Journal of Peptide Science
dJ. Pept. Sci. 2008; 14: 670-682

Published online 29 November 2007 in Wiley InterScience (www.interscience.wiley.com). DOI: 10.1002/psc.967

JOURNAL OF
PEPTIDE SCIENCE

Mapping the peptide and protein immune response in the
larvae of the fleshfly Sarcophaga bullata

ALICE CIENCIALOVA TEREZA NEUBAUEROVA,® MILOSLAV SANDA,® RADEK SINDELKA,® JOSEF CVACKA,°
ZDENEK VOBURKA,® MILOS BUDESINSKY,* VACLAV KASICKA, PETRA SAZELOVA,® VERONIKA SOLINOVA ¢
MARTINA MACKOVA,® BOHUMIR KOUTEK® and JIRT JIRACEK®*

9 Institute of Organic Chemistry and Biochemistry, Academy of Sciences of the Czech Republic, Flemingovo ndm. 2, 166 10 Praha 6, Czech

Republic

B |nstitute of Chemical Technology Prague, Faculty of Food and Biochemical Technology, Technicka 5, 166 28 Praha 6, Czech Republic
¢ Institute of Molecular Genetics, Academy of Sciences of the Czech Republic, Videriska 1083, 14220 Praha 4, Czech Republic

Received 13 July 2007; Revised 25 September 2007; Accepted 30 September 2007

Abstract: We chose the larvae of fleshfly Sarcophaga bullata to map the peptide and protein immune response. The hemolymph
of the third-instar larvae of S. bullata was used for isolation. The larvae were injected with bacterial suspension to induce
an antimicrobial response. The hemolymph was separated into crude fractions, which were subdivided by RP-HPLC, gel
electrophoresis, and free-flow electrophoresis. In several fractions, we determined significant antimicrobial activities against the
pathogenic bacteria Escherichia coli, Staphylococcus aureus, or Pseudomonas aeruginosa. Among antimicrobially active compounds
we identified dipeptide g-alanyl- L-tyrosine, protein transferrin, and two variants of peptide sapecin. We also partially characterized
two novel antimicrobially active polypeptides; odorant-binding protein 99b, and a peptide which remains unidentified. Copyright
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INTRODUCTION

Disease-causing microbes resistant to drug therapy
are an increasing public health problem. Tuberculosis,
gonorrhea, and childhood ear infections are just a
few examples of diseases that have become difficult to
treat with antibiotics. The World Health Organization
(WHO, Geneva) estimates that 1500 people die each
hour from an infectious disease, half of these being
children under 5 years of age. Today, nosocomial
infections affect over 2 million patients annually in
the USA, at a cost in excess of $4.5 billion [1]. The
growing problem of microbial resistance to conventional
antibiotics and the need for new antibiotics, especially
with new mechanisms of action, has stimulated interest
in the development of antimicrobial peptides as human
therapeutics [2,3].

Peptides and polypeptides with antimicrobial activity
can be classified on the basis of their biochemical
and structural features, the largest group of which
concerns the so-called cationic peptides, which are
widely distributed in plants, animals and bacteria
[4]. Currently, more than 1000 naturally occurring
antimicrobial peptides are known [5-7] and are
typically positively-charged and composed of 10-40
amino acids, approximately 50% of which consists
of hydrophobic residues. These properties confer
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their amphipathic character [6]. Cationic peptides are
grouped into three families on the basis of their
secondary structure: (i) linear peptides with an «-
helical conformation (cecropins) [8], (ii) cyclic and
open-ended cyclic peptides with pairs of cysteine
residues (defensins) [9-11], and (iii) peptides with over-
representation of amino acid proline (pyrrhocoricin)
[12-14] or glycine (attacin) [1].

Three other classes of antimicrobial peptides have
been recently isolated from different invertebrate and
vertebrate species: anionic peptides, aromatic dipep-
tides, and peptides derived from oxygen-binding pro-
teins [4]. The anionic peptides are generally isolated
from mammalian epithelia (e.g. enkelytin) [15], pep-
tide B [16], or aspartic acid-rich peptides [17]. The
aromatic dipeptides consist of low molecular weight
compounds such as N-g-alanyl-5-S-glutathionyl-3,4-
dihydroxyphenylalanine identified in fleshfly Sar-
cophaga peregrina [18] and p-hydroxycinnamaldehyde
that was isolated from the saw fly Acantholyda parii
[19]. The dipeptide pB-alanyl-tyrosine with modest
antimicrobial activity has been constitutively found
in the fleshfly Neobellieria bullata [20]. Hemocyanin
derivatives, the peptides derived from oxygen-binding
proteins, were recently isolated from the hemolymph
of arthropods. The proteolyzed form of vertebrate
hemoglobin with antimicrobial activity was detected in
the tick Boophilus microplus [21].

There are different modes of action of antimicro-
bial peptides. The majority of cationic antimicrobial
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peptides is known to selectively target the negatively
charged lipid bilayer of bacterial cells [22,23] and do not
interact with the outer membrane of mammalian cells,
which is zwitterionic. Nevertheless, the membrane per-
meabilization alone appears insufficient to cause cell
death [24,25]. Other events such as membrane dys-
function, inhibition of synthesis of extracellular biopoly-
mers [26,27], or inhibition of intracellular processes are
necessary for an effective antimicrobial activity. Alter-
natively, antimicrobial peptides can serve to control
proteinases involved in inflammatory processes. Exam-
ples include the inhibition of furin by histatin 3 [28]
or inhibition of cathepsin L by probactenecin 5 from
bovine neutrophils [29].

Microbiological and biophysical studies typically
examine biological activities of individual antimicrobial
peptides to minimize experimental variability. However,
as it inevitably occurs in nature, antimicrobial peptides
may interact simultaneously with microbial pathogens
in a variety of settings, including complex mixtures of
peptides within phagolysosomes or in the extracellular
milieu. In 2001, Yan and Hancock demonstrated that
various antimicrobial peptides function synergistically
with lysozyme in vitro [30].

Insects are the largest and the most diverse group
of animals living on earth [31]. Approximately 800 000
insect species, about 80% of all the animal species
known to date, have been identified and classified [32].
Insects are usually exposed to a wide range of microbes
throughout their life cycle and some insect species
feed on animal tissues or excrements infected with
microorganisms and parasites. The amazing diversity
and evolutionary success of insects argue for an
effective system of defense against microbes [33].
Insects have evolved powerful defense systems based
on an innate immunity that relies mainly on the
synthesis of proteins, peptides, as well as small organic
molecules. Thus, insects may represent a unique and
vast source of novel potential therapeutics [31]. The
diversity of amino acid sequences is so large that the
same peptides are rarely recovered from two different
species of an animal, even those that are closely related.
The diversity may reflect the species’ adaptation to the
unique microbial environment [2,32].

In insects, rapid humoral response reactions are
triggered by wound or microbial infection. The most
immediate response occurs within minutes and con-
sists of the activation of prophenoloxidase activating
enzyme (PPAE) that converts prophenoloxidase to phe-
noloxidase [33]. Phenoloxidase is an enzyme involved in
melanin biosynthesis and is also important in cuticular
sclerotization, wound healing, and in the encapsula-
tion of foreign material [34,35]. The humoral response
includes the production of lectins and rapid de novo
synthesis of antimicrobial peptides by the fat body, the
functional homologue of the mammalian liver, and by
the hemocytes [36,37]. Studies on Drosophila mutants
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revealed that Toll and Imd pathways control the synthe-
sis of specific gene-encoded antimicrobial peptides. The
Toll pathway is activated by and against Gram-positive
bacteria and fungi. The Imd pathway governs defense
reactions against Gram-negative bacteria [38-41].

We have chosen larvae of fleshfly Sarcophaga bullata
to map the immune response and for the isolation
and characterization of new antimicrobial compounds.
The larval development in the fleshfly proceeds in
three larval instars. The female deposits live larvae
that moult into the second instar in about 18-24 h
and into the third instar 40-48 h after larviposition.
Most of the feeding is done during the third instar,
which lasts approximately 3-4 days [42]. For our
experiments we used larvae hemolymph, the body
fluid where antimicrobial compounds are secreted
and accumulated [43]. Hemolymph was obtained from
wandering third-instar larvae, i.e. larvae that left the
food and sought for dry places to pupariate. In this
study we present two different isolation protocols,
which resulted in the identification of several previously
known as well as two novel antimicrobial proteins.

MATERIALS AND METHODS

Fleshfly Larvae

S. bullata fleshflies were grown under laboratory conditions, as
previously described [44]. Briefly, 200-300 larvae specimens
of S. bullata were grown on beef liver in small open disposable
packets made from aluminium foil at 25 + 1°C.

Induction of Larvae by Bacterial Suspension and
Isolation of Larval Hemolymph

Before induction, larvae had been immobilized by chilling on
ice. Bacterial suspensions of Escherichia coli were injected into
the abdomen of the larvae during their third-instar wandering
period using either a calibrated glass capillary with a finely
drawn tip or entomological pin. Bacteria used for induction
were cultivated in a Luria-Bertani broth at 37°C for 12 h
to the mid-exponential phase of growth and were at a final
concentration of 10° cfu/ml. After cultivation the cells were
centrifuged at 3000 g for 10 min and washed twice with 0.1 M
phosphate buffer pH 7.0. The cells were diluted in physiological
saline until the final absorbance was 1.5-1.8 at 550 nm. We
used intact larvae as a control to distinguish the immune
response.

Isolation of Larval Hemolymph

After 22 h of induction, the hemolymph from induced and
control larvae were collected on ice. The cells and debris were
removed by an initial centrifugation for 10 min at 1000 g and
4°C. The resulting supernatant was precipitated either by
four volumes of acidic methanol (90% methanol, 9% distilled
water, and 1% acetic acid, v/v/v) or by ammonium sulfate
(saturation to 70%). The precipitates were centrifuged for
30 min at 13000 g at 4°C.
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Chromabond C-18 Cartridges - Solid-Phase
Extraction

Supernatants resulting from either acidic methanol or
ammonium sulfate precipitation were divided into hydrophilic
and hydrophobic fractions using Chromabond C-18 cartridges
(Macherey-Nagel, Germany). Methanol was removed from the
supernatant by evaporation and the residue was dissolved in
0.1% v/v aqueous TFA. Chromabond C-18 cartridges were
activated by 80% v/v aqueous acetonitrile, rinsed with water
and the samples were loaded repeatedly. Hydrophilic fractions
were obtained using 0.1% TFA elution. Hydrophobic fractions
were eluted from cartridges by 80% aqueous acetonitrile. All
fractions were evaporated using a Speed-vac.

Reversed Phase-High Performance Liquid
Chromatography

Hydrophilic and hydrophobic fractions were further analyzed
and subdivided using RP-HPLC with apparatus Waters 600
and C-18 columns Vydac 218TP54 (250 x 4 mm, 5 um) or
Vydac 218TP54 (250 x 10 mm, 5 um). Elution was achieved
by a gradient with rising concentration of acetonitrile in water
in the presence of 0.1% TFA. Chromatograms were analyzed
using Empower software (Waters, USA) or DataApex Clarity
Lite software, (DataApex, Czech Republic).

Electrospray lonization Mass Spectrometry (ESI-MS)
for Identification of Low Molecular Weight
Compounds

Mass spectra of the isolated fractions and synthetic analogs
were recorded using a quadrupole orthogonal accelera-
tion time-of-flight tandem mass spectrometer Q-TOF Micro
(Waters). Samples dissolved in acetonitrile/0.2% formic acid
in water (1:1, v/v) were injected into the mobile phase of the
same composition at a flow rate of 20 pl/ min. The electrospray
ion source was operated in positive ion mode with capillary
voltage and cone voltage at 3500 and 20 V, respectively. Nitro-
gen was used as the cone gas (50 1/h) and desolvation gas
(150 1/h). The source and desolvation temperature was 80 and
150°C, respectively. In the MS mode, the collision energy was
set at 10 V; the value was increased, typically to 15-25 V, for
MS/MS experiments.

MALDI lonization Mass Spectrometry for
Determination of Relative Molecular Weight of
Proteins and Peptides

Mass spectra of individual fractions were measured by a
MALDI-TOF mass spectrometer REFLEX IV (Briiker-Daltonic)
equipped with Ny laser (337 nm). Mass spectra were acquired
in the linear mode with an acceleration voltage of 20 kV.
Sinapinic acid was used as the matrix.

Identification of Peptides and Proteins from
Proteolytic Digests by Mass Spectrometry Techniques

Selected protein or peptide bands from 1D-SDS PAGE were
cut, destained using 50% acetonitrile in 25 mm ammonium
bicarbonate buffer pH 7.8 or in 50 mMm 4-ethylmorpholine

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

acetate buffer pH 8.1 with 40 mm DTT, dehydrated with
200 ul of acetonitrile for 5 min at 30°C using a thermo
shaker (Eppendorf) at 30°C and then vacuum dried in
a Speed-vac (Labconco). Gel pieces were rehydrated and
proteins/peptides were digested with the Cleavage buffer 1
or 2 using the thermo shaker for 8 h at 37°C. Cleavage buffer
1 contained 30 ng/pl of enzyme in 50 mm 4-ethylmorpholine
acetate pH 8.1, 4% acetonitrile, and 0.01% S-mercaptoethanol.
Cleavage buffer 2 contained 30 ng/ul of enzyme in 25 mm
ammonium bicarbonate pH 7.8, 4% acetonitrile, and 0.01%
B-mercaptoethanol. Trypsin (Trypsin Gold Mass Spectrometry
Grade, Promega) or chymotrypsin (A-chymotrypsin sequencing
grade, Sigma) enzymes were used for the digestion of proteins
and peptides. After digestion, peptides were extracted from
gel pieces using a step-by-step extraction with a gradient of
acetonitrile (15-60% acetonitrile with 1% TFA). The extraction
was performed in a sonicator (Elmasonic) with ice.

Extracted peptides were desalted and concentrated with
Zip-Tip C18 tips (Millipore). Both MALDI-TOF-MS and tandem
ESI-MS were used to characterize the digests. The MALDI-TOF
spectrometer REFLEX IV (Bruker-Daltonics) was operated in
reflectron mode with an acceleration voltage of 20 kV. Samples
were prepared using alpha-cyano-4-hydroxycinnamic acid as
matrix. Mass spectrometer Q-TOF Micro (Waters—Micromass)
was equipped with a nanoelectrospray source and coupled
to 2D capillary chromatography CapLC (Waters). Chromato-
graphic separation was achieved using 1 cm symmetry 300 A
trap column and Atlantis dC18 (75 pm x 10 cm) capillary col-
umn. Data were processed by proteomic software Mascot
(MALD]) and Proteinlynx global server (LC-MS/MS). Swis-
sprot or Uniprot databases were searched to identify protein
sequences.

N-Terminal Sequencing

N-terminal amino acid sequences were determined using the
Procise-Protein Sequencing System (PE Applied Biosystems,
491 Protein Sequencer, program PL PVDF Protein).

Dodecyilsulfate-Polyacrylamide Gel Electrophoresis
(1D-SDS-PAGE)

Electrophoresis of isolated fractions was carried out either
in 20% polyacrylamide gel according to Laemmli [45] or by
Tricine-SDS-PAG electrophoresis by the method of Schagger
and Jagow [46] using the Mini-Protean 3 system (Biorad, USA).

Screening of Antimicrobial Activity

Antimicrobial activities of RP-HPLC-isolated fractions were
determined by measuring the bacterial growth using Bioscreen
C apparatus, a computer-controlled incubator evaluating
turbidity of the samples (Growth Curves LtD., Finland).
Turbidometric measurements were made kinetically during
the course of the 24-h run. This information was processed
to generate microbiological growth curves, plotting turbidity
versus time. The testing volumes were 165 and 330 pl. Growth
inhibition of the pathogens were evaluated using antimicrobial
activities of fractions from the decrease in absorbance during
growth curve measurements compared to growth of control
microorganisms incubated without peptide. Using serial
dilutions, the MIC was determined for some compounds.

J. Pept. Sci. 2008; 14: 670-682
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The MIC is defined as the lowest final concentration of the
compound at which no growth is observed during exponential
phase of the bacterial growth. The test microorganisms were
E. coli DBM 3001, Staphylococcus aureus DBM 3002 and
Pseudomonas aeruginosa DBM 3081.

Solid-Phase Peptide Synthesis of 8-Alanyl-Tyrosine
and Analogs

The synthetic analogs of p-alanyl-tyrosine were synthe-
sized by solid-phase methods using Fmoc/tBu strategy and
2-chlorotrityl or RinkAmide AM resin as polymeric sup-
ports. Couplings were performed using HBTU/DIPEA reagents
in 1-methyl-2-pyrrolidinone (NMP). N-acetylation was per-
formed with 5% acetanhydride and 1% DIPEA in NMP.
All dipeptides, B-alanyl-L-tyrosine, p-alanyl-pD-tyrosine, g-
alanyl-L-tyrosine-NHg, N-Ac-g-alanyl-L-tyrosine-NHg, and N-
Ac-g-alanyl-L-tyrosine were purified by RP-HPLC. The purities
of the dipeptides were more than 96% as determined by analyt-
ical RP-HPLC. All dipeptides were characterized by MS. Prior to
testing, the concentration of g-alanyl-tyrosine and its analogs
were determined by absorption of tyrosine at 276 nm using
the molar absorption coefficient 1420 M~ cm~!.

Synthesis of b-Fructopyranose-g-Alanyl-L-Tyrosine

D-fructopyranose-g-alanyl-L-tyrosine was synthesized accord-
ing to Mossine et al. [47]. Briefly, g-alanyl-L-tyrosine (20 mg,
7.9 umoles) and D(+)-Glucose (6 mg, 33 umoles) were added
to 10 ml of acetic acid in pyridine (1:1) and stirred at RT for
48 h. The reaction mixture was evaporated and the product
was isolated using RP-HPLC. The identity was confirmed with
MS, H, and '3C NMR.

Capillary Electrophoresis

Experimental details on capillary electrophoresis analyses and
chiral separations of crude isolated B-alanyl-tyrosine, and
the standards of B-alanyl-L(D)-tyrosine and its derivatives
will be published elsewhere (Solinova et al. manuscript in
preparation).

Free-Flow Electrophoresis

Preparative electrophoretic separations were performed in
a homemade free-flow electrophoretic apparatus equipped
with flow-through electrophoretic chamber composed of two
glass plates (500 x 500 x 4 mm) with a narrow gap (0.5 mm)
between them. The chamber was thermostated from both sides
by fast flowing low temperature air (—1°C). The separations
were performed in 0.5 M acetic acid at a flow rate of
250 ml/h, at separation voltage 3 kV, and current 125 maA.
The sample flow rate was 1.6 ml/h and the residence time
of the background electrolyte and sample in the chamber
was 31 min. The collected fractions were evaluated by off-line
UV-absorption measurements at 220 and 280 nm. Sample
concentration was 30 mg/ml [48].

NMR Spectrometry

'H and !3C NMR spectra of compounds g-alanyl-L-tyrosine-
OH and p-fructopyranose-g-alanyl-L-tyrosine were measured
on a Bruker AVANCE-500 NMR spectrometer (!H at 500 MHz;
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Table 1 Proton and carbon-13 NMR data of compound from
fraction M1b and g-p-fructopyranose-g-alanyl-L-tyrosine in
D2O. The NMR spectra of the pairs of native M1b (isolated)
and synthetic compound were identical

Proton 'H NMR Carbon 13C NMR
B-D-Fru-g- B-D-Fru-g-
Ala-L-Tyr-OH Ala-L-Tyr-OH
or M1b or M1b
H-1a 3.30d,J=12.8 C-1 55.86
H-1b 3.24d,J=12.8 C-2 98.04
H-3 3.72d,J =99 C-3 72.63
H-4 3.88dd, J=9.9, 3.4 C-4 72.08
H-5 4.00 m C-5 71.67
H-6a 4.00 m C-6 66.79
H-6b 3.76 dd, J = 13.1, 2.2
Hal 2.73 dt, J = 16.5, 6.6 C=0 174.65
Ha2 2.67 dt, J = 16.5, 6.6 Ca 32.94
HpA1 +HpB2 3.27 m CB 47.14
Ho 4.63dd, J=9.3, 5.3 COOH 178.24
HB1 3.19dd, J = 14.0, 5.3 Ca 57.35
HB2 2.92 dd, J = 14.0, 9.3 CB 38.84
H-ortho 7.17 m C-ipso 131.44
H-meta 6.86 m C-ortho 133.41
C-meta 118.20
C-para 157.22

13C at 150.9 MHz) in DO with a drop of dioxane added as an
internal standard (8y 3.76;6c 69.33). Chemical shifts are given
in ppm and coupling constants are given in Hz (Table 1).

RESULTS

Prophenoloxidase

Supernatant 1 (Figure 1) as well as both pellets 2 (after
ammonium sulfate or acidified methanol precipitation)
contained one major 75-kDa protein, as revealed by
electrophoretic analysis (data not shown). Using tryptic
digest and MALDI-MS, this protein was identified as
prophenoloxidase, a zymogen, which is processed to
phenoloxidase (EC 1.14.18.1) an enzyme involved in
larval melanization [49].

Acidic Methanol Precipitation of Larvae Hemolymph

After acidified methanol precipitation, supernatant
2 was further divided into crude hydrophilic and
hydrophobic fractions, using Chromabond C-18 car-
tridges (Figure 1 and Methods). Both fractions were
analyzed and separated by RP-HPLC (Figures 2 and 3).
We compared control larvae (blue lines in Figures 2
and 3) with larvae induced with bacterial suspensions
of E. coli (red lines in Figures 2 and 3). Chromatograms
obtained after induction with P. aeruginosa or S. aureus
were essentially the same as the profile shown in
Figure 3.

J. Pept. Sci. 2008; 14: 670-682
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Crude hemolymph

Centrifugation 1000 x g, 10 min, 4°C

Pellet 1 Supernatant 1

Precipitation with
saturated ammonium sulfate
or with acidified methanol

Centrifugation 13000 x g, 10 min, 4°C
Pellet 2 Supernatant 2
Dialysis
Chromabond C-18 cartridge

SDS-PAGE N W
Hydrophilic fraction Hydrophobic fraction

/ RP-HPLC separation RP-HPLC separation

Antimicrobial activity / \\ 1D-ELFO

N-terminal sequencing ~ MS analysis

CE/FFE

Figure 1 The separation of larval hemolymph.

We observed one main peak (M1, Figure 2) in
the hydrophilic Chromabond C-18 fraction. In this
fraction we identified dipeptide B-alanyl-tyrosine by
a combination of FAB and ESI-MS/MS spectroscopy,
UV-VIS spectroscopy, amino acid analysis, and NMR.

From the hydrophobic Chromabond C-18 fraction
we isolated different peaks, marked as M1-M19,
from which fractions M13-M15 were found only in
larvae induced with the bacterial suspension of E. coli
(Figure 3). Fractions M1-M19 were further analyzed by
gel electrophoresis (Figure 4) and this analysis revealed
the presence of different peptides and proteins of
relatively low molecular masses in fractions M7-M19.

1.4

Ammonium Sulfate Precipitation of Larvae
Hemolymph

The hydrophilic Chromabond C-18 fraction obtained
from supernatant 2 after ammonium sulfate precipita-
tion of hemolymph contained only salts. The RP-HPLC
analysis of the hydrophobic Chromabond C-18 frac-
tion is shown in Figure 5. We found no difference in
HPLC profiles between induced and noninduced lar-
vae. The isolated peaks were further analyzed by gel
electrophoresis (Figure 6) and this analysis revealed
different proteins in fractions S3-S9. Fractions S3, S4,
S6, and S7 contained essentially pure proteins while
fractions S5 and S9 were composed of several proteins.

Antimicrobial Activity

All isolated fractions, M1-M19 and S1-S9, were
tested for their antimicrobial activity against E.
coli, P. aeruginosa (Gram-negative bacteria) and S.
aureus (Gram-positive bacteria) at concentrations up
to 1 mg/ml. Some fractions displayed antimicrobial
activities.

Among fractions M1-M19, only fractions M13-M15
have shown significant antimicrobial activity. Fraction
M13 completely inhibited the growth of P. aeruginosa
at a concentration 970 pug/ml as shown in Figure 7(A).
Fractions M14 and M15 effectively inhibited S. aureus
growth at concentrations 100 pg/ml and 400 pg/ml,
respectively (Figure 7(B)).

Among fractions S1-S9, only S4 and S7 have
shown any antimicrobial activity. Fractions S4 and S7
significantly inhibited growth of S. aureus, but only
slightly inhibited growth of E. coli (Figure 8). The MIC
of fraction S4 was determined to be between 80 and
115 pg/ml for S. aureus.

B-Alanyl-Tyrosine

As mentioned above, we observed one main peak (M1,
Figure 2) in the hydrophilic Chromabond C-18 fraction

100
M1
1.2
K - 80
1.0 - P <
® 0.8- S (60 2
0.6 '. i 5
.‘ w0 2
0.4 T ! <
L t20
0.2 L :
jaﬂ@* e %
0.0 +== = T T T T T T T = 0
0 10 20 30 40 50 60 70 80

Time [min]

Figure 2 RP-HPLC analysis of Chromabond C-18 hydrophilic fraction from S. bullata hemolymph obtained after precipitation
with acidified methanol. Chromatogram of control larvae is shown in blue and of induced larvae is shown in red. The peak of

pB-alanyl-tyrosine is marked by M1.
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Figure 3 RP-HPLC analysis of Chromabond C-18 hydrophobic fraction from S. bullata hemolymph obtained after precipitation
with acidified methanol. Chromatogram of control larvae is shown in blue and of induced larvae is shown in red. The isolated

peaks are marked as M1-M19.
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Figure 4 SDS-PAGE of HPLC-isolated fractions M7-M19 obtained after precipitation with acidified methanol.
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Figure 5 RP-HPLC analysis of Chromabond C-18 hydrophobic fraction of S. bullata hemolymph obtained after precipitation with
ammonium sulfate. The isolated peaks are marked as S1-S9. Chromatograms from induced and control larvae were essentially

the same.

obtained after precipitation of hemolymph with acidified
methanol. The compound was identified as dipeptide
B-alanyl-tyrosine. The structure was determined by
'H and '3C NMR spectra. Proton and carbon signals
were structurally assigned by means of the series of
1D- (*H, !'3C-APT) and 2D-NMR spectra (*H,'H-COSY,
'H,3C-HMQC, 'H,'*C-HMBC). We also synthesized 8-
alanyl-tyrosine using solid-phase synthesis and found

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

the NMR spectra of the pairs of native and synthetic
compounds to be identical (data not shown).

Using capillary electrophoresis with a cyclodextrin-
based chiral pseudo stationary phase, we proved
that tyrosine in the isolated p-alanyl-tyrosine is
present in its L-form (Solinova et al. manuscript in
preparation). Interestingly, capillary electrophoresis
also revealed that fraction M1 contains an admixture

J. Pept. Sci. 2008; 14: 670-682
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I
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Figure 6 SDS-PAGE of RP-HPLC-isolated fractions S3-S9
obtained after precipitation with ammonium sulfate.
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Figure 7 (A) Inhibition of Pseudomonas aeruginosa growth

by fraction M13 at 970 pg/ml (®). The control growth of
Pseudomonas aeruginosa is displayed as ®. B. Inhibition of
Staphylococcus aureus growth by fraction M14 at 400 pg/ml
(®) and fraction M15 at 100 pg/ml (A). The control growth of
Staphylococcus aureus is displayed as ™.

(about 1-3%). This admixture was not detectable in
the M1 fraction using 'H or 3C NMR. The admixture
was highly enriched using free-flow electrophoresis
(FFE), (see Methods, data not shown) and the FFE
prepurified fraction was further separated using RP-
HPLC (Figure 9). We isolated two compounds, Mla

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.
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Figure 8 Dose-dependent inhibition of bacterial growth of
Staphylococcus aureus (red) and Escherichia coli (blue) by
fractions S4 (Figure 8(A)) and S7 (Figure 8(B)).

and M1b. Using MS we found that fraction Mla is g-
alanyl-tyrosine (Mr 252.11) and that fraction M1b is a
compound with a higher Mr (414.28). The structure
of the compound in fraction M1lb was determined
by 'H and !3C NMR spectra. Proton and carbon
NMR data are summarized in Table 1. We concluded
that fraction M1b is, with a high probability, B-
alanyl-L-tyrosine with D-fructose attached to its N-
terminus (B-D-fructopyranose-g-alanyl-L-tyrosine, see
Figure 10). We also synthesized this compound using
Amadori rearrangement [47] (see Methods) and found
the NMR spectra of the native and synthetic pairs were
identical.

Dipeptide g-alanyl-tyrosine has already been identi-
fied in Neobellieria (Sarcophaga) bullata by Meylaers
etal. [20]. The authors found that this compound
displays antimicrobial activity in the range 8-30 mm.
For this reason we decided to test the antimicrobial
activity of fraction M1, synthetic g-alanyl-L-tyrosine
and several synthetic analogs at higher concentrations
then 1 mg/ml (4 mM). Fraction M1b and synthetic 8-D-
fructose-B-alanyl-L-tyrosine were also tested for their
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Figure 9 RP-HPLC separation of FFE-prepurified fraction M1. Injection of 30 ug of crude material. The isolated peaks are

marked as M1a and M1b. For details, see Methods.

antimicrobial activity. All compounds together with
their antimicrobial activities are listed in Table 2.

We succeeded in determining the MIC for some
of the g-alanyl-tyrosine derivatives against E. coli, S.
aureus, and P. aeruginosa. Fraction M1, a mixture
of Mla and M1b, inhibited microorganisms with MIC
in the range of 10-15 mwMm. Interestingly, synthetic
B-alanyl-L-tyrosine-OH was more active against all
microorganisms than fraction M1 as wells as synthetic
B- alanyl-D-tyrosine-OH. Acetylation of the N-terminus
of g-alanyl-L-tyrosine-OH had a slightly negative effect

PR

Q N Nom

o \/\n/é

oHOH o} \©\
OH

Figure 10 Structure of p-p-fructopyranose-g-alanyl-

L-tyrosine.

Table 2 Antimicrobial activities of g-alanyl-tyrosine and its
analogues. The MIC is defined as the lowest final concentration
of the compound, at which no growth is observed during
exponential phase of the bacteria growth. NI means no
inhibition at 5 mM concentration

Compound MIC (mm)

E.coli S.aureus P. aeruginosa
M1 10 15 15
B-Ala-L-Tyr-OH 6 7.5 6
B-Ala-p-Tyr-OH 8.5 15 15
N-Ac-g-Ala-L-Tyr-OH 8.5 8.5 8.5
N-Ac-g-Ala-L-Tyr-NHy >20 >20 >20
B-Ala-L-Tyr-NHg > 20 > 20 > 20
Mlb NI NI NI
D-fructopyranose-g- NI NI NI

Ala-L-Tyr-OH

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

on the antimicrobial activity compared to g-alanyl-L-
tyrosine-OH. Amidation of the C-terminus resulted
in the loss of activity of respective derivatives N-Ac-
p-alanyl-L-tyrosine-OH and N-Ac-g-alanyl-L-tyrosine-
NH;. Isolated (M1b) and synthetic D-fructopyranose-g-
alanyl-L-tyrosine-OH were inactive at the highest dose
used (5 mmMm).

Characterization of Active Protein and Peptide
Fractions

Active protein and peptide fractions S4, S7, and
M13-M15 were further analyzed by MALDI-TOF-MS
and ESI-TOF-MS to determine the exact relative molec-
ular weights of the respective peptides and proteins.
The data are summarized in Table 3 and are compared
with the data obtained from gel electrophoresis.

Antimicrobially active protein and peptide fractions
were further characterized to identify respective pep-
tides and proteins. Protein spots were excised from
SDS gels, digested by trypsin or chymotrypsin, and
analyzed by MALDI-MS. Alternatively, proteins were
submitted to the N-terminal sequencing after elec-
troblotting into PVDF membrane. The resulting peptide
sequences were analyzed by searching available protein
databases (Swissprot or Uniprot). Results are shown in
Table 4.

The sequence of protein in fraction S4 revealed
about 50% identity with odorant-binding protein 99b
(OBP99b) from Drosophila melanogaster. The protein
in fraction S7 was identified as transferrin both
by enzymatic digests/MALDI-MS and by N-terminal
sequencing. Comparing the obtained sequence with
available protein databases did not allow identifying
peptide(s) from fraction M13. The sequence of peptide
in fraction M15 is almost identical to the sequence
of antimicrobial peptide sapecin from S. peregrina. The
same is true for the short sequence of peptide in fraction
M14. The results obtained from N-terminal sequencing
of fractions M14 and M15 were confirmed by MALDI-MS
analysis of chymotryptic digests.
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Table 3 Determination of relative molecular weight (Mr) of peptides and proteins
by direct mass spectrometry analysis or by SDS gel electrophoresis. Mrryis—paGE
or Mrrricine-pAce means that the SDS-electrophoresis was performed in Tris or

Tricine-buffered system, respectively

Fraction name Mrrris—PAGE MTrTyicine—PAGE Mrgsi-ms MrmaLDI-MS
S4 19000 — 16783 16777

S7 69 000 — 69097 69549

M13 10000 10000, 6000 4808, 3498 4813

M14 12 000, 5000 10000, 4000 3754 3714, 9632
M15 12 000, 5000 10000, 4000 4060 4060, 9630

Table 4 Identification of active protein fractions by N-terminal sequencing or MALDI-MS of tryptic digests
Fraction N-terminal sequencing Tryptic Chymotryptic
digest digest
MS/NP/SC MS/NP/SC

S4 DHHEGHHEHHEHDTXEYVVKTQQDLVKYRE OBP99b Unidentified Unidentified
DXGAKLXVSXELMXKYKNNE

S7 EEQTYMCV Transferrin Transferrin 84/9/12 Transferrin 72/16/22

M13 AIAMARSN Unidentified Unidentified Unidentified

M14 ATXDLLSG Sapecin Unidentified Unidentified

M15 ATXDLLSGTGINHSAXAAHXLLRGNRGGY Sapecin Unidentified Sapecin 69/3/72
XNGKGVXVXRN

MS, Mascot score; NP, number of peptides assigned; SC, sequence coverage in %

DISCUSSION

We attempted to isolate and identify new antimicrobial
compounds from hemolymph of larvae of Sarcophaga
bullata, which is in some studies, assigned as
Neobellieria bullata. However, both names belong to
the same fleshfly species. We used third-instar larvae
in their wandering period. The larvae were injected
with bacterial suspensions of E. coli or pricked by an
entomological needle to induce an immune response
and production of antimicrobial compounds. The
induction of larvae with other bacteria gave very similar
results.

Supernatant 1 (Figure 1) as well as both pellets 2
(after ammonium sulfate or acidified methanol precipi-
tation) contained one major 75-kDa protein as revealed
by electrophoretic analysis (data not shown). We identi-
fied this protein as prophenoloxidase, a zymogen, which
is processed to phenoloxidase (EC 1.14.18.1). This
result shows that prophenoloxidase is a major protein
in S. bullata larvae hemolymph. The most immediate
immune response within minutes is the activation of
the prophenoloxidase-activating enzyme that converts
prophenoloxidase to phenoloxidase [33]. Phenoloxidase
is an enzyme involved in melanin biosynthesis and is
also important in cuticular sclerotization, wound heal-
ing, and in the encapsulation of foreign material [49].

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

We did not detect any antimicrobial activity of prophe-
noloxidase in our study.

Using C-18 cartridges, supernatants 2 were sepa-
rated into hydrophilic and hydrophobic fractions. The
hydrophilic fraction obtained after precipitation with
acidified methanol contained one major compound
(peak M1, Figure 2), which was identified as dipeptide
B-alanyl-L-tyrosine. The hydrophilic fraction obtained
after ammonium sulfate precipitation contained a high
concentration of salts and was not further analyzed.
However, it is highly probable that this fraction also
contained g-alanyl-L-tyrosine as a major component.
Both hydrophobic fractions also contained a major
peak with a short retention time, M1 or S1 as shown
in Figures 2 and 4, respectively. We again identi-
fied dipeptide B-alanyl-L-tyrosine in both peaks M1
and S1.

Considering the above-described results, it is clear
that major peptide/protein components in S. bullata
hemolymph are enzyme prophenoloxidase and dipep-
tide g-alanyl-L-tyrosine. Both these two compounds
have an important role in larvae melanization [49].
Other roles, especially in larvae antimicrobial defense,
will be discussed later.

On the other hand, regardless of the fact that
chromatograms shown in Figures 2 and 4 both have
major peaks M1 and S1 (B-alanyl-L-tyrosine), they
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differ significantly in other peaks. Figure 4 shows that
fractions M7-M19 contain peptides or small proteins of
Mr about 3-15 kDa. Among fractions S3-S9 we found
proteins of higher Mr in S4, S7, and S9 (15-75 kDa).
It means that acidified methanol treatment does not
precipitate smaller proteins from hemolymph and that
ammonium sulfate precipitation (saturation to 70%)
allows detection of larger proteins in the supernatant.
Both precipitation protocols are thus complementary
and enable detection of different proteins or peptides.

We identified dipeptide B-alanyl-L-tyrosine in frac-
tions M1 and S1. Its structure was confirmed by MS,
'H and '*C NMR and the L-form of tyrosine by capillary
electrophoresis using chiral selectors. This compound
has previously been found in S. (N.) bullata by Lev-
enbook et al. [50] and Meylaers et al. [20]. Levenbook
et al. also proposed that tyrosine is present in its L-
form by comparing specific rotation with the synthetic
dipeptide. g-Alanyl-tyrosine is known to cause paraly-
sis in adult insects but it is not toxic for larvae where
its concentration changes significantly during develop-
ment with highest levels (around 20 mm) reached just
before puparization [51,52]. The role of this dipeptide
in larvae melanization and puparization is highly prob-
able [50,53] and is in agreement with our finding that
prophenoloxidase and g-alanyl-L-tyrosine are the most
abundant species in the hemolymph of third-instar lar-
vae of S. bullata in the wandering period.

Meylaers et al. [20] detected an antimicrobial activ-
ity of B-alanyl-tyrosine against various bacteria at
8-30 mM concentration range. They also prepared sev-
eral inactive analogs of this compound. In our study,
we found g-alanyl-L-tyrosine slightly more active (MICs
in the range of 6-15 mmM) than Meylaers et al. [20].
The reason for this difference may be due to the sen-
sitivity of microorganisms or the high hygroscopicity
of the dipeptide. This is why we determined the con-
centration of g-alanyl-tyrosine and its analogs based
on the absorption of tyrosine (see methods). In the
course of capillary electrophoresis analyses of fraction
M1 we found an admixture, which was then identified
as B-D-fructopyranose-g-alanyl-L-tyrosine. We have not
detected any antimicrobial activity of this compound
in our experiments. This may explain the somewhat
weaker potency of fraction M1 to inhibit bacterial
growth compared to synthetic g-alanyl-L-tyrosine. We
tested fraction M1b and synthetic g-D-fructopyranose-
B-alanyl-L-tyrosine only up to 5 mMm concentration
(2.25 mg/ml). To achieve a higher concentration it
would be necessary to isolate more of the compounds,
which is difficult to achieve due to the laborious and
difficult separation of fractions M1a and M1b (Figure 9).
This was also the case of synthetic -D-fructopyranose-
B-alanyl-L-tyrosine because the reaction (see Methods)
results in the 1:1 equilibrium of B-alanyl-L-tyrosine
and the product. Concerning other g-alanyl-L-tyrosine
analogs, we can observe a slightly negative effect

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.
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of N-acetylation and a highly negative effect of the
C-terminus amidation. L-Tyrosine is more favorable
for antimicrobial activity of g-alanyl-tyrosine than D-
tyrosine. We agree with Meylaers et al. [20] that a weak
antimicrobial activity of g-alanyl-L-tyrosine could have
physiological relevance due to its high concentration
in larvae hemolymph (20 mM according to Levenbook
et al. [50]). B-D-fructopyranose-g-alanyl-L-tyrosine can
be a reaction product of highly abundant g-alanyl-L-
tyrosine with D-glucose, which is certainly present in
larvae bred on beef liver. Both compounds readily react
following Amadori rearrangement [47]. It is also pos-
sible that B-D-fructopyranose-g-alanyl-L-tyrosine can
possess antimicrobial effect or other roles against other
microorganisms than tested in this study.

Among all isolated fractions, only fractions M13-M15
and fractions S4 and S7 displayed antimicrobial activity
below 1 mg/ml. We were not able to determine MICs for
all fractions against tested microorganisms due to the
difficulty of isolating sufficient amounts of the material.

Proteins in fractions S4 and S7 inhibited the growth
of S. aureus more potently than the growth of E. coli
(Figure 8). We can conclude from the available data that
the MIC of fraction S4 against S. aureus is between 80
and 115 ug/ml. Active protein in fraction S4 has been
partially characterized. The 50 amino acid N-terminal
sequence of this 16-kDa reveals about 50% sequence
identity to odorant-binding protein 99b (OBP99Db,
CG7592-PA) from D. melanogaster. It is probable that
protein S4 is a S. bullata homologue of Drosophila’s
OBP99b. The difference in the N-terminal sequence
may be due to the low homology between Drosophila
and S. bullata proteins. To further substantiate the
identification of this potential S. bullata OBP99b
we amplified the cDNA sequence of the ‘potential’
gene with PCR using a degenerated primer designed
according to the N-terminal amino acid sequence
of protein S4 (Table 3). PCR amplicon approximately
500 bp long was isolated and sequenced. However,
only partial nucleotide sequence was readable (data
not shown). Comparing the obtained sequence with
Drosophila nucleotide sequences has not revealed any
significant homology. Further experiments to identify
the respective gene are in course.

OBPs are abundant, small, soluble proteins that are
believed to participate in odor detection by facilitating
or restricting access of the odorant to the receptors.
There are 51 OBP genes in Drosophila [54]. We have not
found any report concerning antimicrobial activity of
odorant-binding proteins. Levy et al. [55] showed that
OBP99c in Drosophila was specifically over-expressed
after fungal infection but repressed after bacterial
infection. In our study we did not found any significant
induction of protein S4 after bacterial induction of
larvae. Chromatograms from induced and noninduced
larvae were essentially the same (Figure 5). It will be
interesting to produce higher quantity of recombinant
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OBP99b and to investigate its antimicrobial activity and
mode of action more in detail using different methods
and microorganisms.

Protein in fraction S7 was identified as transferrin
by N-terminal sequencing and MS analysis of tryptic
digest. Tranferrin is involved in the immune response
of vertebrates and invertebrates [56,57]. It can inhibit
bacterial growth by reducing free iron levels [58].
If we consider that both fractions S4 (probably S.
bullata OBP99b) and S7 (transferrin) consisted of pure
proteins of 16 and 70 kDa, respectively, the inhibition of
bacterial growth as displayed in Figure 8 was achieved
at low micromolar concentrations.

Fraction M13 inhibited the growth of P. aeruginosa
but not the growth of E. coli. It seems that fraction
M13 has bactericidal antibacterial effect against P.
aeruginosa with an MIC value lower than 1 mg/ml
(Figure 7(A)). The basis for the different susceptibilities
of bacterial species against particular peptides is
not clear [2]. One hypothesis that explains different
bacterial sensitivities to antimicrobial peptides is due
to the different lipopolysaccharide composition in the
outer membranes of bacteria or different resistance
mechanisms [25]. We have not succeeded in identifying
the peptide in fraction M13 either by N-terminal
sequencing or by tryptic or chymotryptic digests. The
identification was complicated with low amount of
isolated material.

Using N-terminal sequencing, we determined the
entire amino acid sequence (40 amino acids) of peptide
in fraction M15, but we succeeded in determining
only ten N-terminal amino acids in fraction M14.
Provided that cysteines are in positions X (Table 4), the
sequence of peptide M15 almost completely matches
with S. peregrina sapecin [59]. The only difference
is in the position 34 (G for S. bullata and A for S.
peregrina). We suppose that active peptide M15 is a S.
bullata homologue of S. peregrina antimicrobial peptide
sapecin. The theoretical relative molecular weight (Mr)
of peptide M15 is 4060 (provided that X residues are
cysteines forming disulfide bridges, Table 4) and is in
perfect agreement with the experimental value 4 060
obtained with ESI/MALDI-MS (Table 3). In the case
of fraction M14, we found signals 3754 (ESI-MS) and
3714 (MALDI-MS), which match neither with the Mr
of peptide M15 shortened by two or by three amino
acids nor with sapecin C from S. peregrina [60] and its
possible fragments. We also performed MS-MS analysis
of fraction M14 to determine if this peptide is or is not
N-terminal fragment of peptide M15 or other sapecin,
but these experiments were not successful.

Sapecin, which consists of 40 amino acids, is an
insect defensin and can inhibit the growth of G+
bacteria. Sapecin is the first identified defensin in S.
peregrina and was isolated from the embryonic cell
line NIH-Sape-4 by Matsuyama and Natori [61]. Both
fractions M14 and M15 inhibited the growth of S.

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

aureus, which is in agreement with the data of Yamada
and Natori [62]. Peptide in fraction M14 displays lower
antibacterial potency than peptide M15 (Figure 7(B))
and it is not excluded that the peptide in M14 is a S.
bullata homologue of S. peregrina sapecin C [60] or its
fragment.

In M1-M19, obtained after acidic methanol precipi-
tation, we detected the induction of fractions M13-M15
(Figure 3). However, we have not detected the induction
of any of fractions S1-S9 obtained after ammonium sul-
fate precipitation (Figure 5). Using RT-qPCR technique
we confirmed the massive induction of sapecin (M15
and M14) and also a moderate induction of tranferrin
(S7) (unpublished results, manuscript in preparation).

Insect immune response is a complicated process.
Antimicrobial peptides frequently act synergistically;
some proteins have transporter functions; peptide
inhibitors can block processing enzymes involved in
activating cascades or different enzymes can activate
antimicrobially active proteins or peptides. In this study
we presented two different isolation protocols, which
resulted in the identification of several already known
and two novel antimicrobial proteins or peptides from
the hemolymph of fleshfly S. bullata. We hope that our
study will shed more light into the complicated process
of immune response in S. bullata larvae.
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