THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 50, pp. 34735-34746, December 11, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

Structure and Mode of Action of Microplusin, a
Copper llI-chelating Antimicrobial Peptide from the Cattle
Tick Rhipicephalus (Boophilus) microplus™

Received for publication, May 3, 2009, and in revised form, September 21,2009 Published, JBC Papers in Press, October 14,2009, DOI 10.1074/jbcM109.016410

Fernanda D. Silva*', Carlos A. Rezende®’, Die?o C.P.Rossi*, Eliane Esteves®, Fabio H. Dyszy", Shirley Schreier?,

Frederico Gueiros-Filho®, Claudia B. Campos‘

José R. Pires®, and Sirlei Daffre™>

From the 1:Departamenl‘o de Parasitologia, Instituto de Ciéncias Biomédicas, Universidade de Sao Paulo, 05508-900 Séo Paulo,

the SInstituto de Biogquimica Médica, Centro Ciéncias Saude, Universidade Federal do Rio de Janeiro, 21941-590 Rio de Janeiro, the
1]Departamem‘o de Bioquimica, Instituto de Quimica, Universidade de Séo Paulo, 05508-000 Séo Paulo, and the linstituto de
Pesquisa e Desenvolvimento, Universidade do Vale do Paraiba, 12244-000 Séo José dos Campos, Sdo Paulo, Brazil

Microplusin, a Rhipicephalus (Boophilus) microplus antimi-
crobial peptide (AMP) is the first fully characterized member of
a new family of cysteine-rich AMPs with histidine-rich regions
at the N and C termini. In the tick, microplusin belongs to the
arsenal of innate defense molecules active against bacteria and
fungi. Here we describe the NMR solution structure of micro-
plusin and demonstrate that the protein binds copper II and
iron IL Structured as a single a-helical globular domain, micro-
plusin consists of five a-helices: al (residues Gly-9 to Arg-21),
a2 (residues Glu-27 to Asn-40), a3 (residues Arg-44 to Thr-54),
a4 (residues Leu-57 to Tyr-64), and a5 (residues Asn-67 to Cys-
80). The N and C termini are disordered. This structure is unlike
any other AMP structures described to date. We also used NMR
spectroscopy to map the copper binding region on microplusin.
Finally, using the Gram-positive bacteria Micrococcus luteus as a
model, we studied of mode of action of microplusin. Micro-
plusin has a bacteriostatic effect and does not permeabilize the
bacterial membrane. Because microplusin binds metals, we
tested whether this was related to its antimicrobial activity. We
found that the bacteriostatic effect of microplusin was fully
reversed by supplementation of culture media with copper I but
not iron II. We also demonstrated that microplusin affects M.
luteus respiration, a copper-dependent process. Thus, we con-
clude that the antibacterial effect of microplusin is due to its
ability to bind and sequester copper II.

Antimicrobial peptides (AMPs)? are widely distributed in
nature and represent essential components of the first line of
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defense against infections. In mammals, AMPs are an impor-
tant part of the innate immune system and may act either
directly on microorganisms or by modulating the immune
response (innate and adaptative) through (i) enhancement of
phagocytosis, (ii) recruitment of immune cells to infection sites,
(iii) induction of cytokines, and (iv) neutralization of the septic
effects of lipopolysaccharide. In invertebrates, which have only
innate immunity, AMPs are extremely effective and work as
powerful weapons against bacteria, fungi, and protozoa (1-3).

AMPs are often short cationic molecules (12-100 amino
acids and with a net charge ranging between +2 and +10) with
an amphipathic structure. Based on their structures, they are
classified as linear, forming a-helices, or cysteine-containing
B-sheet(s); they are also classified based on their richness in
specific residues such as proline, glycine, tryptophan, and his-
tidine (1, 4, 5). In addition to cationic AMPs, there are some
anionic AMPs with documented activity against a range of
microorganisms (6—11).

Most information on such natural antibiotics relies on
amphipathic cationic AMPs. In general, their positive net
charge is essential for an initial electrostatic interaction with
the negative charges of the cell envelopes and phospholipid
membranes of microorganisms. Through their hydrophobic
portion, they may insert into the membranes and disrupt phys-
ical integrity of the cell by permeabilization, depolarization, loss
of cellular contents, and consequently, lysis (4, 5).

In comparison to cationic AMPs, much less is known about
how anionic AMPs work. Some studies with anionic peptides
derived from the dermcidin precursor protein showed that
these peptides do not permeabilize Staphylococcus aureus and
Escherichia coli cytoplasmic membranes. Instead, it seems that
such anionic peptides bind to S. aureus membrane via interac-
tion with a receptor (12).

Although the membrane has been described as the main tar-
get for many AMPs, there are several reports showing that
AMPs may translocate through the bacterial membrane and
act on intracellular targets, leading to inhibition of specific

CFU, colony-forming units; CCCP, carbonyl cyanide m-chlorophenylhydra-
zone; HSQC, heteronuclear single quantum coherence; NOE, nuclear Over-
hauser; NOESY, nuclear Overhauser effect spectroscopy; r.m.s.d., root
mean square deviation; PB, peptone broth; TOCSY, total correlation
spectroscopy.
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enzymes and macromolecule (DNA, RNA, protein, and cell
wall) synthesis, as well as alteration of cellular division (4, 5, 13).
Examples include pyrrocoricin, which binds to the bacterial
heat-shock protein DnaK and affects chaperone-assisted pro-
tein folding (14); buforin II, which interacts with RNA and DNA
(15); indolicidin, which prevents RNA synthesis (16); and lacto-
ferricin B, which inhibits DNA, RNA, and protein synthesis
(17).

AMPs that interact with metal ions present yet another anti-
microbial mechanism: these peptides bind to and chelate metal
ions, thus preventing their uptake by microorganisms. This has
been demonstrated clearly for the human neutrophil proteins
calprotectin and lactoferrin (18, 19). For other peptides, such as
histatins from human saliva, hepicidin from human blood and
urine and poly(arginylhistidine) from the fungus Verticillium
kibiense, the relationship between their metal binding and anti-
microbial abilities is still unproven (20-23).

In recent years, our research group has identified several
AMPs from the cattle tick Rhipicephalus (Boophilus) micro-
plus, an important vector of veterinary pathogens (24). One
AMP, corresponding to the 33-61 segment of the bovine
a-hemoglobin, was isolated from tick gut contents (25). The
a-hemoglobin 33-61 fragment is active against the Gram-
positive bacterium Micrococcus luteus and functions by
membrane disruption (26). In addition to this fragment of
hemoglobin, three additional AMPs have been isolated and
characterized from tick hemolymph. Two of them, a member
of the invertebrate defensins (27) and ixodidin (28), were
purified from hemocytes. The third AMP was purified from
cell-free tick hemolymph and eggs and was designated
microplusin (27, 29).

Microplusin is a 10,204-Da peptide expressed in hemo-
cytes, fat body, female reproductive tract and eggs, as well as
in BME26 embryonic cells (27, 29, 30). Its antimicrobial
activity was first shown against the Gram-positive bacteria
M. luteus (27). Unlike the other AMPs from R. (B.) micro-
plus, microplusin is rather an anionic peptide at physiologi-
cal pH, with an estimated pI of 5.2. Microplusin has 61%
identity with hebraein, an AMP from the tick Amblyomma
hebraeum, with perfect correspondence between their six
cysteine residues (31). In addition to the conserved cysteine
residues, both AMPs share several histidine residues at their
N and C termini (31). These features have been shown for
peptides from other hard ticks, such as Ixodes scapularis (GI:
67083117) and Ixodes ricinus (GI: 82494338), as well as soft
ticks, such as Ornithodorus coriaceus, Ornithodorus parkeri,
and Argas monolakensis (32). These peptides are between 30
and 37% identical with microplusin, suggesting that they
may form a new family of AMPs.

In the current work, we investigated the antimicrobial activ-
ity spectrum of microplusin. The most sensitive microorgan-
isms were the Gram-positive bacteria M. luteus and the yeast
Cryptococcus neoformans, with an MIC,, of 0.09 um. We have
adopted M. luteus as a model to study the mechanism of action
of microplusin. Surprisingly, microplusin binds copper II, and
this property is related to its antimicrobial effect on M. luteus.
We also determined the solution structure of microplusin and
mapped its interaction with copper II.
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EXPERIMENTAL PROCEDURES
Microplusin

The recombinant and native microplusin were obtained as
previously described (27, 29). The elution profiles of recombi-
nant and native peptide (separate or mixed) were compared
using chromatography on an analytical C,4 column (300 A, 5
pm, 4.6 mm X 250 mm, Vydac™), using a linear gradient of
2—60% acetonitrile in 0.046% trifluoroacetic acid over 30 min at
a flow rate of 1.0 ml/min. Chromatographic analyses were per-
formed using a Shimadzu LC-10 system with an SPD-M10AV
diode array detector (Shimadzu), and the column effluent was
monitored by absorbance at 225 nm. Recombinant microplusin
was quantified by comparison with a standard curve con-
structed using the peak areas of known native peptide concen-
trations chromatographed under the same conditions as
described above.

Isotopically labeled microplusin was obtained employing the
procedure described previously (33). Briefly, an overnight bac-
terial suspension of E. coli (strain BL-21) containing a micro-
plusin expression construct (29) was diluted to an optical den-
sity of 0.08 at 600 nm (A 4,,) and grown in LB broth (Invitrogen)
at 37 °C. At 0.6 A, bacteria were harvested by centrifugation
at 5000 X g, during 30 min, at 4 °C and washed three times
(5000 X g, 30 min, at 4 °C) with an M9 salt solution (0.1 m
KH,PO,, 0.24 m Na,HPO,-7H,0, 0.04 m NaCl, 0.09 m NH,Cl,
pH 7.2). After that, bacteria were resuspended in the isotopi-
cally labeled minimal medium (20% M9 salt solution, where
NH,CI was replaced by '>NH,Cl (Cambridge Isotope Labora-
tories, Inc.), 2% sterile ['*C]glucose solution (Cambridge Iso-
tope Laboratories, Inc.), 10% Basal Vitamins Eagle’s Medium
(PerkinElmer Life Sciences), 0.002 M MgSO,, and 0.01 m CaCl,)
and incubated during 1 h at 37 °C to allow the clearance of
unlabeled metabolites. Induction of peptide expression and
purification followed the procedures described previously for
microplusin (29).

Bioassays

Microorganisms—The following strains were used: Micro-
coccus luteus (27); Bacillus subtilis PY79 from F. Gueiros-
Filho’s laboratory, Chemistry Institute, Sdo Paulo University, Brazil;
B. megaterium ATCC 10778; S. aureus ATCC 6538; S. epi-
dermidis ATCC 12228; E. coli SBS 363 (27); Enterococcus
faecalis ATCC 19433; Pseudomonas aeruginosa ATCC 14502;
Serratia marcescens CDC2124; Aspergillus flavus, A. fumigatus
NCPF 2109, A. niger A296, and Fusarium sp., all from E. B.
Bertger’s laboratory, Microbiology Institute, Rio de Janeiro
Federal University, Brazil; Candida albicans MDM 8 (27); Sac-
charomyces cerevisiae ATCC 2601; and C. neoformans T,444
(serotype A) from M. L. Rodrigues’ laboratory, Institute for
Microbiology P. P. Goes, Federal University of Rio de Janeiro,
Brazil.

Liquid Growth Inhibition Assay— Antimicrobial activity was
monitored by liquid growth inhibition as described previously
(27). Peptone Broth (PB, 0.5% NaCl, 1% Peptone at pH 7.4) and
Potato Dextrose Broth (Invitrogen) were used for antibacterial
and antifungal assays, respectively. Briefly, bacteria or fungi
were incubated with 2-fold serial dilutions of microplusin (50 —
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0.09 uM) in a 96-well microplate at 30 °C. The microbial growth
was assessed by measurements of the A.,.. MIC,,, and MIC,,
were defined as the minimal inhibitory concentration that pre-
vents 100 and 50% of the bacterial growth, respectively. The
effect of metals on peptide activity was evaluated by liquid
assays using M. [uteus incubated with microplusin (50-0.09
uM) in PB supplemented with a trace element solution (TES)
containing: 600 um MgCl,-6H,0, 40 um CaCl,2H,0, 49.9 um
FeCl,'6H,0, 5.5 um MnClL,-2H,0, 124 um ZnCl, 2.5 um
CuCl,*6H,0, 2.5 um CoCl,'H,0, and 2.3 um Na,MoO, (34) or
with each component of TES. After 18 h of incubation at 30 °C,
the bacterial growth was analyzed by reading of the A,;. As an
additional assay, M. luteus was preincubated with 0.18 um
microplusin for 24 h, and then 2-fold serial dilutions of
CuCl,*6H,0 (0.18 —0.03 um) were added. After another 24 h of
incubation, the bacterial growth was recorded. Bacteria incu-
bated without microplusin or incubated without copper Il addi-
tion were used as controls. Experiments were repeated twice.

The copper content of PB was analyzed by Chemical Analy-
ses Laboratories, Technological Research Institute (Sdo Paulo,
Brazil), using inductively coupled plasma optical emission
spectroscopy in a Vista MPX (Varian) apparatus. The copper
concentration in PB was 0.03 = 0.008 um.

Growth Kinetics—M. luteus harvested in log phase was incu-
bated in the presence of 7.8 um microplusin in LB broth at
30 °C. Aliquots were withdrawn at various time intervals (0,4, 8,
24, and 48 h) of incubation and plated on LB agar (Invitrogen) to
evaluate the number of colony-forming units (CFUs). In addi-
tion, after 24 h of incubation, bacteria were washed three times
in sterile phosphate-buffered saline (136 mm NaCl, 2.6 mm KCl,
10 mm NaH,PO,, 1.8 mm KH,PO,, pH 7.4) by centrifugation
(2500 X g, 5 min) and suspended in LB broth (with or without
microplusin). After another 24-h incubation at 30 °C, aliquots
were taken for CFU evaluation. Experiments were repeated
twice.

Membrane Permeabilization Assay—M. luteus harvested in
log phase was incubated in PB in the presence of 7.8 uM micro-
plusin for 24 h at 30 °C. After that, bacteria were washed with
sterile phosphate-buffered saline and treated with the reagents
from the Live/Dead BacLight bacterial viability stain kit
(L-7007, Invitrogen) following the manufacturer’s instructions.
This kit is based on the use of a mixture of two nucleic acid
stains: the green fluorescent SYTO® 9 stain and propidium
iodide, a red fluorescent stain. The following controls were pre-
pared: 1) untreated bacteria, 2) bacteria treated with 100% iso-
propanol for 1 h, and 3) bacteria treated with 10 um gomesin
(35) for 30 min. Cells were analyzed using an Axiovert S100
fluorescence microscope (Zeiss), equipped with a Hamamatsu
C5810 digital camera. Experiments were repeated three times.

Transmission Electron Microscopy—AM. luteus harvested in
log phase was incubated with 7.8 uM microplusin for 24 h at
30 °C. Bacteria were fixed at 4 °C with 2.5% glutaraldehyde,
post-fixed in 1% OsO, in ultrapure water, and dehydrated prior
to Spurr resin (Sigma) inclusion. Ultrathin sections of 70 nm
were gathered onto copper grids and stained with 0.5% uranyl
acetate for 5 min, washed in ultrapure water, and stained with
0.5% lead citrate. The ultrastructure was examined on a JEOL
100 CX-II electron microscope.
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Oxygen Consumption Measurements—QOXxygen consumption
of M. luteus was measured polarographically at 30 °C using a
computer-interfaced Clark-type electrode in PB in a final volume
of 1 ml. Bacteria were grown overnight at 30 °C in PB under agita-
tion, inoculated in fresh medium, and grown until A, 0of 0.2 (early
log phase). Growth was stopped by cooling on ice. Bacterial cul-
tures at Ay, of 0.2 were used either immediately (time zero) or
after 30 min or 3 h of further growth at 30 °C. Before oxygen con-
sumption recordings, bacteria grown for 30 min or 3 h were
diluted with PB to obtain A, = 0.2. The electrode was first stabi-
lized at zero oxygen consumption in 0.7 ml of fresh PB with con-
stant stirring in the thermo-balanced chamber of a Clark-type
electrode before a fixed volume of culture (0.3 ml) was transferred
to the chamber. Recordings of respiration data were initiated after
closing the chamber with an air-tight lid. To evaluate the immedi-
ate effect of microplusin on M. luteus respiration (“MP-treated in
chamber” experimental group), 7.8 um microplusin was added to
the chamber containing M. [uteus before closing it. To evaluate
later effects of microplusin on respiration (“MP-treated in culture”
experimental group), M. luteus was first grown in the presence of
7.8 uM microplusin for 30 min or 3 h, diluted to A4y, 0of 0.2 in PB,
and then added to the chamber. The maximum respiration rate of
both microplusin-treated and untreated bacteria was stimulated
by the addition of 4 um carbonyl cyanide m-chlorophenylhydra-
zone (CCCP) to the chamber 9—10 min after the recording of the
basal respiration was initiated. Cyanide-sensitive respiration was
inhibited by the addition of 1 mm potassium cyanide to the cham-
ber 5— 6 min after addition of CCCP. Values are represented as rate
of O, consumption in nanomoles/min/A, of 0.2 of bacterial sus-
pension = S.E. Experiments were repeated at least three times.

Structural Characterization

Mass Spectrometry—Molecular mass was determined by
electrospray ionization mass spectrometry, using a Finnigan
LCQ™Duo mass spectrometer (ThermoQuest) at a mass to
charge (m/z) range of 2000. Calibration was performed as
described previously (35). All samples were dissolved in 5% ace-
tonitrile acidified with 0.2% formic acid and analyzed in a pos-
itive mode. To analyze metal-peptide interaction, microplusin
was incubated with the following salts in ultrapure water du-
ring 1 h at room temperature: MgCl,6H,O, CaCl,2H,0,
FeSO,-H,O, MnCl,2H,0, ZnCl,, CuCl,:6H,0, CoCl,:6H,0,
and Na,MoQ, at a peptide/metal molar ratio of 1:16.

Reduction and Alkylation—Microplusin was reduced and
alkylated by 9 mm dithiothreitol and 17 mm iodoacetamide,
respectively, following the protocol previously described (36).
The purification was performed as described for production of
microplusin.

CD—CD measurements were made using a Jasco-710 spec-
tropolarimeter. CD spectra were obtained over a range of 190 —
260 nm, using a quartz cell of 0.5 mm path length at 22 °C. 15
uM microplusin prepared in ultrapure water was incubated
with 0-50 um CuCl,"6H,0O. For each analysis, six scans were
accumulated and averaged. All CD spectra were corrected by
subtraction of the background and then smoothed. The CD
spectra are reported as the mean residue ellipticity ([6]) in
degrees cm® dmol .
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NMR Spectroscopy—NMR experiments (37, 38) for 'H, *C,
and '°N chemical-shift assignments and structure determina-
tion were acquired at 298 K on microplusin dissolved in 20 mm
phosphate buffer, 50 mm NaCl, and 0.02% sodium azide, at pH
5.6. Two-dimensional-NOESY (100 ms mixing time) and
TOCSY (35 and 70 ms spin-lock) spectra were acquired in both
90% H,0/10% D,O and in 99.98% D,O using 0.95 mM unla-
beled microplusin. A 0.52 mm *°N-labeled sample in 90% H,O
(10% D,0) was used for >N HSQC, three-dimensional *°N-
edited NOESY, and '*N-edited TOCSY experiments. 0.35 mm
13C,">N-double-labeled sample was used for the three-dimen-
sional HCCH COSY, '3C-edited NOESY, CBCA(CO)NNH,
CBCANNH, HBHA(CO)NNH, H(CCCO)NH-TOCSY (13
ms), and (H)CC(CO)NH-TOCSY (13 ms) experiments. Spectra
were acquired in a Bruker DRX600 spectrometer equipped with
a cryo-probe head (triple-resonance experiments) or in a
Bruker AVIII 800 spectrometer. Data were processed using the
software Topspin (v2.0, Bruker BioSpin GmbH, Germany).
Assignment was carried out using the interactive program
SPARKY (v3.106, T. D. Goddard and D. G. Kneller, University
of California, San Francisco).

NOE Assignment and Structure Calculation—Assignment of
NOESY spectra and structure calculations were made itera-
tively using the program ARIA 1.2 (39, 40) with CNS 1.1 (41).
Initially, we manually assigned NOEs characteristic of a-heli-
coidal secondary structure namely amide-amide (HN, HN i,
and i+1, and HN, HN i, and i+2), Ha-amide (Ha, HN i, and
i+3), (Ha, N i, and i+4), and (Ha, HB i, and i+3) and some
unambiguous side-chain interactions. Hydrogen bonds were
assigned from slowly exchanging amide-protons identified in a
two-dimensional ">N HSQC spectrum following exchange into
D,0. Further NOEs were assigned automatically by ARIA. For
the structure calculations we also used phi and psi dihedral
angles derived from CSI (42). Conversion of CSI output in dihe-
dral restraints was done as implemented in ARIA: —65 and —35
with error estimates of 30 degrees were set, respectively, as phi
and psi dihedral restraints for residues found to be in helical
regions from their characteristic Ha and Ca chemical shifts
(43). In the last ARIA iteration 200 structures were calculated
by restrained simulated annealing, and the 15 best structures
regarding total energy were refined in an explicit water box and
considered as characteristic of the ensemble.

Relaxation Times and 'H-"°>N NOEs—'°N T, and T, relax-
ation times were extracted from two series of two-dimensional
'H-'®N correlated spectra (44) with relaxation delays of 12, 102,
152,202, 302, 402, 602, 902, 2002, and 5002 ms for T’ and 6, 10,
18, 28, 34, 42, 82, 122, 162, 202, and 242 ms for T,. Relaxation
times were fitted as implemented in SPARKY (v3.106). Steady-
state "H-'°N NOEs were determined according to the formula
NOE = I/, where I is intensity of a cross-peak in a two-
dimensional '"H-'°N correlated spectrum with broadband 'H
presaturation and [, is the intensity in a reference spectrum
recorded without presaturation (44). All experiments were per-
formed for three '°N-labeled microplusin samples: 0.52 mm
microplusin in 20 mm phosphate buffer, 50 mm NaCl, and
0.02% sodium azide, at pH 5.6, 90% H,0/10% D,O; 0.1 mMm
microplusin in 90% H,0/10% D,O; and 0.1 mM microplusin
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plus 0.1 mm CuCl, in 90% H,0/10% D,O. Spectra were
acquired in a Bruker AVIII 800 spectrometer at 298 K.

Mapping of the Interaction between Microplusin and Cu”"—
A series of "H-">N HSQC spectra with 1024 X 256 data points
were acquired for an *N-labeled microplusin sample of 0.1 mm
in 90% H,0/10% D, O with increasing CuCl, concentrations: 0,
20, 40, 60, 80, and 100 um. Additionally, two-dimensional
TOCSY spectra, spin-lock 35 ms and 1024 X 1024 data points,
were acquired for two samples containing, respectively, 950 um
unlabeled microplusin in the absence or presence of 470 um
CuCl, in 20 mm phosphate buffer, 50 mm NaCl, and 0.02%
sodium azide, at pH 5.6. All spectra were compared in the
absence and in presence of Cu®".

Atomic Coordinates and NMR Restraints—The atomic coor-
dinates and NMR restraints for the ensemble of the 15 best
structures calculated for microplusin were added to the RCSB
Protein Data Bank (PDB ID 2knj).

RESULTS
Microplusin Structural Studies

Recombinant Microplusin—Microplusin was produced as
described previously (29) using an E. coli expression system.
Native (27) and recombinant microplusin (29) have the same
molecular mass (10,204 Da) and co-eluted on high-perfor-
mance liquid chromatography, suggesting that both peptides
have the same structure (results not shown). In addition, native
and recombinant microplusin were similarly active against M.
luteus, with MIC, ,, 0f 0.38 um for the recombinant and 0.78 um
for the native peptide. To evaluate the importance of the disul-
fide bridges for microplusin activity, the peptide was reduced
and alkylated and tested for its antimicrobial properties. The
reduced alkylated microplusin did not show any activity against
M. luteus in the range of concentrations tested (0.02—5 um).

CD Spectroscopy of Microplusin—CD spectra of microplusin
in water presented a positive peak at 195 nm and negative peaks
at 208 and 222 nm (supplemental Fig. S1), typical of proteins in
a-helical conformation.

NMR Structure of Microplusin—The sequence of the micro-
plusin construct used in NMR experiments is shown in Fig. 1.
The sequence was numbered from His 1 to His 90, following the
amino acid sequence of the mature peptide. It is important to
note, however, that microplusin is initially made as a precursor,
with a 20 amino acid-long signal peptide prior to His 1 (27). The
solution structure of microplusin was determined by multidi-
mensional NMR spectroscopy (37, 38) with 0.50 mm '°N-la-
beled, 0.35 mm *3C-, ®N-labeled and 0.95 mm unlabeled pep-
tide solution in water. In agreement with the initial CD spectra
acquired, the microplusin NMR spectra are typical of a-helical
structure, showing a characteristic dispersion of amide and
alpha protons upfield. The assignments of distance restraints
derived from NOEs were made in a semi-automated fashion.
Initially, 90 H-H distances from NOEs characteristic of a-heli-
cal secondary structure, namely amide-amide (HN, HN i, i+1
and HN, HN i, i+2), Ha-amide (He, HN i, i+3), (Ha, N i, i+4)
and (He, HB i, i+3), were manually assigned. Additionally, 40
hydrogen bonds were assigned from slowly exchanging amide
protons identified in a two-dimensional >N HSQC spectrum
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1. ricinus H --(135)
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FIGURE 1. Primary and secondary structure of microplusin-like peptides. Alignment of sequences of R. (B.)
microplus microplusin and other homologous sequences from several tick species. Residue numbers over the
sequences refer to R. (B.) microplus microplusin mature peptide and were used throughout this report. Numbers
at left and right of the sequences indicate the positions of the first and last amino acid, respectively, in the
coding sequence. Color coding: yellow are hydrophobic, green are basic, brown are acid or polar, and blue are
proline, glycine, or cysteine residues. Secondary structure topology as determined by NMR data is indicated in
yellow, and amino acids present in helices are boxed. Gl entry codes for sequences are as follows: R. (B.) micro-
plus 28864185, A. hebraeum 40888893, A. monolakensis 114153066, O. parkeri 149287050, O. coriaceus

microplusin, shown in Fig. 1, is
derived from the consensus analysis
of chemical shift indexes, and the
NOE pattern and H/D exchange.

Other manually assigned NOEs
corresponded to some side-chain
hydrogens with very well resolved
resonances, shifted upfield (e.g
Ile-73, Ile-70, and Val-63 methyl
groups), and the aromatic moieties
of Phe-32, Tyr-48, Tyr-64, and Phe-
65. In total, ~110 distance restraints
were assigned manually. Neverthe-
less, the great majority of NOE
restraints were assigned automati-
cally using the program ARIA (39,
40), yielding in total 1244 restraints.
A complete count of restraints used
in the final structure calculation is
listed in Table 1.

The ensemble consisting of the 15
lowest-energy structures is shown
in Fig. 2A and a ribbon representa-

172051120, . scapularis 215501519, and /. ricinus 82494339.

TABLE 1
Structure statistics of microplusin

A) Number of restraints

NOE restraints 1244
Intra-residual 595
Sequential 319
Medium range 172
Long range 158
Ambiguous 179
Hydrogen bonds (two restraints each) 40
Dihedral angles (¢, ) 98
Total 1601
B) r.m.s.d. from experimental restraints
NOEs (A) 0.05 + 0.02
Dihedral angles (°) 1.5+ 0.4
C) CNS potential energy (kcal mol™")
Erora —2240 + 125
Eyonas 51+6
E pgles 242 = 15
Epropers 163 = 18
E e 557 =7
Eopw —235 + 29
Eoee —3900 + 87
E... 195 + 48
Eopp 15+ 11
D) r.m.s.d. (A) between average structure and
the ensemble”
Backbone 0.40 = 0.07
All non-H 0.79 = 0.12
E) Ramachandran plot analysis (%)
Residues in most favored regions 82.7
Residues in additionally allowed regions 10.5
Residues in generously allowed regions 4.3
Residues in disallowed regions 2.4

“ For residues 6 — 80.

following exchange into D,O. The initial manual NOE assign-
ments and slowly exchanging amide protons identified are
schematically summarized in supplemental Fig. 2. We also used
Ha and Ca chemical shift index analysis (42) for derivation of
phi and psi dihedral angle restraints. The secondary topology of
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tion of the lowest-energy structure
is shown in Fig. 2B. This ensemble
has a mean backbone root mean
square deviation (r.m.s.d.) of 0.85 A compared with the average
for the well-structured regions (residues 6 — 80). The backbone
r.m.s.d. over all residues 1-90 is 1.73 A. Microplusin’s tertiary
structure is well defined by an average of 4.5 medium- or long-
range NOE distance restraints per residue. Detailed structure
statistics are shown in Table 1.

Microplusin consists of five a-helices. al comprises residues
Gly-9 to Arg-21, o2 residues Glu-27 to Asn-40, a3 extends from
residue Arg-44 to Thr-54, o4 from Leu-57 to Tyr-64, and a5 from
Asn-67 to Cys-80. Helices a1, a2, a3, and o5 are ~3-3.5 turns
each, while o4 is shorter, with only 2 turns. These five helices are
folded in three-dimensional space as a globular domain (Fig. 2). In
all helices most of the hydrophobic residues (a2: Phe-32 and Val-
36; a3: Ala-45 and Tyr-48; a4: Met-61; and o5: Ile-70, Ile-73, and
Ala-77) are buried in the hydrophobic core of the peptide and
most of the hydrophilic residues are directed toward the solvent.
The six cysteines present in the primary sequence of microplusin
are involved in disulfide bridges, namely between Cys-6 and Cys-
52, Cys-19 and Cys-80, and Cys-41 and Cys-46. The loop regions
are only slightly less convergent than the helix regions, except for
the N-terminal (residues 1-5) and C-terminal (residues 81-90)
regions, which are very poorly defined. Supplemental Fig. S3
shows the number of NOEs observed as well as the average local
r.m.s.d. as a function of residue number. The N and C termini are
characterized by only a few medium and long range NOEs (sup-
plemental Fig. S3A), and higher local average r.m.s.d. values were
obtained in these terminal regions for the corresponding NMR
structures (supplemental Fig. S3B).

Backbone Dynamics of Microplusin from NMR Measurements

To assess the degree of internal mobility of microplusin, we
performed '°N T, and T, relaxation and 'H-'°N heteronuclear
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FIGURE 2. Solution NMR structure of R. (B.) microplus microplusin (stereoview). A, superposition of the
backbone atoms for the 15 lowest energy structures of microplusin, residues 6 -80. a-Helices (a1-a5), loops
(L12-L45), and disulfide-bridges are colored navy blue, cyan, and magenta, respectively. Selected side chains
are displayed and labeled. The structural statistics are given in Table 1. B, ribbon diagram of the microplusin
lowest energy structure. The coloring scheme is the same as in panel A. The N and C termini are non-convergent

and were excluded from panel A for clarity.

NOE experiments (supplemental Fig. S4). The relaxation data
showed increased '°N T, values and smaller '"H-'°N hetero-
nuclear NOEs for residues in both N and C termini (residues
1-3 and 81-90), indicating internal mobility of these regions.
For residues 6 and 7 (at the beginning of helix «,) and residues
42,43, 54, and 55 at the extremities of the helix a5, very short T,
times were obtained and are related to exchange processes on
the millisecond timescale.

Similar T, values were obtained (for the residues that are
observable) using the microplusin samples at different concen-
trations: 0.52 (supplemental Fig. S4), 0.1, and 0.1 mum for the
microplusin-Cu®" complex (supplemental Fig. S5).

A quantitative analysis for global and internal motions was
performed using the Lipari and Szabo model-free formalism
(45) and the program Tensor2 (46). At 0.52 mm, average values
of relaxation rates (R, = 1.45 s ' and R, = 10.5 s ') were
calculated considering all the residues in secondary structure
elements and from the ratio (R,/R, = 7.3) the global correlation
time for isotropic tumbling was estimated (7, = 5.7 ns) in agree-
ment with the expected value for a 10-kDa globular protein in
monomeric state. S, the square of the order parameter, was
typically between 0.8 and 0.9 for most residues, including loop
regions, except for residues 1-3 and 81-90 where an S” value
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between 0.60 and 0.00 and an effec-
tive correlation time (7,) in the sub-
nanosecond timescale were neces-
sary to fit the relaxation data,
indicating that these regions are dis-
ordered and undergo fast move-
ments of high amplitude. Addition-
ally, for residues 6, 7, 42, 43, 54, and
55, exchange rates (R,,) ranging
form 10 to 40 s~ were obtained to
characterize the exchange process
related to the small 7, values
observed.

Microplusin Binds to Metals—A
growing number of studies have
shown that histidine-rich AMPs are
able to complex with metal ions
such as copper, nickel, zinc, and
iron (23, 47-50). Because micro-
plusin has several histidine residues,
2 at the N terminus, 1 at position 74,
and 4 at the C terminus (Fig. 1), we
evaluated its metal-binding ability.
This was done by incubating micro-
plusin with different ions (Mg*",
Cl-, Ca?*, Fe*", SO27, Mn?",
Zn**, Cu?*", Co*", Na", and
MoO3 "), followed by analysis of the
mixtures by electrospray ioniza-
tion-mass spectrometry, in non-de-
naturing conditions to preserve
non-covalent interactions. For most
metals, no evidence for binding
could be detected, except for Cu®"
and Fe?>*. The difference in molec-
ular mass (60 Da) between microplusin alone (10,204 Da) and
microplusin in the presence of copper II (10,264 Da) suggests
that copper II ions binds to microplusin at a molar ratio of 1:1.
Interestingly, quantitative binding was observed even at con-
centrations of peptide and Cu®>* in the nanomolar range. In
addition to copper II, we detected a major species at 10,379 Da,
suggesting that microplusin binds also to iron II, at a molar ratio
of 1:3.

Mapping of the Interaction between Microplusin and Cu”*—
Because the copper II-chelating ability of microplusin is crucial
for its antimicrobial activity against M. [uteus (see below), we
further characterized the interaction between microplusin and
this metal. Addition of Cu®>" from 1 to 50 uM caused only slight
changes in the CD spectrum of microplusin, indicating that ion
binding does not significantly alter the protein conformation
(supplemental Fig. S1). Although the changes were small, [6],,,
was found to decrease hyperbolically with increasing Cu** con-
centration, reaching a plateau at ~25 um Cu** (not shown) and
suggesting that copper II binding to microplusin occurs at a
metal/peptide molar ratio of 1:1.

Because of the paramagnetism of Cu>*, protons in its neigh-
borhood are expected to give no NMR signals due to fast trans-
verse relaxation. In the microplusin-Cu®>" complex there
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FIGURE 3. Mapping of the microplusin binding region for copper Il ions.
Model structure of microplusin restraining His-2 and His-74 together. Resi-
dues not observable in a 'H-">N HSQC spectrum upon Cu?" binding are col-
ored red on the molecular surface of microplusin (left) and in the ribbon rep-
resentation of the structure (right). A sphere of 9 A, including almost all
affected amides, has been added to the ribbon representation (right). The
surface is in the same orientation as in Fig. 2.

should be a “blind region” for "H detection around the Cu*"
with a radius of ~8—11 A (51). In an attempt to map the region
affected by Cu®* binding to microplusin, we observed the effect
of CuCl, titration (0—100 um) on the *H-">N HSQC spectrum
of a 100 um **N-labeled microplusin sample. During the titra-
tion we observed a clear formation of the microplusin-Cu**
complex by the appearance of a new set of signals relative to the
bound form of microplusin. These new signals increase in
intensity as CuCl, is being added. On the other hand the origi-
nal signals of the free microplusin decrease in intensity with
increasing concentrations of CuCl,. At 100 um CuCl,, virtually
only the bound form is observed (supplemental Fig. S6), evi-
dence for formation of a quantitative 1:1 complex. This behav-
ior indicates slow exchange between the bound and free forms
of microplusin and was observed even for amide signals that
show only a small chemical shift change upon binding (e.g.
Asn-67 and ~30 Hz) (supplemental Fig. S7). Slow exchange is
indicative of a strong binding with K, usually in the nanomolar
range or smaller. The 'H-">N HSQC spectrum of the micro-
plusin-Cu®* complex was fully assigned based on the spectrum
of the free microplusin and with support from two-dimensional
TOCSY spectra for microplusin alone (0.95 mm) and for micro-
plusin in the presence of Cu** (0.47 mm) to identify the amino
acid types. There were sixteen missing amide signals in the
complex: His-2, GIn-3, Cys-6, and Thr-7 in the N-terminal
region; Glu-16, Leu-17, and Ile-20 in the helix a;; Lys-71, Ile-73,
His-74, Asp-75, Ala-76, Ala-77, Thr-78, and Ala-79 in the helix
ag; and Asp-81 in the C-terminal region. These undetected
amides were mapped in the structure of microplusin (Fig. 3).
Because the termini are disordered but some residues of the N
termini show the Cu®* effect, in the structure shown in Fig. 3
we restrained His-2 and His-74 together as a model. The struc-
tured domain was not at all affected by the inclusion of this
restraint. All amides under the effect of Cu®" (blind region) are
inside a sphere of ~9-A radius, except Cys-6 and Thr-7 (Fig. 3).

Microplusin Mode of Action

Antimicrobial Spectra of Microplusin—To study the mode of
action of microplusin we initially evaluated the activity spec-
trum of microplusin. We determined the MIC,, because
microplusin had partial inhibitory activity for some tested
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TABLE 2
Antimicrobial activity spectrum of recombinant microplusin
Experiments were repeated at least three times.

Microorganisms MIC,,*
M

Gram-positive bacteria

M. luteus 0.09

B. subtilis 3.12

B. megaterium 50.0

S. aureus ND*

S. epidermidis 1.56
Gram-negative bacteria

E. coli ND

E. faecalis ND

P. aeruginosa ND

S. marcescens ND
Filamentous fungi

A. flavus 6.25

A. fumigatus 3.12

A. niger 0.78

Fusarium sp. 6.25
Yeast

C. albicans ND

C. neoformans 0.09

S. cerevisiae 25.0

“ MIC5, means minimal inhibitory concentration that inhibits 50% of the microor-
ganism growth.
2 ND, not detected up to 50 um.

microorganisms, even at the highest concentration used (50
uM). The recombinant peptide was active against almost all
Gram-positive bacteria tested, except for S. aureus (Table 2).
Microplusin also had a significant antifungal activity, with
MIC,, below 6.25 um for all tested filamentous fungi. However,
no effect was detected for Gram-negative bacteria up to 50 um.
The most sensitive microorganisms were M. luteus and C. neo-
Sformans (MIC,, = 0.09 um). Therefore, we adopted M. luteus
as amodel to study the antibacterial mechanism of microplusin.

Bacteriostatic Effect of Microplusin—To ascertain whether
microplusin was bacteriostatic or bactericidal, viability studies
were performed (Fig. 4). Results revealed that the peptide at 7.8
uM (40X MIC, o) (microplusin-treated culture, MP-treated,
Fig. 4) was not lethal for M. luteus after a 48-h incubation.
However, a difference in the number of CFU of approximately
two orders of magnitude was observed after a 24-h incubation
comparing a control culture of M. [uteus (not treated with
microplusin) and a microplusin-treated culture. This effect
could be reversed after removing the bioactive peptide from the
medium. Therefore, microplusin is bacteriostatic for M. luteus
under our experimental conditions.

Microplusin Does Not Affect Membrane Permeability—Be-
cause several AMPs exert their effect by membrane permeabi-
lization (4), we investigated whether the membrane might be
the target of microplusin. To do this, we used two fluoro-
chromes, SYTO® 9 and propidium iodide, which stain bacterial
DNA with intact/damaged and only damaged membranes,
respectively. Results showed that microplusin at 7.8 um (40X
MIC, ) did not cause injury to the M. luteus membrane after a
24-h incubation (data not shown). However, bacteria treated
with isopropanol or with gomesin, an AMP whose membrane-
permeabilizing activity has been described (52), were damaged
(data not shown). In addition, analysis by transmission electron
microscopy did not show any disruption of the M. luteus mem-
brane incubated with microplusin (data not shown).
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Copper Il Rescues M. luteus Growth in the Presence of
Microplusin—Because microplusin binds metal ions, we
tested whether the addition of metals to the medium could
affect its antimicrobial activity. When medium was supple-
mented with TES, we observed that microplusin activity
against M. [uteus was drastically reduced, with an increase of
its MIC by 8-fold (Fig. 5A4). Analysis of each component of
the solution showed that addition of copper II alone reduced
microplusin activity to the same level as TES (Fig. 54). More-
over, copper II rescues bacterial growth when added after
cells have been incubated with the peptide for 24 h (Fig. 5B).
In this case, bacterial growth after copper II supplementa-
tion at a ratio of ~1:1 attained an A equivalent to that found
in the absence of microplusin. These results suggest that

1"

10"+ —@— Non-MP treated
1010 —l— MP-removed after 24 h
| —a— MP-treated by 48 h
10° 4
-
£ s
S5 10
S
10" 4
10° 4
5
10 T T T T T
0 4 8 24 48
Time (h)

FIGURE 4. Kinetics of M. luteus growth during treatment with micro-
plusin. Recombinant microplusin (7.8 um) was added to an exponential
phase culture of M. luteus. Twenty-four hours later, bacteria were washed by
centrifugation and suspended in LB, without peptide (MP-removed after 24 h)
or with the peptide (MP-treated for 48 h). As a control, water was added to a
bacterial culture (Non-MP treated). Aliquots were removed after 0, 4, 8, 24, and
48 h incubation at 37 °C. The number of CFUs was evaluated after an over-
nightincubation at 37 °C. MP stands for microplusin. The standard errors (S.E.)
obtained from three CFU counts are indicated as bars. Experiments were
repeated twice.

microplusin acts by chelating copper and inducing starva-
tion for this metal. Interestingly, even though microplusin is
capable of binding iron, supplementation with iron did not
affect microplusin activity (Fig. 54).

Oxygen Consumption Measurements—To test whether M.
luteus was indeed being starved for copper 11, we evaluated
the effect of microplusin on bacterial respiration. Copper II
is essential for proper assembly and functioning of terminal
oxidases of the electron transport chain (53). Results in
Table 3 show that 7.8 um microplusin had no immediate
effect on M. luteus respiration (compare 4.02 * 0.05 in A
with 3.89 = 0.20 nmol of O,/min/A4y, 0.2 in B). Similarly,
respiration stimulated by the uncoupler CCCP increased to
the same rate in both experimental conditions (from 4.02 =
0.05 to 4.75 £ 0.15 in A and from 3.89 * 0.20 to 4.60 = 0.38
nmol of O,/min/Ay, 0.2 in B) and was equally inhibited by
the cytochrome oxidase blocker KCN (from 4.75 = 0.15 to
1.61 £ 0.23 in A and from 4.60 * 0.38 to 1.44 = 0.08 nmol of
O,/min/Ag,, 0.2 in B). To explore whether microplusin
could have a delayed effect on M. [uteus respiration, oxygen
consumption was measured after growing bacteria in 7.8 uMm
microplusin for 30 min and 3 h. After adjustment of the A,
to 0.2, the rate of oxygen consumption of the control cul-
tures grown for 30 min was the same as that observed for the
control culture at time zero. However, although the rate of
basal respiration of M. [uteus was slightly lowered by micro-
plusin (from 4.02 * 0.05in A to 3.58 = 0.42 nmol of O,/min/
Agoo 0.2 in C) after 30 min of exposure, stimulation of respi-
ration by CCCP was fully impaired (compare basal
respiration and respiration under CCCP stimulation in C). It
is noteworthy that cyanide-resistant respiration (residual
respiration after KCN addition) in the three conditions
tested was intact, indicating that only cyanide-sensitive res-
piration was affected by chronic exposure to microplusin. At
3 h, the rate of oxygen consumption of the control cultures
was greatly increased, even after adjusting the Ay, to 0.2,
likely reflecting the mid-exponential and more metabolically
active phase of growth at this time. CCCP remained unable

to stimulate respiration in micro-
plusin-growing bacteria, but, at

A B
6 this time, microplusin produced
= = 069 further effects and considerably
% ‘;4_ o impaired both proliferation and
£ -(% 3 0.4 basal respiration (data not shown).
—_ >
T < ‘D
£ §2_ é o DISCUSSION
é 8 T ’ Microplusin Structure and Dy-
g 'gi - namics—We used NMR methods
: (37, 38) to determine a high resolu-
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FELEES
FIGURE 5. Effect of metals on microplusin activity. A, M. luteus suspension was incubated with microplusin
(50-0.09 M) in PB supplemented with either trace element solution (TES) or separately with each component
of TES. After 18 h of incubation, the MIC, ,, was determined by reading of the Asqs. B, M. luteus suspension was
pre-treated with 0.18 um microplusin for 24 h, and then serial dilutions of CuCl,-6H,0 (0.18-0.03 um) were
added for an additional 24-h incubation. Optical density was determined at 595 nm. MP, microplusin. The
standard error (S.E.) was obtained from three optical density measurements. Experiments were repeated twice.
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mary sequence of Rhipicephalus
(Boophilus) microplus microplusin
aligned to all sequences of micro-
plusin homologs from other tick
species found in GenBank™. Com-
parison of these sequences shows a
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Rate of O, consumption (nmol/min/0.2 Ago, nm) Of bacterial suspension = S.E.
Values in parentheses show percentage compared to basal respiration = S.E. Experiments were repeated at least three times.

Basal® Ccccp? KCN¢
Control (non-MP-treated) 4.02 = 0.05 4.75 + 0.15 (118.48 * 2.06%) 1.61 * 0.23 (36.29 * 2.31%)
MP-treated on chamber 3.89 = 0.20 4.60 = 0.38 (118.50 = 4.86%) 1.44 * 0.08 (31.10 = 2.64%)
MP-treated on culture 3.58 £0.42 3.61 = 0.41 (101.00 * 0.94%) 1.37 = 0.05 (37.13 = 2.52%)

“ Values for control at both time zero and 30 min of growth after adjusting A, to 0.2.

> Addition of 4 um CCCP.
¢ Addition of 1 mm potassium cyanide.

number of conserved aromatic/hydrophobic residues. Most of
these hydrophobic residues occur in regions experimentally
determined to be a-helices and occur in an i, i+3 or i, i+4,
alternating manner (e.g. @2: Phe-32, Ala-35, and Leu-39), yield-
ing amphipathic helices. In most cases these hydrophobic
residues are buried, forming a hydrophobic cluster, and the
hydrophilic residues are exposed to the solvent in the three-
dimensional structure, with the exception of Val-63 and Tyr-
64, which are exposed (Fig. 2). The beginning and end of each
helix were determined by consensus analysis of chemical shift
indexes, NOE pattern, and H/D exchange. The loop regions are
characterized by fast H/D exchange of amide protons, absence
of characteristic secondary structure NOE pattern and ran-
dom-coil Ca and Ha chemical shift indexes. From the analysis
of the primary sequences in Fig. 1, we observe that proline, a
well known helix-breaker residue, is often found in the regions
determined to be loops (e.g. L;,, Ls,, Lys, and the C terminus).
Microplusin and microplusin-like peptides show a number of
conserved histidines located at N and C termini as well as
His-74 located in helix 5. In the solution structure of micro-
plusin, the first five and the last ten residues of the sequence are
not convergent; moreover, most of the chemical shifts of His-1,
His-2, His-85, His-86, His-88, and His-90 are degenerate
(except for the amide chemical shifts, which are not degenerate
and were very important for differentiating among the several
histidines in the mapping studies). These results suggest that
both termini are disordered, and this was confirmed by mea-
surements of '°N relaxation (supplemental Fig. S4). Neverthe-
less, because both N and C termini and His-74 are on the same
side of the structure and the termini are very flexible, one could
speculate that residues from N and C termini and His-74 may
join together to form a complex with metal ions. Other con-
served features in the primary sequence include six cysteines
that are perfectly conserved among microplusin-like peptides.
These cysteines were found to be involved in the formation of
three disulfide bridges, as evidenced by mass spectroscopy (27)
and by the analysis of CB chemical shifts (54) (39.4, 42.1, 33.4,
40.8, and 43.2 ppm for Cys-19, Cys-41, Cys-46, Cys-52, and
Cys-80, respectively), which are indicative of oxidized cys-
teines. Preliminary structure calculations were performed
without disulfide bridge constraints, but these restraints were
included in further calculations because of proximity of cys-
teine residues in the preliminary calculations, namely between
Cys-6 and Cys-52, Cys-19 and Cys-80, and Cys-41 and Cys-46.
These disulfide bridges contribute to the stability of the overall
fold, especially to keep the helix a1 in place, considering that
fewer long range NOEs were observed for this helix (supple-
mental Fig. S3). The broad signals observed for Cys-6, Thr-7,
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and Lys-8 suggest conformational exchange in the millisecond
timescale involving the Cys-6 to Cys-52 disulfide bridge, which
was confirmed by '°N relaxation experiments. In support of a
role for cysteines in maintaining microplusin structure, we have
shown that the three disulfide bridges of microplusin are essen-
tial for its antibacterial activity. Similar roles for disulfide
bridges have been described for several AMPs. For gomesin, an
AMP isolated from the spider Acanthoscurria gomesiana (35),
disruption of one or two of its disulfide bridges completely abol-
ished the AMP activity (55).

The solution structure described here (Fig. 2) differs from
that of other cysteine-rich AMPs, as expected from the analysis
of the microplusin primary sequence and cysteine pattern,
which show very low homology with other sequences previ-
ously characterized. Yet the search for homologous structures
using the DALI server (56) yielded a number of structurally
homologous peptides with a geometrical similarity score
(Z-score) between 2.0 and 3.8. Among these structures are the
C-terminal domain of the « subunit of RNA polymerase (57)
(Z-score: 2.9, r.m.s.d. to microplusin: 2.6 A, identity: 12%), and
the helical domain of the « subunit of the translation initiation
factor elF2 (58) (Z-score: 3.8, r.m.s.d. to microplusin: 4.6, iden-
tity: 5%). Comparison of microplusin to the complex formed by
the C-terminal domain of the « subunit of RNA polymerase
suggests that microplusin could also interact with DNA, but a
closer inspection of the C-terminal domain of the a subunit
residues involved in the interaction, namely Val-264, Arg-265,
Asn-268, Asn-294, Gly-296, Lys-298, and Ser-299, indicated
that these residues do not occur in structurally equivalent posi-
tions of microplusin. Thus it is likely that microplusin shares
with C-terminal domain of the «a subunit a similar fold but has
a different function. However, further work should be done to
analyze the DNA-binding capacity of microplusin.

Mapping of the Cu’*-binding Region—We showed that
microplusin binds copper II and iron II and that microplusin
antimicrobial activity is related to its ability to act as a copper
scavenger. Due to the strong paramagnetic effect of the Cu®"
ion it is not possible to identify directly the residues involved in
the coordination by conventional NMR techniques. Instead
broader effects are observed in 'H-detected spectra with an
expected blind region of ~10 A around the Cu®>* ion. Never-
theless, determining the residues under the influence of Cu®" is
still useful and could guide further structure-function studies,
e.g site-directed mutagenesis, which will prove more directly
the residues responsible for Cu®>* binding.

We mapped the copper II binding region by analyzing
'H-'>N HSQC (supplemental Fig. S6) and two-dimensional
TOCSY spectra of microplusin alone and in complex with
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Cu®". In the microplusin-Cu®>* complex we could not detect
the amides from sixteen residues: His-2, Gln-3, Cys-6, and
Thr-7 in the N-terminal region, Glu-16, Leu-17, and Ile-20
in the helix «;, Lys-71, Ile-73, His-74, Asp-75, Ala-76, Ala-77,
Thr-78, and Ala-79 in the helix «., and Asp-81 in the C-termi-
nal region.

Microplusin possesses several conserved histidines at its N
and C termini, and our NMR structure and dynamics studies
revealed that the termini are disordered but lie on the same side
of the structure. Based on the sequence conservation and on the
NMR structure, our initial hypothesis was that histidines from
both termini could come together to form a metal binding site.
However, our results implicated several amino acids in the
N-terminal region, helices «;, and o, but none of the C-termi-
nal histidines, which are still observable in the complex. More-
over >N T, measurements of the microplusin-Cu®" complex
(supplemental Fig. S5) show that the C-terminal residues are
still flexible. In Fig. 3, we built a model that seems to explain our
data. We performed a structure calculation, including artificial
distance restraints between His-2 and His-74. The effect of
these new restraints was to constrain the number of possible
conformations of the flexible N-terminal region, and they did
not cause any distortion in the rest of the structure. In our
model structure we mapped all residues that are missing under
the effect of Cu®>". Most of the residues fall into a sphere of 9-A
radius, with His-74 nearly in the center of the sphere. The
restraints between His-2 and His-74 brought His-2 and Gln-3
into the sphere. Among the residues that disappear with Cu®",
Cys-6 and Thr-7 are the only mapped residues that fall outside
the sphere. Signals of these two residues were already broad in
the free microplusin due to exchange processes and could have
disappeared because of an effect of the copper II on the
exchange processes upon complex formation, or because of a
summed effect on the T, relaxation. Although we cannot
directly determine the residues involved in the Cu*" coordina-
tion, from the 16 residues mapped in our study His-74 and the
N-terminal residues are the top candidates for mutagenesis
studies.

Mode of Action of Microplusin—Microplusin activity against
M. luteus was drastically reduced in the presence of copper 11
ions. Moreover, when an M. luteus suspension pre-treated with
microplusin received copper II, bacterial growth was recovered.
Through electrospray ionization-mass spectrometry, it was
verified that microplusin forms adducts with copper II with a
metal/peptide molar ratio of 1:1. Therefore, our results strongly
suggest that copper binding by microplusin makes this metal
unavailable for M. luteus, and this is how this AMP exerts its
antibacterial effect. A nutritional effect like this has been
described for the human proteins calprotectin and lactoferrin
(18,19,59). It has been reported that calprotectin, a protein that
is abundant in human neutrophils, inhibits the growth of sev-
eral bacteria and fungi by zinc and manganese chelation (18, 60,
61). Interestingly, metal chelation by calprotectin was recently
shown to be the mechanism behind the control of S. aureus
growth in tissue abscesses, showing that metal sequestration is
a physiologically relevant way to control microbial infections
(18).
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Another evidence in favor of a copper deprivation mecha-
nism for microplusin comes from the measurements of M.
luteus respiration. Heme-copper oxidases comprise a family of
three cytochrome c oxidases and one quinol oxidase that reduce
dioxygen to water (62, 63). In P. aeruginosa under copper-lim-
iting conditions, the four heme-copper oxidases of a branched
electron transport chain became defective, and respiration and
aerobic growth are sustained by a cytochrome bd-type cyanide-
insensitive oxidase, which lacks copper in its active site (64).
Likewise, copper deprivation in the cyanobacterium Synecho-
cystis sp. also causes an arrest of the respiratory metabolism as
a result of a failure of cytochrome c oxidase function (65). Our
results show that microplusin constrained both basal and
CCCP-stimulated, but not cyanide-resistant respiration of
Micrococcus. We propose that microplusin might affect respi-
ration of M. luteus by removing Cu®" from one or more of the
heme-copper terminal oxidases. Once this heme-copper oxi-
dase is defective, the respiratory chain is unable to reach the
maximal electron flow capacity stimulated by the uncoupler
CCCP. Additionally, the cyanide-insensitive copper-indepen-
dent respiration remained apparently intact, which supports
the idea that a heme-copper terminal oxidase is the component
of the respiratory chain affected by the copper starvation pro-
duced by microplusin. However, as bacterial respiratory sys-
tems are usually branched to distinct heme-copper terminal
oxidases (66), and there is no information regarding the type of
terminal oxidase that is present in M. luteus, the specific heme-
copper oxidase possibly affected by microplusin remains to be
determined.

A metal depletion mode of action requires that the antimi-
crobial peptide be present at a concentration similar to that of
the metal to be depleted. Copper depletion by microplusin is
compatible with the copper content of the culture medium
used in this work, which we determined to be 0.03 = 0.008 M.
This explains why a concentration of microplusin as low as 0.09
uM can have an antibacterial effect.

Despite the scarcity of data showing the importance of cop-
per for M. luteus metabolism, we speculate that M. [uteus may
be very susceptible to copper available in the culture media.
Additionally, other studies by our group indicate that copper
chelation by microplusin is important for its activity against the
yeast C. neoformans.* One interesting question arising from our
data (Table 3), however, is why some microorganisms are
insensitive to microplusin. In particular, microplusin was not
active against Gram-negative bacteria, a result that is similar to
what has been observed for other antimicrobial factors isolated
from R. (B.) microplus (25, 27, 28). Assuming that the main
antibacterial mechanism of microplusin is indeed metal chela-
tion, there are a number of possibilities worth exploring: (i)
some organisms have higher copper pools than others and,
thus, are less sensitive to depletion; (ii) depending on the met-
abolic properties of the microorganism, copper could be more
or less essential. For example, microorganisms that are capable
of anaerobic energy production may tolerate better the effects
of copper deprivation on the electron transport chain; and (iii)

4F.D.Silva, D. C. P. Rossi, L. Martinez, J. D. Nosanshuk, M. L. Rodrigues, and S.
Daffre, unpublished observation.
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some organisms may have better copper-scavenging systems
than others. If a bacterium produces a copper-scavenging mol-
ecule with higher affinity for copper than microplusin, the pep-
tide will not have an effect. In this regard, it is known that some
bacteria produce siderophores with very high affinity for iron,
and this fact may be related to the absence of an iron depletion
effect for microplusin (67).

Our data suggest that metal chelation may be a general mode
of action for microplusin-like peptides found in other tick spe-
cies (31, 32). In this regard, it is worth noting that for hebraein,
an AMP of the tick Amblyomma hebraeum, which exhibits 61%
identity with microplusin, deletion of its C-terminal histidine
residues significantly reduced its antimicrobial activity against
E. coli and the yeast Candida glabrata (31). Even though this
result does not prove that hebraein is inhibiting microbial
growth by metal chelation, it is certainly suggestive of this
model.

Although microplusin seems to be inhibiting M. luteus
because of its copper-binding capacity, we cannot discard the
possibility that microplusin will have other modes of action.
Indeed, some AMPs, e.g. lactoferricin (67), have been shown to
function in more than one way, with modes of action varying
depending on experimental conditions and the target organ-
ism. In the case of microplusin, data obtained for the protozoan
Plasmodium gallinaceum suggests that it causes strong mem-
brane permeabilization and cell death (68). This effect was spe-
cific, because under similar conditions microplusin was not
toxic for human erythrocytes or for green monkey kidney
(VERO) cells (69). Similarly, in the case of hebraein, deletion of
its C-terminal histidine tail (and, presumably, abrogation of its
metal-binding capacity) did not affect its antimicrobial effect
against S. aureus (31).

One important question arising from our work is whether
the metal depletion effect of microplusin is relevant for control
of bacterial infections in ticks. We are addressing this question
through the silencing of the microplusin gene by RNA interfer-
ence in ticks infected by the natural pathogen Anaplasma mar-
ginale. In addition, the discovery that microplusin binds copper
and iron provides a clue to the role of this protein in the homeo-
stasis of these metals in ticks. In this context, the dual function
of hepcidin as an antimicrobial as well as a regulator of systemic
iron homeostasis in mice and humans is well known (22).

Lastly our data suggest a potential for microplusin as thera-
peutic agent against bacteria and fungi. Molecules that are able
to sequester metals may have important roles in vivo, as dem-
onstrated for calprotectin, which inhibits S. aureus prolifera-
tion in abscesses in mice through binding of available zinc (18).
In addition, drugs that act as copper chelators may be useful for
the treatment of diseases such as Wilson disease, in which
patients have high levels of copper in the body (70).
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