
blastoma cells was also induced by hydramacin-1, which in con-
trast does not exert a nerve repair activity in leech, both pro-
cesses might be induced by separate mechanisms, i.e. due to
different structural properties of the three molecules. However,
as Hydra also possesses a primitive nervous system (29), an
impact of hydramacin-1 on its nerve cells cannot be excluded,
in particular as Hydra is well known for its regenerative capac-
ity (30).

With respect to the nerve repair activity in leech, neuromacin
appears to be a chimera of theromacin and hydramacin-1. On
the one hand, it follows the barnacle model like hydramacin-1,
and on the other hand, it possesses a nerve repair capacity like
theromacin. Structurally, neuromacin also appears to be a chi-
mera of theromacin and hydramacin-1. Comparing their pri-
mary structures, the three molecules share differently con-
served amino acid residues. Some of them are only conserved
between neuromacin and theromacin, others are only con-
served between neuromacin and hydramacin-1. It is tempting
to assume that at least with respect to the nerve repair character
the six separately conserved amino acid residues alone might
be the structural basis of that functional characteristic. By con-
trast, the induction of the proliferation must originate in a part
all three macins share. Again, this may be further corroborated
by a rational chimeric protein design as performed with the
human B-defensins 2 and 3 (3).
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The development of antimicrobial pharmaceuticals based on
AMPs represents a promising alternative approach against bac-
terial infections. However, the rational design of novel antimi-
crobial agents necessitates a significantly improved under-
standing of the structure-activity relationships of AMPs (31,
32). Evidently, this remains valid for instrumentalization of the
potential of their secondary functions. Obviously, the macin
AMPs do not reflect perfect candidates for drug development
because in their current form the antimicrobial activities are
already diminished by low ionic strength. However, the macins
or AMPs in general should not be limited to their antimicrobial
activity. Besides their potential as templates for the develop-
ment of alternative antibiotics, the various “secondary” activi-
ties of AMPs might be beneficial for the development of phar-
maceuticals suitable in other medical fields. In particular, the
nerve repair activity of the leech macins or the proliferation
effect exerted by all macins, respectively, work at physiological
salt concentrations, suggesting a mechanism different from the
antimicrobial activity. Further investigations of the nerve repair
activity might eventually lead to findings that support the devel-
opment of pharmaceuticals effective against neural diseases,
e.g. paraplegia, which is of course purely speculative.

The results of the present study clearly expand our knowl-
edge about this interesting family of macin proteins sharing
antimicrobial and nerve repair activities in particular. In gen-
eral, the macins also corroborate once more that AMPs are
more than just antimicrobials. The presented data form a valu-
able basis for a comprehensive structure-activity study to elab-
orate the molecular mechanisms of killing and regeneration
exerted by the macins. It may well be warranted in the future to
dissect the antimicrobial and nerve-repairing activity of macins
by analyzing artificially designed chimeras of structurally
defined regions of the three macins.
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