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were active against the clinically important Candida spe-
cies, but ineffective against bacteria and mycelia fungi. 
Truncation of the N- or C-terminal portion reduced Shep I 
antifungal activity, the latter being more pronounced. Car-
boxyamidation of Shep I did not affect the activity against 
C. albicans or C. tropicalis, but increased activity against 
S. cerevisiae. Carboxyamidated analogues Shep I (3-28)a 
and Shep I (6-28)a were equipotent to Shep I and Shep Ia 
against Candida species. As with most cationic AMPs, all 
peptides had their activity significantly reduced in high-salt 
concentrations, a disadvantage that is defeated if 10  µM 
ZnCl2 is present. At 100  µM, the peptides were practi-
cally not hemolytic. Shep Ia also killed C. albicans MDM8 
and ATCC 90028 cells. Fluo-Shep Ia, an analogue labeled 
with 5(6)-carboxyfluorescein, was rapidly internalized by 
C. albicans MDM8 cells, a salt-sensitive process depend-
ent on metabolic energy and temperature. Altogether, such 
results shed light on the chemistry, structural requirements 
for activity, and other properties of candidacidal glycine-
rich peptides. Furthermore, they show that Shep Ia may 
have strong potential for use in topical application.
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Abbrevations
Shep I	� Shepherin I
SAR	� Structure–activity relationship
AMPs	� Antimicrobial peptides
MIC	� Minimal inhibitory concentration
Fluo	� 5(6)-Carboxyfluorescein
GRP	� Glycine-rich peptide or protein
Boc	� Tert-butyloxycarbonyl
Fmoc	� 9-Fluorenylmethyloxycarbonyl
Tos	� Tosyl

Abstract  Although glycine-rich antimicrobial peptides 
(AMPs) are found in animals and plants, very little has 
been reported on their chemistry, structure activity-rela-
tionship, and properties. We investigated those topics for 
Shepherin I (Shep I), a glycine-rich AMP with the unique 
amino acid sequence G1YGGHGGHGGHGGHGGHGGH- 
GHGGGGHG28. Shep I and analogues were synthesized by 
the solid-phase method at 60  °C using conventional heat-
ing. Purification followed by chemical characterization 
confirmed the products’ identities and high purity. Amino 
acid analysis provided their peptide contents. All peptides 
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PAM	� 4-Hydroxymethyl-phenylacetamidomethyl
NMP	� N-methyl-2-pyrrolidone
DMSO	� Dimethyl sulfoxide
PBS	� Phosphate-buffered saline
IGP	� Isotonic glucose phosphate
PBC	� Phosphate-borate-citrate
TFE	� 2,2,2-Trifluoroethanol
SDS	� Sodium dodecyl sulfate
PDB	� Potato dextrose broth

Introduction

Candidemia has become a major concern in tertiary-care 
hospitals worldwide because it causes morbidity and mor-
tality in hospitalized patients, especially those who are 
immunocompromised (Hoffmann-Santos et  al. 2013). 
In Brazil, this is a huge problem, as the incidence of this 
type of invasive infection is 2–10 times higher than that 
documented in the USA and Europe (Colombo et al. 2009; 
Hoffmann-Santos et al. 2013). Unfortunately, the treatment 
of candidemia has been hampered by the limited antican-
didal—rather than candidacidal—activity of the current 
antibiotics, as well as by resistance of Candida species to 
them. Hence, the knowledge on compounds capable of kill-
ing such cells has been considered critical for the develop-
ment of a new generation of candidacidal drugs (Matejuk 
et al. 2010).

So far, the only antifungal lipopeptides approved by the 
US Food and Drug Administration (FDA) against candi-
demia and invasive aspergillosis are caspofungin, anidu-
lafungin, and micafungin—three members of the echino-
candin family of β-glucan inhibitors (Matejuk et al. 2010; 
Eschenauer et  al. 2014). In fact, there are two groups of 
antifungal peptides: (1) those with primarily antifungal 
properties, which include 1,3-β-glucan synthesis inhibitors 
(echinocandins, pneumocandins), cell wall chitin inhibitors 
(nikkomycins, polyoxins, aurebasidins), and membrane-
active, selective antimicrobial peptides (Rs-AFP2, heli-
omicin, drosomycin), and (2) those with broad-spectrum 
antimicrobial activity, such as cecropins, magainins, prote-
grins, and dermaseptins (Matejuk et al. 2010).

In this context, antimicrobial peptides (AMPs) have been 
extensively studied. The main reasons for such increasing 
interest are the following: (1) since AMPs work through 
mechanisms different from those of non-peptide antibi-
otics, they can serve as templates in the design of AMP 
mimetics; (2) the mode of action of AMPs involves cell 
membrane damage, so AMPs can enhance our understand-
ing of membrane permeabilization through pore formation 
and membrane fusion; (3) AMPs can serve as antibiotic 
drugs for topical uses; (4) certain AMPs are cell-penetrat-
ing peptides, and thus, they are capable of delivering drugs 

inside the cell (Matejuk et  al. 2010; Bechinger 2013). 
Therefore, in the last two decades, antifungal peptides have 
become potential candidates for the development of more 
potent, specific, and non-toxic antimycotic drugs.

Peptides containing 15–70  % glycine (so-called gly-
cine-rich peptides) have been found in plants and their 
expression is associated with physical (cold, light, wound), 
chemical (hormones), and biological (pathogens, develop-
ment, circadian rhythms) factors, revealing their key roles 
in cellular processes (Sachetto-Martins 2000; Ringli et al. 
2001). Glycine-rich AMPs have also been found in insects, 
isopods, spiders, crabs, frogs, and plants, commonly in 
the Brassicaceae, Solanaceae, and Panicoideae families 
(Bulet et al. 1999; Park et al. 2000; Lorenzini et al. 2003; 
De Souza Cândido et al. 2011). The majority of them have 
been reported to inhibit the growth of fungi and/or Gram-
negative bacteria (Lorenzini et al. 2003), such as gloverin, 
ctenidins, Pg-AMP, and leptoglycin (active against Gram-
negative bacteria) (Bulet et al. 1999; Baumann et al. 2010; 
Pelegrini et  al. 2008; Sousa et  al. 2009), as well as AFP, 
holotricin-3, tenecin-3, and glycine/histidine-rich peptides 
that are active against fungi (Iijima et al. 1993; Lee et al. 
1995; Kim et  al. 2001). The minority, which are active 
against Gram-positive bacteria, include armadillidin and 
hyastatin (Herbinière et  al. 2005; Sperstad et  al. 2009). 
Interestingly, little is known about their functions and sec-
ondary structures, a fact that may be related to difficul-
ties found during the syntheses of glycine-rich peptides 
(Remuzgo et al. 2009).

Histidine-rich peptides, such as the histatins and LAH4, 
can act not only as antimicrobial agents, but also as DNA 
delivery vehicles (Bechinger 2013; Nakagawa et al. 2013). 
This dual functionality indicates that these AMPs can oper-
ate with at least two distinct modes of bacterial killing and 
gives them the potential to be used in a variety of infection 
diseases. A high percentage of patients with cystic fibrosis 
have lung infection caused by Pseudomonas aeruginosa 
and, for instance, it has been shown that LAH4 is highly 
active against this pathogenic bacteria at an acidic pH 
(Bechinger 2013).

Shepherin I (Shep I) is a 28-mer AMP isolated from the 
root of the plant Capsella bursa-pastoris (family Brassi-
caceae), known by its common name shepherd’s purse, and 
characterized by its almost exclusive glycine (67.9 %) and 
histidine (28.6 %) contents, along with the presence of six 
tandem repeats of the motif Gly-Gly-His (GGH). This gly-
cine- and histidine-rich peptide was reported to be active 
against Gram-negative bacteria and yeast phase-fungi, as 
well as to show moderate activity against mycelial fungi 
(Park et al. 2000).

In view of the above considerations, as well as its atypi-
cal amino acid sequence (composed almost exclusively 
of Gly and His, only one Tyr, and six repetitive motifs of 
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Gly-Gly-His, a copper- and nickel-chelating tripeptide) 
and, especially, the lack of knowledge of the synthesis 
and properties of glycine- and histidine-rich peptides, we 
synthesized Shep I and its truncated, amidated, and fluo-
rescently labeled analogues by the solid-phase method at 
60 °C. We then purified and chemically characterized them, 
tested them against bacteria and fungi—including Candida 
strains and Saccharomyces cerevisiae—at low- or high-salt 
concentration in the absence or presence of Zn2+ ions, and 
evaluated their toxicity to human erythrocytes. Also, we 
determined the killing kinetics of Shep Ia against two dif-
ferent strains of C. albicans and performed experiments to 
determine the initial steps toward disclosing its mode of 
action.

Materials and methods

Reagents

N-α-Fmoc-amino acids, N-α-Boc-amino acids, and Boc-
His(Tos)-PAM resin (0.69  mmol/g, 100–200 mesh) were 
obtained from Bachem California (Torrance, CA, USA) 
and Novabiochem AG (Laüfelfingen, Switzerland). Cross-
linked Ethoxylate Acrylate Resin (CLEAR®) amide resin 
(0.35  mmol/g, 100–200 mesh) and Fmoc-Gly-CLEAR 
resin (0.48  mmol/g, 100–200 mesh) were obtained from 
Peptide International, Inc. (Louisville, KY, USA). 5(6)-Car-
boxyfluorescein (Fluo), N-hydroxybenzotriazole (HOBt), 
N,N′-diisopropylcarbodiimide (DIC), and benzotriazole-
1-yl-oxy-tris-(dimethylamino)-phosphonium hexafluo-
rophosphate (BOP) were purchased from Sigma Chemical 
Co. (St. Louis, MO, USA) and Novabiochem AG (Laüfelf-
ingen, Switzerland). Analytical- or chromatographic-grade 
solvents and other reagents were obtained from Merck 

KgaA (Darmstadt, Germany), Sigma Chemical Co. (St, 
Louis, MO, USA), LabSynth (São Paulo, SP, Brazil),  
or Vetec (Rio de Janeiro, RJ, Brazil).

Comparative amino acid sequence analysis

A PSI-BLAST (Altschul et  al. 1997) search against the 
non-redundant protein sequence database at NCBI was per-
formed to elucidate the relationship between the deduced 
amino acid sequence of the shep-grp gene (Genbank 
accession number AAG09424; named Shep-GRP, which 
encodes shepherin I and shepherin II) with other homolo-
gous sequences at the primary amino acid sequence level. 
A multiple alignment of Shep-GRP with the highest score 
sequences obtained in the PSI-BLAST search was per-
formed using the MUSCLE program (Edgar 2004).

Peptide synthesis, purification, and chemical 
characterization

All syntheses were performed manually by the stepwise 
solid-phase method at 60  °C using conventional heat-
ing, customized protocols, CLEAR amide or Fmoc-
Gly-CLEAR (cited above) as resins, DIC/HOBt (1:1) as 
coupling reagents, and 20  % DMSO/NMP as the solvent 
system (Varanda and Miranda 1997; Souza et  al. 2004; 
Remuzgo et al. 2009; Loffredo et al. 2009). The carboxyl-
free peptides Shep I and Shep I (3-28) and the carboxy-
amidated analogues were assembled on Fmoc-Gly-CLEAR 
acid and CLEAR amide resins, respectively, by Fmoc 
chemistry. Shep I (1-20), Shep I (3-20), Shep I (6-20), Shep 
I (12-20), Shep I (15-20), and Shep I (18-20) were built up 
on Boc-His(Tos)-PAM resin by the Boc strategy (Table 1). 
The coupling of the 5(6)-carboxyfluorescein (Fluo) to fully 
protected Shep Ia-CLEAR amide was performed with 5 

Table 1   Nomenclature, sequence, and chemical characterization data of the peptides synthesized and studied

a   Purity was estimated by reversed-phase high-performance liquid chromatography (RP-HPLC)

Peptide Sequence Net charge (Q) Puritya (%) LC/ESI–MS calculated/measured

Shep I GYGGHGGHGGHGGHGGHGGHGHGGGGHG 8 96 2 362.3/2 362. 3 [M+H]+

Shep I (3-28) GGHGGHGGHGGHGGHGGHGHGGGGHG 8 97 2 142.1/2 142.4 [M+H]+

Shep I (1-20) GYGGHGGHGGHGGHGGHGGH 6 97 1 745.7/1 746.0 [M+H]+

Shep I (3-20) GGHGGHGGHGGHGGHGGH 6 97 1 525.5/1 526.6 [M+H]+

Shep I (6-20) GGHGGHGGHGGHGGH 5 99 1 274.2/1 274.4 [M+H]+

Shep I (9-20) GGHGGHGGHGGH 4 95 1 023.0/1 023.2 [M+H]+

Shep I (12-20) GGHGGHGGH 3 97 771.8/772.4 [M+H]+

Shep I (15-20) GGHGGH 2 99 520.5/521.2 [M+H]+

Shep I (18-20) GGH 1 99 269.3/270.1 [M+H]+

Shep Ia GYGGHGGHGGHGGHGGHGGHGHGGGGHG-NH2 9 97 2 361.3/2 361.0 [M+H]+

Shep I (3-28)a GGHGGHGGHGGHGGHGGHGHGGGGHG-NH2 9 95 2 141.1/2 141.6 [M+H]+

Shep I (6-28)a GGHGGHGGHGGHGGHGHGGGGHG-NH2 8 95 1 889.9/1 890.8 [M+H]+
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equiv. of Fluo, 5 equiv. of BOP and 5 equiv. of HOBt in 
20 % DMSO/NMP for 2 h at room temperature.

The peptide resins obtained were submitted to cleavage 
of the peptide from the resin and simultaneous full depro-
tection in the presence of: (1) hydrogen fluoride and ani-
sole (1 %) for 90 min at 0 °C (Boc strategy), and (2) 95 % 
TFA/2.5 % triisopropylsilane/2.5 % water for 4 h at 37 °C 
(Fmoc strategy). The crude peptides were precipitated from 
the reaction mixtures with ice-cold diisopropyl ether, sep-
arated by centrifugation, extracted with 0.1  % TFA/water 
and 50 % acetonitrile/0.09 % TFA/water, lyophilized, and 
then weighed.

The crude synthetic peptides were loaded on a Waters 
RP-HPLC system, model 600E [quaternary Waters Delta 
600 pump, Waters 600 gradient controller, Waters 2487 
Dual Absorbance Detector (Milford, MA)], equipped with 
a 3725i-119 Rheodyne injector, Vydac C18 preparative col-
umn (10 µm, 300 Å, 2.2 ×  25 cm), and Kipp and Zonen 
SE124 recorder. Fractions were analyzed by RP-HPLC 
using a Waters system (two 510 pumps, a 680 automated 
gradient controller, and a 486 tunable UV–VIS absorbance 
detector) equipped with a 7125 Rheodyne injector, analyti-
cal C18 column (5 µm, 300 Å, 0.46 × 25 cm), and 745B 
Waters integrator. Those containing the purified peptides 
were pooled and lyophilized. The purified peptides were 
characterized by liquid chromatography/electrospray ion-
ization–mass spectrometry (LC/ESI–MS) using a Micro-
mass Quatro II triple quadrupole (ESI) mass spectrometer 
(Altrincham, UK) online coupled to a Shimadzu RP-HPLC 
VP Series column (Kyoto, Japan), and by amino acid 
analysis using a Beckman automated amino acid analyzer, 
model 7300 (Palo Alto, CA).

Microorganisms

Gram-positive bacteria included Micrococcus luteus A270, 
Staphylococcus aureus ATCC 6538, and Enterococcus fae-
calis ATCC 19433. Gram-negative bacteria included Pseu-
domonas aeruginosa ATCC 14502, Escherichia coli SBS 
363 (P. Bulet, CNRS, Strasbourg, France), Enterobacter 
cloacae K12 (H. G. Boman, Stockholm University, Swe-
den), and Serratia marcescens CDC 4124. The yeasts were 
Candida albicans MDM8 (Department of Microbiology, 
Institute of Biomedical Science, University of São Paulo, 
Brazil), Candida albicans ATCC 90028 and fluconazole-
resistant Candida albicans HU168 (N. Lincopan, Institute 
of Biomedical Science, University of São Paulo), Candida 
parapsilosis ATCC 22019 and Candida krusei ATCC 6258 
(S. R. Almeida, Faculty of Pharmaceutical Sciences, Uni-
versity of São Paulo), Candida tropicalis Squibb 1600 (H. 
Koenig, Laboratory of Mycology, University of Strasbourg, 
France), and Saccharomyces cerevisiae ATCC 2601. The 
Mycelial fungi included Aspergillus flavus NCPF 2199 and 

Aspergillus fumigatus NCPF 2109 (E. B. Bergter, Microbi-
ology Institute, Rio de Janeiro Federal University, Brazil).

Antibacterial activity

Antibacterial activity was evaluated by liquid growth inhi-
bition assay as previously described (Ehret-Sabatier et  al. 
1996). Briefly, each well of the sterile, 96-well microplates 
contained 10 μL of twofold serial dilutions of purified pep-
tides with water Milli Q grade, 18.2 MΩ (final concentra-
tion: 0.195–100  μM), and 90  μL of bacterial suspension 
(starting optical density, OD595nm  =  0.001) in peptone 
water broth (with salt or no salt, pH 7.4). Microbial growth 
was quantified by monitoring the OD of the microplates 
at 595 nm after incubation for 18 h at 30 °C. The minimal 
inhibitory concentration (MIC) was defined as the lowest 
concentration that inhibited the visible microbial growth. 
At least three independent experiments were performed.

Antifungal activity

The antifungal activity was evaluated using a liquid growth 
inhibition assay as previously described (Fehlbaum et  al. 
1994). Briefly, each well of the sterile, 96-well micro-
plates contained 10 μL of twofold serial dilutions of each 
purified peptide (final concentration: 0.195–100  μM), 
10  μL of water, and 80  μL of fungal suspension (start-
ing OD595nm = 0.001) in 1/2 potato dextrose broth (PDB). 
Microbial growth was measured and the MICs were deter-
mined as described above. At least three independent 
experiments were performed.

To evaluate the effect of NaCl and ZnCl2 on antifungal 
activity against C. albicans MDM8, 10 µL of concentrated 
NaCl or ZnCl2 solution instead of 10  µL of water were 
added to the cell suspension to give a final concentration 
of 4.3–137.0 mM NaCl or 5–100 µM ZnCl2. As controls,  
C. albicans MDM8 cells were grown in the absence and 
presence of 137.0 mM NaCl or 100 μM ZnCl2.

Hemolytic activity

Hemolytic activity was measured as previously described 
(Helmerhorst et  al. 1999b; Machado et  al. 2007). Briefly, 
fresh human blood was obtained from three healthy indi-
viduals and collected in BD Vacutainer® spray-coated 
K2EDTA tubes (BD, Oakville, ON, Canada). The eryth-
rocytes were harvested from blood by centrifugation at 
4 °C and 300 g for 5 min, and washed three times in phos-
phate-buffered saline (PBS, 10  mM Na2PO4 containing 
140 mM NaCl and 2.7 mM KCl, pH 7.4 and 313 mOsm/
kg of water). Next, the erythrocytes suspended in PBS were 
diluted to 1.11  % in PBS or isotonic glucose phosphate 
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(IGP) buffer (1  mM K2PO4, pH 7.4, supplemented with 
287 mM glucose, 314 mOsm/kg of water).

Twofold serial dilutions of the peptides (20  μL; final 
concentration: 0.195–100  μM) were incubated in Eppen-
dorf tubes containing 180  μL of erythrocyte suspension 
(final concentration: 1 %). After incubation for 1 h at 37 °C, 
the tubes were centrifuged for 5  min at 300  g and 4  °C, 
and 100  μL of supernatant were transferred to 96-well 
plates. Hemolysis was then monitored at 405 nm. PBS or 
IGP buffer was used as a negative control and 1 % sodium 
dodecyl sulfate (SDS) in PBS or IGP buffer was used as 
a positive control. The percentages of hemolysis were cal-
culated by: [(A405nm sample  −  A405nm negative control)/
(A405nm positive control − A405nm negative control)] × 100. 
At least three independent experiments were performed.

Killing kinetics of Shep Ia against C. albicans

A suspension of C. albicans MDM8 cells in exponential 
growth (2.5 × 104 CFU/mL) were incubated with 62.5 μM 
Shep Ia (5 MIC) for different time intervals (0, 10, 20, 30, 
60, 120, and 240 min). Samples were then removed, seri-
ally diluted with PDB, and plated in Sabouraud agar. After 
incubation of the plates at 30 °C for 24 h, colony forming 
units (CFU) were counted. Three independent experiments 
were performed. Similar experiments were performed 
using C. albicans ATCC 90028 and Shep Ia at MIC and 2 
MIC.

Membrane permeability assay

A suspension of C. albicans MDM8 cells in exponential 
growth (2 ×  106 CFU/mL) was incubated with 12.5  μM 
Shep Ia (MIC) for 60 min at 37 °C. Subsequently, the cells 
were treated with the Live/Dead BacLigth viability kit 
(mixture of SYTO® 9 and propidium iodide dyes, Molecu-
lar Probes®, Life Technologies, USA) following the man-
ufacturer’s instructions. Identical profiles were verified in 
three independent experiments. The samples were mounted 
on polylysine-coated glass slides and analyzed using a 
Zeiss fluorescence microscopy Axiovert S100 (Carl Zeiss 
MicroImaging GmbH, Göttingen, Germany).

The assay employs SYTO® 9 (green fluorescence) dye, 
which is permeable to the intact membranes of viable cells, 
and propidium iodide (red fluorescence) dye, which is per-
meable to the damaged membranes of unviable cells. Water 
and isopropanol are used as negative and positive controls, 
respectively.

Confocal laser scanning microscopy

Candida cells were grown overnight at 37 °C in 3 mL of 
Sabouraud dextrose broth in a shaking incubator. The cells 

were diluted (1:100) in Sabouraud dextrose broth and incu-
bated for 4 h at 30 °C to enrich the population of exponen-
tially growing cells, and then the cells were adjusted to 
2 ×  106 CFU/mL. The cell suspension (200 µL, 2 ×  106 
CFU/mL) was incubated with 3.13 μM Fluo-Shep Ia (1x 
MIC) for 15 min at 30 °C, centrifuged for 5 min at 10,000g 
and 5 °C, and washed three times with PDB. Intracellular 
localization of Fluo-Shep Ia in Candida  cells  were  ana-
lyzed in a Carl Zeiss LSM 510 laser scanning confocal 
microscope (Carl Zeiss MicroImaging GmbH, Göttingen, 
Germany) equipped with an argon/krypton laser. At least 
three independent experiments were performed.

FACS analysis

C. albicans MDM8 cells were grown overnight at 37 °C in 
3 mL of Sabouraud dextrose broth (a solution with nutri-
ents) in a shaking incubator. The resulting suspension was 
diluted in Sabouraud dextrose broth (1:100; v/v) and incu-
bated for another 4  h at 30  °C to enrich the cell popula-
tion exponentially (to guarantee that the cells are at the 
log phase of growth). The suspension was centrifuged at 
10,000g and 5 °C for 5 min, washed three times with PDB 
(potato dextrose broth), and adjusted to 2 × 106 CFU/mL. 
The fluorescently labeled peptide Fluo-Shep Ia was added 
to 1 mL of cell suspension at 3.13 μM, a peptide concen-
tration previously determined to inhibit C. albicans MDM8 
cell growth. The new cell suspension (Fluo-Shep Ia  +  
C. albicans MDM8 cells) was incubated for 15 min at 0 °C 
or 30  °C (to determine the effect of temperature on pep-
tide penetration into the cells), in the absence or presence 
of 0.05 % NaN3 [to determine whether peptide penetration 
into the cells occurs with adenosine triphosphate (ATP) 
depletion; NaN3 is known to inhibit the last stage of cell 
respiration with ATP synthesis], or in various concentra-
tions of NaCl (4.28–34.25 mM; to determine the effect of 
salt concentration on peptide penetration into the cells). 
Next, the cells were centrifuged for 5 min at 10,000g and 
5  °C, washed three times with PDB, and suspended in 
1 mL of PBS for the detection and quantification of fluores-
cence. Indeed, cell fluorescence is expected to increase if 
Fluo-Shep Ia penetrates the cell. The quantification of cells 
with no uptake of Fluo-Shep Ia was performed by calculat-
ing the percentages of events (cells) in the M1 marker. The 
M1 marker indicates negative events and the M2 marker 
indicates positive events. Internalization of Fluo-Shep Ia 
was determined using a Cytomics FC500 flow cytometry 
system (Beckman Coulter Inc., CA, USA).

Circular dichroism (CD) spectroscopy

Circular dichroism (CD) spectra were acquired on a Jasco 
J-710 spectropolarimeter using a quartz cell with 0.5-mm 
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path length. A peptide concentration of 100 µM and three 
different environments were used: 10  mM phosphate-
borate-citrate (PBC) buffer, pH 5.0, and 60 % trifluoroeth-
anol (TFE), or 20  mM SDS in 10  mM PBC, pH 5.0. All 
spectra were derived from eight scans per sample recorded 
at 22 °C, measured between 190 and 260 nm, and obtained 
by subtracting the spectra of the buffer with or without TFE 
and SDS, respectively.

Results

Sequence analysis of the deduced amino acid sequences 
of the shep‑grp gene

The deduced amino acid sequences of the shep-grp gene 
(Genbank accession number AAG09424), named Shep-
GRP, encodes a single polypeptide composed by: (1) 
a N-terminal putative signal peptide sequence, (2) the 
antimicrobial shepherins sequences Shep I (GYGGHG 
GHGGHGGHGGHGGHGHGGGGHG) and Shep II 
(GYHGGHGGHGGGYNGGGGHGGHGGGYNGGGHH 
GGGGHG) separated by a dipeptide, and (3) a C-terminal  
peptide (Park et  al. 2000). The comparison of the Shep-
GRP sequence with sequences available in the non-
redundant database at NCBI using PSI-BLAST showed 
that, according to the N-terminal putative signal peptide 
sequence, this peptide belongs to the GRP superfam-
ily (pfam07172). This family contains GRPs, induced in 
response to various stresses, as well as nodulins 16 and 24, 
found in the peribacteroid membrane of root nodules that 
is an essential feature in symbioses with nitrogen-fixing 
bacteria (Finn et al. 2008).

Shep-GRP shares 79 and 81 % identity with a hypotheti-
cal GRP from Arabidopsis lyrata and with AtGRP9 from 
Arabidopsis thaliana, respectively (Fig. 1).

Peptide design, synthesis and antimicrobial activity

To elucidate the minimal structure required for the antimi-
crobial activity of Shep I, we synthesized it and a series of 
carboxyl-free and carboxyamidated analogues, including 
truncated ones (Table  1). These compounds would allow 
us to examine the importance of the GGH repeats, of the 
N-terminal dipeptide G1Y2, and of the C-terminal octa-
peptide (G21HGGGGHG28) on the antimicrobial activity. 
The overall purities were higher than 95 % and the molar 
masses were in perfect agreement with those expected 
(Supplemental material, Fig. S1). Peptide contents of the 
purified peptides were considered for the bioassays.

Shep I was inactive against Gram-positive bacteria 
(Staphylococcus aureus ATCC 6538, Micrococcus luteus 
A270, Enterococcus faecalis ATCC 19433) and active 
against fungi (C. albicans MDM8, C. albicans ATCC 90028, 
C. albicans HU 168 [fluconazole resistant], C. parapsilosis 
ATCC 22019, C. krusei ATCC 6258, C. tropicalis Squibb 
1600 and S. cerevisiae ATCC 2601), corroborating the work 
of Park et al. (2000). It was inactive against Gram-negative 
bacteria (E. coli SBS 363, Pseudomonas aeruginosa ATCC 
14502, Enterobacter cloacae K12, Serratia marcescens 
CDC 4124) and filamentous fungi (Aspergillus flavus NCPF 
2199 and Aspergillus fumigatus NCPF 2109) up to 100 µM. 
Peptide Hb40-61a (an amidated fragment 40-61 of bovine 
α-hemoglobin; Sforça et  al., 2005) was also tested against 
some of these bacteria strains and showed to be active.

The results obtained with the Candida strains used are 
listed in Table  2, which also shows the results obtained 
with melittin (a well-known antimicrobial peptide) and 
amphotericin B (a commercial non-peptide antifungal 
drug), both used as controls in the tests against C. albicans 
ATCC 90028. As can be seen in the table, the decrease in 
Shep I antifungal activity caused by the deletion of the two 
amino acids at the N-terminal end was more evident for  

Fig. 1   Amino acid sequence alignment of Shep-GRP with other 
GRP proteins. The deduced amino acid sequence of the shep-grp 
gene, named Shep-GRP and containing Shep I and Shep II, was 
aligned with GRP9 from Arabidopsis thaliana (AtGRP9, NCBI ref-
erence sequence NP_001031332.1) and a hypothetical GRP from 

Arabidopsis lyrata lyrata (ARALYDRAFT, NCBI reference sequence 
XP_002883695) using the MUSCLE program (http://www.ebi.ac.uk/
Tools/msa/muscle/). Identical amino acid residues are indicated as 
black boxes, whereas similar amino acids are indicated as gray boxes

http://www.ebi.ac.uk/Tools/msa/muscle/
http://www.ebi.ac.uk/Tools/msa/muscle/
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C. albicans ATCC 90028 and C. albicans HU 168 (fourfold), 
and for C. krusei ATCC 6258 than for C. albicans MDM8, 
C. tropicalis Squibb 1600, and S. cerevisiae ATCC 2601 
(twofold). A similar effect was observed for C-terminal-end 
truncation of Shep I.

Regarding the analogues related to the central portion of 
the molecule, those encompassing four and five of the six 
repeats of Shep I’s GGH motifs (Shep I [6-20] and Shep I 
[9-20]) inhibited the growth of C. parapsilosis ATCC 22019 
and C. tropicalis Squibb 1600. However, these peptides 
and those containing one to three of such motifs (Shep I 
[18-20]–Shep I [12-20]) were completely inactive against 
C. albicans MDM8, C. albicans ATCC 90028, C. albicans 
HU168, C. parapsilosis ATCC 22019, C. krusei ATCC 
6258, C. tropicalis Squibb 1600, and S. cerevisiae ATCC 
2601 (MIC  >100  μM). On the other hand, the analogue 
containing six GGH-motif repeats (Shep I [3-20]) was active 
against C. albicans MDM8, C. parapsilosis ATCC 22019, 
C. tropicalis Squibb 1600, and S. cerevisiae ATCC 2601.

Although the carboxyamidation of Shep I (to give Shep 
Ia) did not significantly affect its antifungal activity, car-
boxyamidation of the truncated analogues Shep I (3-28) 
and Shep I (6-28)—to give Shep I (3-28)a and Shep I 
(6-28a—significantly enhanced their activities. In fact, 
these two amidated truncated analogues were as active as 
Shep I and Shep Ia, so they are able to mimic Shep I.

Effect of ionic strength on antifungal activity

The assays performed with the carboxyamidated analogues 
Shep Ia, Shep I (3-28)a, and Shep I (6-28)a, and with the 
carboxyl-free analogues Shep I (3-28), Shep I (1-20), and 

Shep I (3-20) against C. albicans MDM8 in the absence 
or presence of NaCl (4.3–137.0 mM) revealed the follow-
ing results. At 4.3 mM NaCl, the antifungal activity of the 
carboxyl-free analogues was fully inhibited, and that of 
Shep I (3-28)a or Shep I (6-28)a was reduced (two or four-
fold, respectively). At 17.1 mM NaCl, Shep Ia and Shep I 
(3-28)a were four and eightfold less active, respectively, 
and Shep I (6-28)a was inactive. At 34.3 mM NaCl or at 
higher salt concentrations, no analogue tested was active 
(Table 3).

Effect of ZnCl2 concentration on antifungal activity

Evaluation of the antifungal activity of Shep Ia against 
C. albicans MDM8 in the absence and presence of vari-
ous concentrations of ZnCl2 (5–100  μM) showed that 
antifungal activity increases fourfold in 5 μM ZnCl2 and 
eightfold at concentrations ≥10 μM ZnCl2. Therefore, we 
used 10 μM in the next experiments with Shep I, the car-
boxyamidated analogues, C. albicans MDM8, C. albicans 
ATCC 90028, and C. albicans HU168.

As shown in Table  4, the presence of Zn2+ greatly 
enhanced the activity of Shep Ia against C. albicans 
MDM8, C. albicans HU168 (eightfold), and C. albicans 
ATCC 90028 (twofold), as well as that of Shep I, Shep I 
(3-28)a, and Shep I (6-28)a against C. albicans MDM8 and  
C. albicans HU168 (fourfold).

Hemolytic activity

When Shep Ia and its truncated analogues Shep I (3-28)
a and Shep I (6-28)a were tested for their toxicity against 

Table 2   Anticandidal activity of Shep I and its synthetic analogues in low-ionic-strength PDB medium

The anticandidal activity was measured by liquid growth inhibition assay. The minimal inhibitory concentration (MIC) was defined as the lowest 
concentration that inhibited the visible microbial growth
a   Partial inhibition. MICs for melittin and amphotericin B against C. albicans ATCC 90028 were 25.0 and 1.1–2.2 µM, respectively

Peptide MIC (μM)

C. albicans 
MDM8

C. albicans 
ATCC 90028

C. albicans HU 168 C. parapsilosis 
ATCC 22019

C. krusei ATCC 
6258

C. tropicalis 
Squibb 1600

S. cerevisiae 
ATCC 2601

Shep I 12.5 25.0 25.0 6.25 50.0 1.56 12.5

Shep I (3-28) 25.0 >100.0a 100.0 6.25 >100.0 3.13 25.0

Shep I (1-20) 50.0 >100.0 >100.0 12.5 >100.0 3.13 50.0

Shep I (3-20) 100.0 >100.0 >100.0 12.5 >100.0 6.25 50.0

Shep I (6-20) >100.0 >100.0 >100.0 25.0 >100.0 25.0 >100.0

Shep I (9-20) >100.0 >100.0 >100.0 100.0 >100.0 100.0 >100.0

Shep I (12-20) >100.0 >100.0 >100.0 >100.0 >100.0 >100.0 >100.0

Shep I (15-20) >100.0 >100.0 >100.0 >100.0 >100.0 >100.0 >100.0

Shep I (18-20) >100.0 >100.0 >100.0 >100.0 >100.0 >100.0 >100.0

Shep Ia 12.5 12.5 25.0 6.25 25.0 1.56 6.25

Shep I (3-28)a 12.5 25.0 25.0 6.25 50.0 1.56 6.25

Shep I (6-28)a 12.5 >100.0a 50.0 6.25 100.0 1.56 12.5
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human erythrocytes in PBS (high ionic strength) and in 
IGP buffer (low ionic strength), the carboxyamidated ana-
logues caused no hemolysis in PBS buffer. In IGP buffer, 
Shep I (3-28)a and Shep I (6-28)a were not hemolytic, but 
Shep Ia produced 18 % hemolysis at 100 μM (concentra-
tion equivalent to 8 MIC against C. albicans MDM8). For 
details, see Fig. S2 in Supplemental Material.

Killing kinetics of Shep Ia in C. albicans

When Shep Ia was incubated for different time intervals 
with C. albicans MDM8 at 5 MIC (62.5  μM), it killed 
98  % of the cells in 10  min. No CFUs were detected in 
30  min of incubation (see Fig S3 in Supplemental Mate-
rial). When the same experiment was done with Shep Ia at 
its MIC or 2 × MIC using C. albicans ATCC 90028, the 
peptide was able to inhibit cell growth at 12.5 µM (MIC) 
and kill all cells in 4 h at 25.0 µM (2 MIC).

Live/dead cell viability assay

C. albicans MDM8 cells treated with 12.5 μM Shep Ia (1x 
MIC) for 1 h did not present considerable red fluorescence, 
indicating that Shep Ia did not permeabilize C. albicans 
cell membranes (Fig. 2).

Fluo‑Shep Ia cell internalization

When tested against C. albicans MDM8, C. albicans ATCC 
90028 and C. parapsilosis ATCC 22019, Fluo-Shep Ia 

was four  and twofold more active (MIC of 3.13 μM  and 
12.5  μM) and twofold less active (MIC of 12.5  μM) 
than Shep Ia, respectively. When exponential-phase Can-
dida cells (2 × 106 CFU/mL) suspended in PDB were incu-
bated with the fluorescently labeled analogue for 15 min at 
37 °C, we observed a granular intracellular staining pattern, 
indicative of cellular internalization (Fig.  3), that was not 
observed when Fluo was used as control.

Blocking respiration using mitochondrial inhibitors for 
1.5 h did not influence the viability of C. albicans (Helm-
erhorst et al. 1999a). When Fluo-Shep Ia was added at its 
MIC (3.13  μM) to the resulting suspension and incuba-
tion was continued for 15 min, the cells incubated at 0 °C 
or with NaN3 showed 50 and 90  % lower peptide uptake 
(Fig. 4), respectively, indicating that the internalization pro-
cess is temperature- and energy-dependent.

Peptide uptake by the fungal cells was not affected in 
34.25 mM NaCl, so it seems that the hydrophobic nature of 
Fluo makes the fluorescently labeled analogue less sensi-
tive to ionic strength changes.

Circular dichroism spectra of Shep Ia

The spectra of Shep Ia in 10 mM PBC buffer, pH 5.0, 60 % 
TFE, or 20 mM SDS in 10 mM PBC, pH 5.0, are shown 
in Fig. 5. Interestingly, although most peptides in aqueous 
solution display spectra with an intense minimum around 
195 nm (Yang et al. 1986) that indicate an unordered con-
formation due to the fast equilibrium between various pos-
sible conformations, Shep Ia presented a low-intensity 

Table 3   Influence of salt 
concentration on activity of 
Shep I and analogues against  
C. albicans MDM8

The anticandidal activity 
assays employed different final 
concentrations (4.3–137 mM) of 
NaCl. As a control, C. albicans 
MDM8 cells were grown in 
the absence and presence of 
137 mM NaCl

Peptide NaCl in PDB medium

No salt 4.3 mM 8.6 mM 17.1 mM 34.3 mM 68.5 mM 137.0 mM

MIC (μM)

Shep Ia 12.5 12.5 25.0 50.0 >100.0 >100.0 >100.0

Shep I (3-28)a 12.5 25.0 50.0 100.0 >100.0 >100.0 >100.0

Shep I (6-28)a 12.5 50.0 100.0 >100.0 >100.0 >100.0 >100.0

Shep I (3-28) 25.0 >100.0 >100.0 >100.0 >100.0 >100.0 >100.0

Shep I (1-20) 50.0 >100.0 >100.0 >100.0 >100.0 >100.0 >100.0

Shep I (3-20) 100.0 >100.0 >100.0 >100.0 >100.0 >100.0 >100.0

Table 4   Antifungal activity of 
Shep Ia against Candida strains 
in the absence and presence of 
10 µM ZnCl2

The anticandidal activity was 
measured at 10 µM ZnCl2. As 
a control, C. albicans MDM8 
cells were grown in the absence 
and presence of 10 µM ZnCl2
a  Partial inhibition

Peptide MIC (μM)

C. albicans MDM8 C. albicans ATCC 90028 C. albicans HU 168

No Zn2+ Zn2+ No Zn2+ Zn2+ No Zn2+ Zn2+

Shep I 12.5 3.13 25 N.D. 25.0 6.25

Shep Ia 12.5 1.56 12.5 6.25 25.0 3.13

Shep I (3-28)a 12.5 3.13 25.0 25.0 25.0 6.25

Shep I (6-28)a 12.5 3.13 >100.0a >100.0a 50.0 12.5
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spectrum showing two bands with positive maxima cen-
tered at ca. 198 and 225 nm and a minimum centered at ca. 
212  nm. These features are suggestive of the presence of 
β-pleated sheets and β-turns.

Discussion

It is well-known that in plants, the three main families 
of proteins found in cell walls are glycine-rich proteins 
(GRPs; 60–70  % of glycine), extensins, and proline-rich 
proteins (Ringli et  al. 2001). Many GRPs or their encod-
ing genes and their respective subcellular localizations 
have already been described, so it is recognized that these 
proteins participate in central cellular processes. The fact 
that their expression is regulated by hormones, circadian 
rhythms, wounds, pathogen infection, and environmen-
tal stress (light, cold, salt, water) upholds their biological 
importance (Sachetto-Martins 2000; Ringli et al. 2001).

Despite the fact that Shep I is a glycine-rich AMP, there 
are no indications that this is part of the innate immune 
system of Capsella bursa-pastoris. In this study, analysis 
of the Shep-GRP amino acid sequence revealed that the 
N-terminal putative signal peptide is a conserved domain 
typical of the GRP superfamily (Finn et  al. 2008). Such 
conservation points out that Shep-GRP could have the 

same localization and/or functions of GRPs, an hypothesis 
that is strengthened here by the results obtained with PSI-
BLAST software, as they showed a high degree of identity 
between Shep-GRP and GRPs from Arabidopsis thaliana 
and Arabidopsis lyrata lyrata (Fig. 1). One example is the 
glycine-rich protein AtGRP9 (NCBI reference sequence 
NP_001031332.1) from A. thaliana, a salt stress-responsive 
protein expressed in root vascular tissue that interacts with 
AtCAD5, a major cinnamyl alcohol dehydrogenase (CAD) 
involved in lignin biosynthesis (Chen et  al. 2007). Since  
C. bursa-pastoris and A. thaliana belong to the family Bras-
sicaceae (Slotte et al. 2006), Shep I could also have a similar 
biological function and be a promiscuous peptide, such as 
those found in plant defense, e.g., defensins (antimicrobial  
action, plant development control, and response to zinc 
stress) and cyclotides (antimicrobial, antihelmintic, insec-
ticidal, and cytotoxic activities) (De Souza Cândido et  al. 
2011; Franco 2011). Promiscuous peptides are not only 
interesting for pharmaceutical purposes, but also for the 
development of agrochemicals, resistant transgenic plants, 
cosmetics, and other products (Franco 2011).

As previously reported (Remuzgo et al. 2009), stepwise 
solid-phase synthesis of glycine-rich peptides can be chal-
lenging because, depending on the protocols employed, the 
desired products are extensively contaminated with byprod-
ucts resulting from premature removal of the Fmoc-group 

Fig. 2   Membrane permeability assay. Exponential phase C. albicans 
MDM8 cells (2 × 106 CFU/mL) suspended in PDB were incubated 
for 60  min at 37  °C with Shep Ia (12.5  μM, MIC value). Subse-

quently, the cells were treated with SYTO® 9 e propidium iodide for 
15  min. Water and isopropanol were used as negative and positive 
controls, respectively



2582 C. Remuzgo et al.

1 3

from Fmoc-Gly used for the incorporation of Gly in the 
growing peptide under basic conditions. The Elimination of 
such byproducts by liquid chromatography is not always an 
easy task; the present work demonstrates that our protocols 
minimize their occurrence.

Once obtained, purified, and properly identified, our syn-
thetic Shep I and analogues were tested to examine the Shep 
I structure–activity relationship, a topic also not assessed 
previously. The Clinical and Laboratory Standard Institute 
(CLSI) recommends the use of dilution methods for the cell 
susceptibility test because they are more reproducible com-
pared to diffusion methods in agar plates (CLSI 2008). Our 
liquid growth inhibition assays employed low-salt concen-
trations (as often do other authors when performing similar 
studies of cationic AMPs) to avoid competition with Na+ 
ions for the interaction with the negatively charged groups 
of the cell wall and plasma membrane and, consequently, to 
allow observation of the effects of carboxyamidation and/or 

truncations on the potency and selectivity of Shep I (which 
would not be detected in high-ionic-strength conditions, 
such as those used in the CLSI or EUCAST microdilution 
methods). Melittin, Hb40-61a, and amphotericin B were 
used as controls.

When comparing our results with those found by 
Park et  al. (2000), who first reported Shep I, we noted 
that ours agree with theirs, as our synthetic peptide and 
some analogues were active against C. albicans MDM8, 
C. albicans ATCC 90028, fluconazole-resistant C. albi-
cans HU168, and other three Candida species involved 
in candidiasis (C. parapsilosis ATCC 22019, C. krusei 
ATCC 6258, and C. tropicalis Squibb 1600). However, 
none of the synthetic peptides acted on Gram-negative 
bacteria and mycelial fungi, which seems related to pro-
tocol differences (indeed, they used agar-plate assay, and 
MIC is strictly dependent on the method, pH, and micro-
organism strains used [Hoffman and Pfaller 2001]). Also 

Fig. 3   Intracellular distribution of Fluo-Shep Ia as examined by 
confocal laser microscopy. Exponential phase C. albicans MDM8,  
C. albicans  ATCC 90028 and  C. parapsilosis  ATCC 22019 cells 

(2  ×  106 CFU/mL) suspended in PDB were incubated for 15  min 
with Fluo-Shep Ia (MIC value: 3.13  μM, 12.5  μM and 12.5  μM, 
respectively)
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in opposition to Park et al. (2000) observations, antifun-
gal activity was affected by the simultaneous truncation 
of N- and C-terminal portions, indicating that: (1) the 
N-terminal dipeptide is of some importance to antifun-
gal activity, and (2) the C-terminal end, Gly21-Gly28, is 

essential for the expression of antifungal activity. The 
difference in susceptibility of the Candida and Saccha-
romyces strains to Shep I and analogues found in this 
study may reflect a different interaction of these com-
pounds with the cellular target (Hoffman and Pfaller 
2001; Fitzgerald 2003).

The carboxyamidated analogue of Shep I, Shep Ia, was 
shown to be less salt-sensitive than Shep I, considerably 
more active if 10  μM ZnCl2 was present, equipotent to 
Shep I (3-28)a against Candida strains, and twofold more 
active against S. cerevisiae, thus corroborating previous 
descriptions that carboxyamidation of AMPs may affect 
their properties due to overall positive charge increase and/
or stabilization of active conformation (Kim et  al. 2011; 
Machado et  al. 2007). In fact, among many other exam-
ples are the following: (1) carboxyamidated PMAP-23, a 
cathelicidin family AMP, crosses external and internal cel-
lular membranes of Escherichia coli, while free-carboxyl 
PMAP-23 only crosses the external cellular membrane 
(Kim et al. 2011); (2) amidated α-chain hemoglobin frag-
ments 33–61 and 40–61 are fourfold more active against 
Candida albicans than the original ones (Machado et  al. 
2007). Thus, Shep Ia was mostly used in the next steps of 
the present investigation.

Fig. 4   Influence of low tem-
perature (0 °C), ATP depletion, 
and presence of salt (34.25 mM) 
on cell uptake of Fluo-Shep Ia 
is shown. Exponential phase C. 
albicans MDM8 cells (2 × 106 
CFU/mL) suspended in PDB 
were incubated with Fluo-Shep 
I (3.13 μM, MIC value) at 
0 °C and 37 °C in the absence 
or presence of 0.05 % NaN3 
or 34.25 mM NaCl. The cells 
examined for the effect of low 
temperature and ATP depletion 
were pre-incubated for 30 min 
at 0 °C and in the presence of 
NaN3, respectively

Fig. 5   CD spectra of Shep Ia. Spectra were recorded in three envi-
ronments: 10  mM phosphate-borate-citrate buffer (PBC, solid line), 
pH 5.0, and 60  % trifluoroethanol (TFE, open circle), or 20  mM 
sodium dodecyl sulfate (SDS, closed circle) in 10 mM PBC, pH 5.0. 
Peptide concentration was 100 µM
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Our data also corroborate previous reports that the anti-
microbial activity and/or ability of some AMPs to perme-
abilize or cross microbial cell membranes are affected by 
the presence of divalent cations, such as Mg2+ and Ca2+ 
(at physiological concentrations), and monovalent cations, 
such as Na+ and K+ (~100 mM). It must be mentioned that 
even though those reports raise the idea that only peptides 
that are able to directly kill microbes under physiological 
conditions where salt concentration is high should be called 
“antimicrobial peptides” and studied (Hancock and Sahl 
2006), salt-sensitive AMPs have continued to be a topic 
of increasing interest because: (1) little is known about 
the conformation features that determine insensitivity to 
salt, and (2) applications exist with vehicles at low-ionic 
strength, e.g., topical administration, food preservatives, 
freshwater aquaculture, etc. (Kumar Sinha et al. 2009). As 
another example, the binding, internalization, and candi-
dacidal activity of histatin-3, a histidine-rich peptide like 
Shep I and its analogues described here, are enhanced in 
low-ionic strength conditions (Oppenheim et al. 2012).

It was not surprising to find out that 10 µM ZnCl2 poten-
tiates the activity of Shep I and Shep Ia against C. albicans 
MDM8 and C. albicans HU168 (the last being a flucona-
zole-resistant strain), and also makes -Shep Ia and Shep I 
(3-28)a active against C. albicans ATCC 90028, because 
it is known that Zn2+ increases the antimicrobial activ-
ity of some His-rich peptides and proteins, and that pep-
tide sequences with the conserved zinc binding motif of 
zinc-endopeptidases (HEXXHXXGXXH) coordinate this 
divalent metal ion with the histidines of their structures 
(Rydengard et al. 2006). Antifungal assays were also done 
in presence of Zn2+ ions. Besides, this divalent metal ion is 
an essential micronutrient, a component of more than 300 
enzymes and an even greater number of proteins, is more 
abundant in the tissues compared to copper (8:1), and is 
considered relatively non-toxic to humans compared with 
other metals including copper (Plum et  al. 2010). There-
fore, the positive effect of Zn2+ ions on the antifungal 
activity of Shep Ia seems to be the result of peptide coor-
dination with it and the consequent stabilization of struc-
tures needed for an effective interaction with the negatively 
charged compounds involved in antifungal activity trigger-
ing (Rydengard et al. 2006), a topic that is under investiga-
tion in our laboratories.

Since in high-ionic-strength buffer, such as phosphate-
buffered saline, the true erythrocyte toxicity of salt-sensi-
tive AMPs can be masked, Shep I, Shep Ia, Shep I (3-28)
a, and Shep I (6-28)a were also tested in isotonic glucose 
buffer (Helmerhorst et  al. 1999b) and confirmed to have 
low hemolytic activity. The fact that Shep Ia also displayed 
candidacidal activity highlights its therapeutic potential.

Usually, the mechanism of action of the cationic AMPs 
includes insertion into the membrane, triggering disruption 

of lipid bilayer physical integrity, membrane thinning/
formation of transient pores that induce the permeabiliza-
tion of cell membranes, or even the translocation of pep-
tides across membranes/action on internal targets (Hancock 
and Sahl 2006). The results of the Live/Dead cell viabil-
ity assay described here, in which cells with impermeable 
membranes are stained only with SYTO® 9 (green fluo-
rescence) and cells with permeable membranes are stained 
with SYTO® 9 and propidium iodide (red fluorescence), 
indicate that Shep Ia does not permeabilize C. albicans cell 
membranes.

Aiming to verify Shep Ia distribution in the yeast cells, 
its fluorescently labeled analogue Fluo-Shep Ia was also 
successfully synthesized at 60  °C. Probably due to the 
structural changes caused by the insertion of the hydropho-
bic motif (Szeto et al. 2005), this analogue was more active 
than Shep Ia. Since the activity of Shep Ia against C. albi-
cans was suppressed at NaCl concentrations ≥34.25 mM, 
the internalization of Fluo-Shep Ia in C. albicans cells 
suspended in PDB containing 4.28–34.25  mM NaCl was 
investigated and proved. The results demonstrating Shep Ia 
internalization in C. albicans cells took place in an energy- 
and temperature-dependent manner that suggested cellular 
metabolic processes similar to endocytosis. The granular 
staining pattern obtained pointed out that a specific orga-
nelle, possibly a vacuole, is its target (mitochondria were 
discarded using a Mitotracker orange CMTMRos, a cell-
permeant mitochondrion-selective dye; data not shown).

Other histidine-rich antimicrobial peptides, such as 
tenecin-3, histatin-5, and the histidine-rich cell penetrat-
ing peptides (CPPs) LAH4 and H5WYG are internalized 
via endocytosis (Kim et al. 2001; Kumar et al. 2011; Bech-
inger 2013). In mammalian cells, this process takes place 
via peptide binding to the cell membrane through a non-
specific electrostatic interaction, probably with heparin sul-
fate proteoglycans. After peptide internalization, the endo-
some is acidified and the peptide net charge is enhanced, 
causing destabilization of internal membranes and leading 
to disruption of the endosome and peptide release in the 
cytoplasm (Bechinger 2013). Like mammalian cells, yeasts 
have a receptor-mediated endocytosis pathway; their cell 
walls have other polysaccharides such as mannan, lamina-
rin (β-1,3-glucan), sialic acid, and pustulan (β-1,6-glucan) 
(Jang et  al. 2010). Since the binding of histatin-5 to C. 
albicans is mediated by laminarin, and its internalization 
occurs by both translocation and endocytosis (Jang et  al. 
2010), the mechanisms of action of Shep I and Shep Ia may 
be similar.

To date, practically nothing is known about the second-
ary structure of GRPs. A few reports indicate that glycine-
rich domains have β-pleated sheet structures, but this is 
based on models obtained from secondary structure predic-
tion programs and hydropathy profiles (Sachetto-Martins 
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2000; Ringli et al. 2001). As is expected for highly repeti-
tive sequences that hinder the assignment of spectral fre-
quencies, all attempts to investigate the Shep Ia structure 
by NMR failed (data not shown). Conversely, the CD 
spectra observed for Shep Ia are similar to those of cyclic 
AMPs containing disulfide bridges such as tachyplesin 
(Rao 1999), as well as the CD spectra of muscarinic toxin 
7, which has a three-finger fold structure comprising five 
β-strands forming a twisted β-sheet (Fruchart-Gaillard 
et  al. 2012). Nevertheless, data in the literature indicate 
that Gly residues are frequently present in β-turns, usually 
at position 3 (Falcomer et  al. 1992). Thus, although Shep 
Ia is a linear peptide, the high glycine content probably 
exerts a strong influence on the peptide conformation, lead-
ing to the formation of β-turns even in aqueous solution. 
This is in agreement with conformation predictions making 
use of programs (Geourjon and Deleage 1995) that point 
to the propensity of turn formation in Shep Ia, especially 
in the C-terminal portion of the peptide. In the presence of 
TFE or SDS, the positive maximum became much more 
intense and was shifted to a lower wavelength (ca. 195 nm), 
suggesting stabilization of the β-pleated sheet(s). How-
ever, while the second, less intense maximum was slightly 
shifted to ca. 226 nm in the presence of SDS micelles, in 
60  % TFE this band was centered at ca. 222, suggesting 
that (slightly) different conformations were stabilized in 
both media.

In summary, Shep Ia is highly active against S. cerevi-
siae and Candida strains (including fluconazole-resistant 
C. albicans). Its effectiveness is reduced at high ionic 
strength, but potentiated by Zn2+ ions. Shep Ia also kills 
those cells without displaying high hemolytic activity; the 
truncated analogue Shep I (6-28)a seems to be its mini-
mally active portion. Our preliminary results suggest that 
the mechanism of action of Shep Ia in C. albicans includes 
cell internalization in a temperature- and metabolic energy-
dependent process, as well as interaction with an intracel-
lular target. Therefore, we believe that our study is a step 
forward in the search for a better understanding of the 
chemistry and biology of glycine- and histidine-rich AMPs. 
Furthermore, it contributes to the field of solid-phase pep-
tide synthesis at high temperature.
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