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Abstract

Manduca sexta stress response peptide-2 (SRP2) is predicted to be a 25-residue peptide
(FGVKDGKCPSGRVRRLGICVPDDDY), which may function as an insect cytokine to regulate
immune responses. Produced as an inactive precursor, endogenous proSRP2 is probably converted
to active SRP2 by limited proteolysis in response to invading pathogens, along with
prophenoloxidase and pro-Spétzle activation. In addition to immunity, SRP2 may control head
morphogenesis or other developmental processes in the lepidopteran insect. We have examined the
profiles of SRP2 gene expression in terms of immune induction capacity, tissue specificity, and
developmental changes. To gain insights into its functions, we chemically synthesized SRP2,
injected the peptide solution into naive larvae, and detected significant up-regulation of several
antimicrobial peptide genes. We determined the 3D molecular structure in solution of SRP2 by
two-dimensional *H-1H NMR spectroscopy. SRP2 has an ordered structure, which is composed of
two short B-strands at regions R12 - R15 and 118 - V20, one type-I” B-turn at region R15 - 118, and
a half turn at region C8 - S10 in its well-defined core stabilized by a covalent disulfide bond
between C8 and C19. The secondary and tertiary structures are further stabilized by hydrogen
bonds. Possible relationships between the structure and function are also discussed.
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1. INTRODUCTION

Analogous to innate immunity in vertebrates, insects rely on humoral and cellular responses
to protect them from microbial infection [1]. In many moth species, proteolytic activation of
plasmatocyte spreading peptides (PSPs, also known as GBPs for growth blocking peptides
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or PPs for paralytic peptides) from their precursors stimulates hemocyte encapsulation [2].
These active peptides have a conserved N-terminus of E-N-F and, therefore, are also called
ENF factors. While ENF peptides are only found in lepidopterans, their evolution goes
beyond moths and butterflies. Homologous peptides have been isolated from hemolymph of
insects in six different orders [3]. GBP homologs also include: upstream ENF peptides
(UENFs) [4] and stress response peptides (SRPs) [5]. The latter are identified in many
insects including mosquitoes, moths, beetles and locusts. Since most of these peptides are
activated during stress conditions such as wounding, infection, ligation, and heat/cold shock,
SRP appears to be a proper general name for these phylogenetically related peptides. In
addition to blocking growth, antimicrobial peptide induction [6], as well as hemocyte
spreading and chemotaxis [7], SRPs play roles in brain morphogenesis [8] and thanatosis
[9]. One of the five Drosophila SRPs induces diptericin and metchnikowin expression in an
Imd-dependent manner [6a]. These peptides essentially fulfill the role of cytokines for these
insects, partly based on their expression in the brain, midgut, fat body, and hemocytes. As
with cytokines in vertebrates, many of these short peptides’ expression varies in different
developmental stages of the organisms.

In contrast to the knowledge on SRPs’ diverse physiological functions, mechanisms for
generating active SRPs from their inactive precursors are poorly understood. Evidence
suggests that hemolymph proteases are responsible for the specific proteolysis. A system of
serine proteases (SPs) exists in plasma of each one of the studied insects to mediate immune
responses [10]. An SP inhibitor benzamidine blocks the processing of M. sexta proPSP in
the larval hemolymph [11]. Prophenoloxidase (proPO) activation generates PO which
catalyzes melanization. Since this defense response often accompanies hemocyte
encapsulation and nodule formation, we postulate that the SP system activated upon
recognition of pathogens is also involved in the SRP activation. With the genome sequence
of M. sextaavailable, we identified 105 non-digestive SPs and most of them are predicted to
have trypsin-like specificity [12]. To begin to study SRPs in this biochemical model insect,
we performed a genome search and identified members of the SRP gene family, including
PSP, UENF1, uENF2, and SRPs. While we do not yet know their exact physiological
functions in M. sexta, the diverse functions observed in their homologs distributed in a wide
range of taxonomic groups of insects have led us to undertake structural-functional studies
of SRP2, which is one of the highly expressed SRPs in M. sexta.

The putative SRP2 consists of 25 amino acid residues (F-G-V-K-D-G-K-C-P-S-G-R-V-R-R-
L-G-1-C-V-P-D-D-D-Y) with a single disulfide bond between Cys8-Cys19. Here we report
the three-dimensional solution structure of SRP2 solved by two dimensional *H-1H NMR
spectroscopy. We found that the M. sexta SRP2 core region contains two short R-strands
stabilized by a type-I’ B-turn and a disulfide bond. The overall secondary and tertiary
structure is further stabilized by hydrogen bonds. We also discuss the expression profile of
the SRP2 gene and its possible functions in immune signal transduction.
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2. MATERIALS AND METHODS

2.1. Identification of SRP Genes in the Genome of M. sexta

The MCOT1.0 models [12] were matched with K/R-X1_15-C-X3_19-G-X1/2-C-X1.15, Where
X represents any amino acid residue other than C. This motif is modified from the GBP
consensus sequence of C-X,-G-Xy6-G-X1/2-C-K/R [3a] by adding K/R in the front, since 68
of the 105 potential activating SPs are predicted to cleave after K/R residue [12]. The initial
search results were manually examined to identify putative SRPs that are located in the
carboxyl-terminus of secreted proteins shorter than 250 residues.

2.2. Insect Rearing and Injection, Total RNA Preparation, and cDNA Synthesis

M. sexta eggs, ordered from Carolina Biological Supply (Burlington, NC), were hatched at
ambient temperature and larvae were reared on an artificial diet [13]. The 51 instar larvae
(day 2) were separately injected with a mixture of bacteria (2x107 Escherichia coli cells and
20 ug Micrococcus luteus) (Sigma-Aldrich) and 20 ug curdlan (insoluble 3-1,3-glucan from
Alcaligenes faecalis) (Sigma-Aldrich) suspended in H,O (30 uL per larva). Hemolymph
samples were collected from cut prolegs of three larvae 24 h later and centrifuged at 5,000 g
for 5 min to harvest hemocytes prior to dissection of fat body tissue. Total RNA was
prepared from induced hemocytes and fat body using TRIZOL Reagent (Thermo Fisher
Scientific). Control fat body and hemocyte total RNA samples were isolated from three 5t
instar naive larvae (day 3) by the same method. Other tissues (i.e., integument, muscle,
midgut, trachea, Malpighian tubule, nerve tissue, and salivary gland) were dissected from 5-
10 51 instar naive larvae (day 3) for RNA preparation. To examine the developmental
changes, fat body and hemocytes were prepared from larvae and pupae at different stages
(41 instar to adult, 3-6 insects per stage) for total RNA isolation. These total RNA samples
(1 pg each) were incubated with 1x iScript Reverse Transcription Supermix (Bio-Rad) in a
10 pL reaction at 42 °C for 30 min to synthesize cDNA. The reaction mixtures were heated
at 95 °C for 3 min to denature the enzyme. To examine its possible role in the expression
regulation of antimicrobial peptide (AMP) genes, 30 pL of phosphate-buffered saline (PBS,
pH 7.4, 137 mM NaCl, 2.7 mM KCI, 10 mM NayHPOy4, 1.8 mM KH,POy,) or SRP2 (0.1 pg/
fL) in PBS was injected into each of six day 2, 5! instar larvae (3 control and 3 test). Fat
body tissues were separately collected 6 h later for RNA isolation and cDNA synthesis.

2.3. Quantitative Polymerase Chain Reaction (qPCR)

The cDNA samples were incubated with 1x iTag Universal SYBR Green Supermix (Bio-
Rad) along with specific primers (0.5 uM each) in triplicate. In each 10 pL reaction, each
cDNA is equivalent to starting with 50 ng total RNA. The primers were: j037 (5’
CATGATC-CACTCCGGTGACC) and j038 (5’ CGGGAGCAT-GATTTTGACCTTAA,) for
rpS3; j1825 (5 TATTCCTGATCGTGCTGGTC) and j1826 (5° ACAATA-
CATTCCGCCAGAGC) for diapausin-4; j1070 (5 GCAGGCGACGACAAGAAC) and
j1071 (5 ATGCGTGTTGGTAAGAGTAGC) for attacin-1, 7, 8 and 10; j1072 (5’
CCGTGTTTTATTCTTCGTCTTC) and j1073 (5 AATCCTTTGACCTGCACCC) for
cecropin-6; j1827 (5 GCTGTTGATCTGCGTGACAT) and j1828 (5’
TCCTCCTTTGAATCCACGTQC) for defensin-2; j1074 (5 GCAAGTCGGCAACAATGG)
and j1075 (5> ACCCTGTCCTGTCAGTTTG) for gloverin; j1829 (5
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CCTGTACTGCCCTCGATCAT) and j1830 (5’ TTGTATCCCGGGTGAGTAGC) for
lebocin D; j1076 (5’ GTGTGCCTCGTGGAGAATG) and j1077 (5
ATGCCTTGGTGATGTCGTC) for lysozyme-1; j1078
(TGCTTTCTTTAACCTTTGTCCTC) and j1079 (TATTC-TAACACAGCCTATAATGCG)
for moricin-1. The PCR was carried out under the following thermal cycling conditions:
denaturation at 95 °C for 3 min and 40 cycles of 95 °C for 10 seconds and 60 °C for 30
seconds. After the reactions were complete on a CFX Connect Real-Time PCR Detection
System (Bio-Rad), melt curves of the products (106, 167, 135, 103, 151, 124, 200, 187 and
186 bp) were measured to ensure proper shape and TM values. Amplification efficiencies
(E) were measured by amplifying a cDNA sample diluted to 1071, 1072, 1073, 10™* and 107>
using the specific primer pairs under the same conditions, which were 93.8% for rpS3,
63.0% for diapausin-4, 105.3% for attacin-1, 7, 8 and 10, 90.0% for cecropin-6, 104.7% for
defensin-2, 71.2% for gloverin, 88.1% for lebocin D, 121% for lysozyme-1, and 88.9% for
moricin-1. Relative mRNA levels were calculated as: (1 + Erps3)©t PS3/(1 + E,)Ct X [14].

2.4. Chemical Synthesis of Putative M. sexta SRP2

The 25-residue SRP2 were prepared by stepwise solid-phase synthesis using 9-
fluorenylmethoxycarbonyl (Fmoc) chemistry on an ABI model 431A automatic peptide
synthesizer (Applied Biosystems; Foster City, CA). For peptide synthesis CLEAR amide
resin (0.3 mmol g~1; Peptides International, Louisville, KY) and N®-F-moc amino acids
(Anas-pec Inc., San Jose, CA) were used. Following de-protection and cleavage, the linear
peptide was cyclized by formation of a disulfide bond between C8 and C19. The peptide was
purified to >95% purity by HPLC (System Gold HPLC; Beck-man Instruments, Inc.,
Fullerton, CA) with a Phenomenex reversed-phase C-18 column (Torrance, CA), and eluted
using a linear gradient of 10-90% acetonitrile containing 0.1% trifluoroacetic acid at 1 mL
min~1. HPLC-purified peptide was characterized by matrix-assisted-laser desorption time-
of-flight (MALDI-TOF) mass spectrometric analysis using a Bruker Ultraflex 11
spectrometer (Bruker Daltronics, Billerica, MA). After characterization, peptide was
lyophilized and stored as dry powder until use.

2.5. NMR Spectroscopy

1D and 2D *H-IH NMR experiments were performed with the 11.75 Tesla Varian 500 MHz
VNMRS system (Agilent Technologies Inc., Palo Alto, CA), operating at 499.84 MHz

for 1H frequency. The NMR data were acquired at Biomolecular NMR Core Facility in the
Department of Biochemistry and Biophysics at Kansas State University, using a 5 mm
cryogenic triple resonance inverse detection pulse field gradient probe at 25 °C. The purified
SRP2 was dissolved in 650 pL of 10% D,0 and 90% triple distilled H,O to a final
concentration of 2.2 mM for NMR analysis. A total of 512 increments of 4K data points
were recorded for the 2D *H-1H Double Quantum Filtered Correlation Spectroscopy (DQF-
COSY) [15] experiments whereas 2D 1H-1H Total Correlation Spectroscopy (TOCSY) [16]
and Nuclear Overhauser Effect Spectroscopy (NOESY) [17] experiments were performed
using 2000 t2 and 256 t1 data points with spectral width of 12 ppm in each dimension, and
16 transient per increment. Spin-lock time of 80 ms at B1 field strength of 7 kHz was used
for 2D 1H-1H TOCSY experiments using MLEV-17 pulse sequence [16], and mixing times
of 100, 300 and 500 ms were used for 2D H-1H NOESY experiments. All data sets were
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collected in hyper-complex phase-sensitive mode. Before processing the t2 dimension of
DQF-COSY data sets were zero filled to 8K and the t1 dimension of DQF-COSY data sets
to 2K. For all other experiments, the linear prediction and zero filling to 4K data points in t2
dimension were used during NMR data processing. When necessary, spectral resolution was
enhanced by Lorentzian-Gaussian apodization. Suppression of the solvent peak (HOD) was
achieved using the WATERGATE pulse scheme during acquisition [18] and the residual
water peak (4.78 ppm) was used as reference for chemical shift assignments. NMR data
processing was done using VVnmrJ3.2a (Agilent Technologies Inc., Palo Alto, CA) and
analyzed using CCPNMR 2.4 [19] and Sparky, a graphical NMR Assignment and
Integration program [20]. Side chain proton resonances were assigned by comparing cross
peaks in the TOCSY spectra with those in the NOESY spectra acquired under similar
experimental conditions. Amide proton resonances either appearing after 12 h or showing
slow exchange in the 1D and 2D H-1H TOCSY spectra acquired in 100% D,0O were
considered for hydrogen bonding. For distance constraints determination, NOE cross peaks
were classified as strong, medium, or weak intensity based on the observed number of
contour lines.

2.6. Structure Calculations

NOESY spectra acquired with the different mixing times (100, 300 and 500 ms) were used
to obtain inter-proton distance constraints. Initially, a mixing time of 300 ms was used for
distance constraint calculations and the assigned peaks were also checked with the spectrum
acquired with the 100 ms mixing time. In order to rule out the peaks due to spin diffusion,
only NOE peaks present in the NOESY spectra acquired with 100 ms mixing time were
considered. NOE-derived distance constraints were classified into three distance ranges
(1.8-2.5, 1.8-3.5, and 1.8-5.0 A) corresponding to strong, medium and weak NOE
intensities. Upper bound distance constraint limits for methyl or non-stereo-specifically
assigned methylene protons were corrected by adding 0.5 A appropriately for center
averaging [21]. Structure calculations were performed using CNS program version 1.3 [22]
that uses a combination of simulated annealing in torsional space with refinement using
molecular dynamics in a Cartesian space. Resulting in calculated structures with minimal
restraint violation [23]. Force constants were scaled throughout the procedure using default
parameters of CNS. The refinement protocol involved 100 ps restrained MD simulation at
300 K followed by energy minimization. A force constant of 50 kcal/mol/ 2 for the NOE
derived distances constrains and 100 kcal/mol/ 2 for dihedral angles constraints, were
imposed during molecular dynamics calculations. The force constant of NOE distances was
increased to 100 kcal/mol/ 2 during final energy minimization. All NMR restraints, including
NOE, dihedral angles and hydrogen bond derived distance constraints were used to calculate
over 400 structures. The 20 lowest energy structures with no restraint violation were selected
to obtain an ensemble of three dimensional NMR structures. The average structure was used
to represent 3D solution NMR structure of M. sexta SRP2. The quality of calculated
structure was analyzed using VMD [24] and PROCHECK-NMR programs [25]. Figures of
the structures were generated using PyMOL software [26].
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3. RESULTS

3.1. Identification and Features of Putative SRPs of M. sexta

Using a modified GBP consensus sequence [3a], we searched the MCOT1.0 assembly of
31,666 protein sequences, because this dataset consists of more gene models (18,089) than
M. sexta Official Gene Set 2.0 does (15,451) [12]. After initial sequence matching, the hits
were manually examined to ensure they are <250 residues long, with a signal peptide at the
N-terminus, and a GBP-like sequence at the C-terminus. Eleven sequences satisfied the
specifications (Fig. 1): uENF1, uENF2, and PSP precursors are encoded by three open
reading frames located in a single transcript (data not shown). A shorter transcript also
encodes the 130-residue PSP precursor as reported previously [11], indicating the existence
of an alternative promoter. Eight other proteins are designated as precursors of SRP1
through SRP8, ranging from 72 to 144 residues long.

Following a signal peptide (15 to 23-residue), a pro-region (28-102 residues) and a
carboxyl-terminal fragment (22—32 residues) were predicted in the mature proteins. While
similarity was observed among some of these pro-segments, this seemed to just reflect the
closer relationships of recently duplicated genes. Of the eleven pro-regions ending with R or
K (Fig. 1), PSP, SRP4, SRP5, SRP7 and SRP8 contain the recognition sequence of
intracellular processing enzymes (R/K-X-Y-R/K), where Y is often R/K[27]. This suggests
that most of the five processed cytokine-like molecules are stored inside the cells and
released in response to relevant physiological cues. In comparison to their pro-regions, the
predicted C-terminal peptides are conserved in sequence and, perhaps, 2°/3° structure also.
The eleven peptides all match the GBP consensus sequence of C-X5-G-Xyg-G-X1/2-C-R/K,
except that the positively charged R/K was replaced by T/S/V/F in SRP1-5, 7 and 8 (Fig. 1).
There are 5-10 residues before the first C. Of the 4-9 residues after the second C, 3 to 4
were negatively charged (7.e. D/E).

3.2. Immune Inducibility, Tissue Specificity, and Developmental Profiles of SRP2

Expression

To begin to study the functions of these peptides, we examined their mRNA levels in
different tissues at various life stages represented by 52 RNA-Seq datasets [12] and in
hemocytes and fat body from naive and induced larvae represented by 4 other datasets [28].
Based on the results, we selected SRP2 to confirm their expression patterns. Quantitative
PCR analysis demonstrated that SRP2 mRNA levels were significantly higher (p<0.05) in
the induced fat body and hemocytes than their respective control samples (Fig. 2A). The
MRNA levels in hemocytes were significantly higher than those in fat body. The higher
expression in blood cells was confirmed when other tissues from day 3, 5th instar larvae
were compared. The SRP2 transcripts in hemocytes were 2.5, 7.3, 11.5, 12.4 fold higher
than those in trachea, nerve tissue, Malpighian tubules, and fat body (Fig. 2B), respectively.
The mRNA levels in epithelial cells, midgut, muscles and salivary glands were negligible.
We also determined the SRP2 expression in hemocytes and fat body at different life stages
(Fig. 2C). In hemocytes, there was an up-regulation in the wandering stage before the larval-
pupal molt and another mMRNA peak occurred in the middle to late pupal stage before the
pupal-adult molt. In fat body, the transcript levels were higher in day 0, 4th and 5th instar
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larvae than day 3 larvae of the same stages. The SRP2 mRNA level in fat body peaked in the
end of 5th instar feeding phase and slightly decreased in the wandering stage. A similar
expression pattern was observed in some AMP genes that are up-regulated in the wandering
stage [29].

3.3. Induction of AMP Gene Expression by SRP2 Injection

To test whether SRP2 induces AMP synthesis, we chemically synthesized the 25-residue
peptide and injected the peptide solution (3.0 pg) or PBS into day 2, 5 instar larvae. We
analyzed the test and control RNA samples by qPCR and found five of the eight AMP genes
were significantly induced (p<0.05) at 6 h after the SRP2 injection (Fig. 3). The cecropin-6,
gloverin, lebocin D, lysozyme-1, and moricin-1 mRNA levels were 3.5, 3.1, 9.5, 4.2, and
14.0 fold higher than the control, respectively. While these increases were less dramatic than
those caused by injection of a bacterial mixture [28] it implicates SRP2’s role in regulating
the immune response in the tobacco hornworm. This is consistent with the result from
Drosophila [6a] and justifies a structural study of this cytokine.

3.4. NMR Resonance Assignments and Secondary Structure

The amino acid spin system resonances and sequential proton chemical shift assignments for
SRP2 were achieved through analyzing 2D 1H-IH TOCSY NMR spectra for intra residue
proton-proton correlations and 2D H-1H NOESY spectra for inter residue proton-proton
correlations as previously described [30]. The TOCSY spectra acquired for SRP2 at 25 °C
gave good chemical-shift dispersion with limited spectral overlap, enabling assignments of
the spin systems for all residues and suggesting the presence of a well-defined secondary
and tertiary structure for this peptide. In these assignments, C,H (i) — C4H (i+1: P) (d,q) or
CaH (i) — C4H (i+1: P) (d;a) NOEs instead of dgy (i, i+1) were used for P9 and P21. Both
prolines in SRP2 showed strong d,q NOESs which were assigned to be trans configuration.
The presence of any Pro in cis configuration would not be detected due to absence of d,,
NOE cross peaks in the 2D 1H-IH NOESY spectra. The 1H chemical shift assignments for
M. sexta SRP2 have been deposited in BioMagResBank (http://www.bmrb.wisc.edu) under
the accession number 26862. Fig. 4 shows the NH-C,H, NH-CzH, NH-C H, and NH-C4H
cross peak assignments in the fingerprint region of the TOCSY spectrum used for residue
identification. The 2D *H-1H NOESY spectra allowed the identification of d(i, i+1) proton
connectivity for sequential assignments and the disambiguation of repeated amino acid
residues. Further analysis of the NOESY spectra obtained with different mixing time
revealed short, medium and long range connectivity including d,y, dgn and dyy that
provided structural information. An example of a NOESY spectrum showing dyp
connectivity is provided in Supporting Information (Fig. S1). All the sequential and medium
range distance NOE connectivity as well as deuterium exchange resistant data for residues
are illustrated in Fig. 5. A number of non-sequential (weak dan, i+2) NOE between L16 and
118; weak dnni, i+3) NOE between R15 and 118) and long range (weak dany, i+6) NOE
between R14 and V20; weak dnnj, i+7) NOE between V13 and V20) NOEs characteristic of
twisted antiparallel 3-sheets were observed for residues R12, V13, R14, R15, L16, 118, C19
and VV20. This secondary structural observation was further supported by the down field shift
of Ca proton resonances in chemical shift index ( Cqy) values (Fig. S2) and larger (9.5 -15
Hz) coupling constant (3Jnp-can) Value for these residues. The random coil values for C4H
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protons were taken from the published data [31]. The SRP2 structure consists two short 3-
strands at region R12-R15 (medium dgn, j+1) NOEs from R12 to R14 and weak dnpi, i+1)
NOE between R14 and R15) and 118 — V20 (medium dgng, j+1) NOEs from 118 to V20), a
type-1” B-turn at region R15 — 118 (weak dgn, j+1) NOE from L16 to G17 and medium
dnngi, i+1) NOE from G17 to 118) and a -turn at region C8 — S10 (carbony! oxygen of i-
residue C8 forming a hydrogen bond with slowly exchanged amide proton of i+2 residue
S10, a characteristic of -turn). The short stretch of twisted anti-parallel B-sheet was
confirmed by observation of hydrogen bond between V13 - V20, and R15 - 118. Low
preponderance of NOE cross peaks for N-terminal residues F1 — K7 and C-terminal residues
D22 - Y25 suggested extended conformation for these regions.

3.5. Tertiary Structure of M. sexta SRP2

For tertiary structure calculations, a total of 224 constraints involving 106 intra-residue, 62
sequential, 17 medium range, 9 long range NOE and 8 hydrogen bond distance constraints
as well as 20 dihedral angle constraints were used. Two additional distance constraints were
included between S and Cg atoms of C8 and C19 to produce normal disulfide bond geometry
(20A<dss<25A, 2.2 A <dcgs<3.5A). The structural statistics of SRP2 in water are
summarized in Table 1. A simulated annealing molecular dynamics analysis was performed
with these distance and dihedral constraints and found to a single family of conformers
regardless of the starting structure. For these calculations, our starting structures were
randomly chosen with extended conformation. From more than 400 conformers calculated,
20 structures with lowest energy were retained for further analysis. The torsion angle
dynamics of all the 20 conformers were consistent with a pair of hydrogen bonds involving
the backbone carbonyl of R15 and amide proton of 118. Evidence of two additional
hydrogen bonds (118 backbone car-bonyl to backbone amide proton of R15, and V20
backbone carbonyl to backbone amide proton of VV13) were observed in a subset of the
family of structures. The representative 20 superimposed structures (Fig. 6a) were in good
agreement with experimental data with no distance violation larger than 0.3 A and no
dihedral angle violation larger than 5 degree. A Ramachandran plot produced by Procheck-
NMR [25] showed that 72.1% of residues are in most favored stereo-chemically allowed
regions and 23.2% are in additional allowed regions (Table 1). A superimposition of the 20
lowest energy structures showed a considerable degree of flexibility, however, alignments
along residues 8-21, forming the core region for SRP2, of the 20 lowest energy structures
showed backbone root mean square deviation value of 0.87 A. The schematic ribbon
diagram of the energy minimized average tertiary structure of M. sexta SRP2 is shown in
Fig. 6b. Three hydrogen bonds that stabilized the tertiary structure of SRP2 were confirmed
by the slowly exchanged amide protons from K7, S10, and 118.

4. DISCUSSION

In this study, we have identified a family of eleven GBP-like genes in the genome of M.
sexta, each coding for a protein with the pre-pro-structure. The signal peptide (7.e. pre-
region) allows the pro-protein to be secreted into extracellular space or temporarily stored
for later release through the secretory pathway, as these small proteins do not contain any
transmembrane segment. In the former, the pro-proteins (precursors of UENF1, uENF2, PSP,
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SRP1-3, 6) are anticipated to be cleaved by extracellular SPs to become active. This
mechanism is known for the proPSP activation [11]. In the latter, the pro-proteins
(precursors of SRP4, SRP5, SRP7 and SRP8) may be further processed by intracellular
convertases (e.g. furin) to become active peptides. They are probably released in response to
particular physiological or pathological stimuli because, otherwise, we must assume that
these four proSRPs are constitutively processed and released as not regulated active
cytokines.

SRP2’s intensity and uniqgue mRNA expression pattern (Fig. 2) [12, 28] makes it an
excellent candidate for function exploration of this protein family. The qPCR results (Fig. 2)
confirmed the data from the RNA-Seq analyses, suggesting that SRP2 takes part in
antimicrobial defense of M. sexta. Fat body and hemocytes are major components of the
immune system. After bacterial injection, the SRP2 transcript level increased 3.3-fold in
hemocytes to 20.3% of rpS3’s, which is highly abundant in cells. In the fat body, the 4.4-fold
increase brought SRP2 transcript to 2.2% of the rpS3’s level (Fig. 2A). As fat body has a
much higher mass than hemocytes and acts as the major contributor of hemolymph
proteome [32], it is unclear whether proSRP2 in plasma mainly comes from hemocytes or
not. The proSRP2 made in trachea may also participate in immune responses, whereas its
production in nerve tissue suggests a possible role as a neuropeptide upon activation (Fig.
2B). The up-regulation of SRP2 expression in the fat body in the end of 5% instar feeding
phase (Fig. 2C) resembles that of the AMP genes [29].

Up-regulation of AMP gene expression after SRP2 injection implicates an immunological
role (Fig. 3). Based on these observations, we postulate that the SP system in the
hemolymph is triggered by bacterial infection to activate proSRP2 along with other
precursors of immune factors (e.g. PO, Spétzle, and PSP). Remarkably, the predicted
cleavage site (R*F) of proSRP2 is identical to that of proPO1 and proPO2, suggesting that
proPO activating proteases (PAP1-3) can also activate proSRP1-3 (Fig. 1). In M. sexta, PO-
mediated melanization occurs along with proHP6 and proHP8 activation [33]. Hemolymph
protease-8 (HP8) generates active Spéatzle-1 to induce AMP production via a putative Toll
pathway [12, 33]. We propose SRP2, like Spatzle, may act as a cytokine to turn on another
immune signaling pathways and induce AMP gene expression. In Drosophila, GBP
(encoded by CG15917, one of the five SRP genes) induces an intracellular pathway via Imd
to activate metchnik-owin and diptericin [6a]. Instead of the classical Imd pathway including
Relish, the GBP binding signal may go through the JNK branch. It would be interesting to
identify proSRP2-activating protease(s), the SRP2 receptor, and downstream signal
transducers in M. sexta using a biochemical approach.

The analysis of the tertiary structure of SRP2 suggests that in aqueous solution this peptide
possesses a well-defined structural core region with a short twisted anti-parallel B-sheet that
is stabilized by a type-1" R-turn and disulfide bond while the N- and C-termini are largely
unstructured and apparently with substantial flexibility. Overall tertiary structure is
stabilized by a combination of the hydrogen bonds within the B-sheet structure and
hydrophobic sidechain packing along with the covalent disulfide linkage. Within the core
region of the molecule, one side of the structure is mainly composed of disordered charged
residues, including R12, R14, and R15. The side chain of R12 showed NOE contacts to the
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side chains of C8, P9, and C19. The opposite side of the structure is composed of
hydrophobic residues, including V13, L16, 118 and VV20. These structural characteristics
similar to M. sexta paralytic peptide structure [34] indicate that the SRP2 structural core
adopts an epidermal growth factor (EGF)-like fold very similar to the carboxyl-terminal
region of the vertebrate EGF though they have very low sequence similarities. Furthermore,
this structural similarity may suggest that SRP2-receptor interactions are analogous to EGF
and its receptor to trigger the biological activities of this stress response peptide.

5. CONCLUSION

There is a family of cytokine-like genes in the genome of M. sexta, which encode eleven
small proteins with the pre-pro-structure. Extracellular serine proteases and intracellular
processing enzymes are likely responsible for their proteolytic activation and/or release in
response to physiological stimuli. Expression profiling has shown the tissues and
developmental stages in which SRP2 gene is expressed. More importantly, the SRP2 gene
transcription is up-regulated in hemocytes and fat body upon immune challenge and
injection of the synthetic peptide significantly induced the expression of certain
antimicrobial peptide genes. The latter suggest the existence of proSRP2 activating
proteases, a SRP2 receptor, and an immune signal transduction pathway. The elucidation of
the SRP2 solution structure represents the first step in our endeavor aimed at understanding
its interactions with a putative receptor in the future.
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AMP antimicrobial peptide
GBP growth blocking peptide
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PO and proPO phenoloxidase and its precursor
PAP proPO activating protease
PP paralytic peptide
PSP plasmatocyte spreading peptide
SRP stress response peptide
UENF upstream Glu-Asn-Phe factor
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Figure 1. Sequence Alignment of a Family of Proteinswith Their Carboxyl-Termini Similar to

SRPs

The last ten residues of the predicted pro-region and the putative SRPs at the C-terminal end
are aligned. The predicted activation cleavage site is shown as a gap after the Arg/Lys (in
bold) and the conserved recognition sites (R/K-X-Y-R/K) of intracellular processing
proteases are marked red. The two invariable C residues (red, bold) may form a disulfide
bond to stabilize the peptide structures. The two highly conserved G are shaded green. The
D/E (blue, bold) residues after the 2"@ C in most SRPs may provide negative charges to the
C-terminal end (*). The three numbers following each sequence denote the sizes of active
peptide, signal peptide, and entire pre-pro-peptide.
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Figure 2. gqRT-PCR Measurement of M. sexta SRP2 mRNA Levels. (A)
Immune inducibility. As described in Materials and methods, the total RNA samples of

control and induced hemocytes (CH and IH) and fat body (CF and IF) were reverse
transcribed to cDNA and analyzed by quantitative real-time PCR using the SRP2-specific
primers. The relative mRNA levels normalized with rpS3 based on their C; values in three
biological replicates (3 larvae per sample) and plotted as a bar graph (mean + SD, n = 3).
The statistical significances were calculated using the Student’s t-test and significant
increases are shown as * (p<0.05) and ** (p<0.01). (B) Tissue specificity. RNA samples of
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integument (1), nerve tissue (N), midgut (Mg), muscle (Mu), Malpighian tubule (Mt),
salivary gland (Sg), trachea (T), hemocytes (H), and fat body (F) from day 3, fifth instar
naive larvae were prepared and analyzed by gPCR under the same conditions. (C)
Developmental profiles. The mRNA levels in hemocytes (/eff) and fat body (right) at
different life stages were determined using the same method. W, wandering; P, pupal; A,
adult.
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Figure 3. Induction of AMP Expression by Injection of PBS (grey) or SRP2 (red)
As described in Materials and methods, the test and control total RNA samples of fat body

from the larvae injected with buffer on peptide were analyzed by gPCR using the primers

specific for eight AMP genes. After normalization against rpS3, the average SRP2 mRNA
levels in the control samples were adjusted to one, and relative levels in the SRP2 injected
group were calculated accordingly. The statistical significances were calculated using the

Student’s t-test and significant increases are shown as * (p<0.05), ** (p<0.01), or ***

(p<0.001).
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Figure 4. Fingerprint Region (NH-C4H/Side chain protons) of 2D IH-1H ToCSsY Spectrum of

SRP2in Hy0

Individual amino acid spin systems connected with vertical lines and labeled with residue

name and number.
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Figure 5. Summary of the NOE connectivity for SRP2 in water
The line thickness indicates peak intensity, dotted lines indicate nonsequential connections

and arrows highlight residues that are resistant to deuterium exchange.
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Figure 6. Structural Representations of SRP2
(A) Superimposition of the 20 lowest energy NMR structures of SRP2. (B) Ribbon diagram

of the lowest energy structure of SRP2. The disulfide bond between C8 and C19 is indicated.
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Structural Statistics of the 20 Lowest Energy Structures for SRP2.

NOE Constraints Number
Total 224
Intra-residue 106
Sequential 62
Medium range (i-j = 5) 17
Long range (i-j = 5) 9
Disulfide bonds 2
Hydrogen bonds 8
Dihedral Constraints 20
Constraints/residue 8.96

Pairwise R.M.S.D. to Mean structure (residues 1-25)

Backbone atoms (A)

2.45+0.48

All nonhydrogen atoms (A)

3.13+0.47

Pairwise R.M.S.D. to Mean structure (residues 8-21)

Backbone atoms (A) 0.87+0.21

All nonhydrogen atoms (A) 1.88+0.62
Percentage of Residues in Regions of f- Space
Allowed 72.1%
Additionally Allowed 23.2%
Generously Allowed 3.8%
Disallowed 0.9%

Protein Pept Lett. Author manuscript; available in PMC 2018 January 01.

Table 1

Page 20



	Abstract
	1. INTRODUCTION
	2. MATERIALS AND METHODS
	2.1. Identification of SRP Genes in the Genome of M. sexta
	2.2. Insect Rearing and Injection, Total RNA Preparation, and cDNA Synthesis
	2.3. Quantitative Polymerase Chain Reaction (qPCR)
	2.4. Chemical Synthesis of Putative M. sexta SRP2
	2.5. NMR Spectroscopy
	2.6. Structure Calculations

	3. RESULTS
	3.1. Identification and Features of Putative SRPs of M. sexta
	3.2. Immune Inducibility, Tissue Specificity, and Developmental Profiles of SRP2 Expression
	3.3. Induction of AMP Gene Expression by SRP2 Injection
	3.4. NMR Resonance Assignments and Secondary Structure
	3.5. Tertiary Structure of M. sexta SRP2

	4. DISCUSSION
	5. CONCLUSION
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Table 1

