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Mutually exclusive alternative splicing produces transcripts
for 12 serpin-1 isoforms inManduca sexta that differ only in the
region encoding the carboxyl-terminal 36–40-amino acid resi-
dues. This variable region includes the reactive center loop,
which determines the inhibitory selectivity of the serpin. We
investigated mRNA levels of individual serpin-1 isoforms by
quantitative PCR. The 12 isoforms were expressed at similar
levels in hemocytes, but in fat body isoform B mRNA was pres-
ent at significantly higher levels than isoforms C, D, E, F, G, J, K,
and Z. To investigate the presence of individual serpin-1 iso-
forms in plasma we used immunoaffinity purification of ser-
pin-1 isoforms from M. sexta plasma, followed by two-dimen-
sional PAGE and identification of protein spots by digestion
with a series of proteinases and analysis of the resulting peptides
byMALDI-TOF/TOF.We identified nine of the 12 serpin-1 iso-
forms and, through analysis of putative serpin-1-proteinase
complexes, identified three endogenousM. sextaproteinase tar-
gets of serpin-1. Our results suggest that M. sexta serpin-1 iso-
forms A, E, and J can inhibit hemolymph proteinase 8, which
activates the cytokine spätzle. At least one isoform of serpin-1
can inhibit hemocyte proteinase 1, anotherM. sexta blood pro-
teinase. In addition, a complex of serpin-1K in a complex with
M. sexta midgut chymotrypsin was identified, suggesting ser-
pin-1 isoforms may also function to protect insect tissues from
digestive proteinases that may leak into the hemocoel.

Serpins are a superfamily of proteins that are named for being
serine proteinase inhibitors, a function that many serpins per-
form. Serpins contain an exposed reactive center loop, formed
from a region near the carboxyl-terminal end of the protein. A
proteinase that begins to cleave a serpin in the reactive center
loop typically becomes covalently bound to the serpin and inac-
tivated. The proteinase active site serine forms an ester bond
with the acyl group of the serpin P1 residue at the amino-ter-
minal side of the scissile bond, but cannot complete the hydro-
lysis because the serpin reactive center loop rapidly inserts into
the A�-sheet, moving the proteinase�70Å and deforming the
proteinase catalytic site (1, 2).

Extracelluar serpins exert control over serine proteinase cas-
cades in vertebrateblood, including complement activation, blood
clotting, and fibrinolysis (3, 4). In insects, serine proteinase cas-
cades initiated by microbial infection elicit antimicrobial peptide
production and lead to activation of prophenoloxidase, which cat-
alyzes the melanization response (5–13). Serpins inhibit protein-
ases required for prophenoloxidase activation in Manduca sexta
(14–17),Drosophilamelanogaster (18–21),Tenebriomolitor (22),
and Anopheles gambiae (23). Serpins also regulate the Toll path-
way in immune responses of D. melanogaster and T. molitor (22,
24) and inD. melanogaster dorsal-ventral patterning (25, 26).
In insects, serpin genes have evolved alternative exon splic-

ing, which produces variation in the sequence of much of the
reactive center loop, producing multiple functional serpins
from a single gene. This was first described inM. sexta serpin-1,
which has 12 different copies of exon 9 that undergo mutually
exclusive alternative splicing to produce 12 putative protein
isoforms. These isoforms differ in their carboxyl-terminal
39–46 residues, including the P1 residue, and inhibit serine
proteinases with different specificities (Fig. 1) (27–31). Similar
alternative splicing occurs in some serpin genes from other
insect species, with 3–15 alternative exons encoding the reac-
tive center looppresent in genes studied so far (32–34).M. sexta
serpin-1 is expressed in fat body and, less strongly, in hemo-
cytes (36, 37). Serpin-1 is secreted into the hemolymph and
reaches concentrations of 0.4 mg/ml. However, the presence
and amount of the different serpin-1 isoforms in hemolymph
has not previously been analyzed. It has been unclear whether
both tissues express all 12 isoforms and whether any of the
isoforms are preferentially expressed. Analysis of cDNA clones
fromhemocyte and fat body libraries showed that the hemocyte
clones were well distributed over the different isoforms, but 19
of the 21 fat body clones were serpin-1F, which led to the spec-
ulation that the fat body preferentially expresses isoform F (30).
Little is known about the biological functions of M. sexta

serpin-1. Only two of the 12 serpin-1 isoforms have been found
to formcomplexeswithM. sexta serine proteases. Serpin-1J can
inhibit activation of the phenoloxidase pathway and form a
complexwith prophenoloxidase activating proteinase-3 in vitro
(27, 38), whereas serpin-1I can complex with HP143 in vitro
(39). 27 hemolymph proteinases are known inM. sexta (40, 41)
and some of these are likely endogenous proteinase targets of
serpin-1 isoforms.
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In this paper we investigate individual serpin-1 isoform
expression at the mRNA level and examine the individual ser-
pin-1 isoform proteins in plasma. We also analyzed putative
complexes between serpin-1 and proteinases in plasma sam-
ples. Identification of serpin-1 proteinase complexes occurring
naturally in hemolymph provides insight into some of the
endogenousM. sexta proteinases that serpin-1 inhibits, bring-
ing closer a goal of understanding the function of serpins and
proteinases in hemolymph ofM. sexta and other insects.

EXPERIMENTAL PROCEDURES

Insects—We originally obtained eggs for theM. sexta colony
maintained in our laboratory from Carolina Biological Supply.
The insects were reared on an artificial diet as described previ-
ously (42).

RNA Preparation, Primer Design,
and PCR—An RNeasy Midi Kit
(Qiagen) was used to extract RNA
from hemocytes or fat body of fifth
instar larvae from both naive insects
and insects 24 h after injection of
100 �l of a 1mg/ml of suspension of
Micrococcus luteus (Sigma). Hemo-
lymph from eight insects was
pooled for each hemocyte sample,
and fat body from five insects was
used for each fat body sample. RNA
was treated with Turbo DNA-free
(Ambion) to remove any contami-
nating genomic DNA. cDNA was
synthesized in 20-�l reactions with
the SuperScript III kit using an
oligo(dT) primer (Invitrogen) from
5.36 �g of RNA (fat body samples),
1.18 �g of RNA (naive hemocytes),
and 2.06 �g of RNA (induced
hemocytes).
Primers for serpin-1 isoforms

and ribosomal protein S3 (rpS3)
(supplemental Table S1) were
designed using the primer 3 pro-
gram (Invitrogen). Semi-quantita-
tive reverse transcriptase (RT) PCR
was performed using 0.5 �l of mid-
gut, naive fat body or induced fat
body cDNA, 1 �l of naive hemocyte
cDNA, or 0.6 �l of induced hemo-
cyte cDNA with 0.5 �l of forward
primer (10 �M), 0.5 �l of reverse
primer (10 �M), and 22.5 �l of Plat-
inum PCR Supermix (Invitrogen) in
a total volume of 25 �l. PCR were
run for 30 or 35 cycles (30 s at 94 °C,
30 s at 50 °C, and 25 s at 72 °C). The
PCR products were analyzed by
electrophoresis on a 1% agarose gel
and stained with ethidium bromide.
The PCR products from the 35 cycle

naive hemocyte reactions were excised from the gel, purified
(Qiagen kit), and sequenced (Iowa State University DNA
Sequencing Facility) using sequence-specific primers. In an
experiment to examine sequences of putative allelic variants of
serpin-1E, additional PCR was performed with serpin-1E-spe-
cific primers using 0.75 �l of naive fat body cDNA in a total
volume of 50 �l with 5 cycles of amplification at 54 °C, 5 cycles
at 52 °C, and 20 cycles at 50 °C. The PCR product was gel puri-
fied and cloned into the pCR4-TOPO vector using a TOPOTA
cloning kit (Invitrogen) and sequenced at the Kansas State Uni-
versity Gene Expression facility.
For quantitative RT-PCR, RNA was prepared from fifth

instar day 2 larvae 24 h after injectionwithwater as a control (50
�l/larva) or withM. luteus (Sigma, 50 �l/larva, 10 �g/�l). Body
fat and hemocyte samples were collected individually from

FIGURE 1. Mutually exclusive splicing of the serpin-1 gene to include different versions of exon 9 pro-
duces serpin isoforms with different reactive center loop sequences. A, protein structure of serpin-1K (PDB
code 1SEK). The alternatively spliced region is shown in red, and the P1 residue, Tyr359, is shown in the “stick”
format. B, structure of the M. sexta serpin-1 gene. The first 8 exons encode the constant region of the protein,
which is followed by the carboxyl-terminal variable region, encoded by an exon 9. Each exon 9 includes a stop
codon to end the open reading frame. Exon 10 includes the 3� untranslated region. C, an alignment of the
carboxyl termini of the 12 serpin-1 isoforms starting with Lys336. The region encoded by the 3� end of exon 8 is
in blue; exon 9 starts after Asn352. Known P1 residues are highlighted in yellow. The first isoform-specific tryptic
peptide for each isoform is underlined.
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three larvae for each treatment. Total RNA samples were pre-
pared using TRIzol� Reagent (Invitrogen). First-strand cDNA
was synthesized following the instructions of BD SprintTM
PowerSriptTM PrePrimed Single Shots Kit (Clontech). Each
25-�l reaction for quantitative real time RT-PCR contained
12.5 �l of 2� buffer mixture (Bio-Rad), 1 �l of forward primer
(5 �M), 1 �l of reverse primer (5 �M), and 11.5 �l of diluted
cDNA. The thermal cycling conditions were 95 °C for 5 min
and 40 cycles of 95 °C for 30 s, 50 °C for 30 s, 72 °C for 40 s.
Amplificationwasmonitored on an iCycler (Bio-Rad) bymeans
of SYBR Green (Bio-Rad) dye. Thresholds were individually
calculated for each target gene. Transcript abundance values
(�CT�CTSerpin-1 isoform �CTrpS3) for each isoformwere used
to calculate relative mRNA levels using the formula 2��CT.
Analysis of variance and the Tukey test was used to compare
relative mRNA levels of the isoforms within a single tissue (fat
body or hemocytes) and treatment (naive tissue or immune-
induced). To compare the expression of individual isoforms
within a single tissue under control and immune-induced con-
ditions we performed unpaired t tests with the Welch correc-
tion for variance. Statistical analysis was performed using Prism
5 (GraphPad Software).
Protein Concentration Assay—Protein concentrations were

determined with the Coomassie Plus Protein Assay Reagent
(Pierce) using bovine serum albumin as the standard.
Antisera—Recombinant His6-tagged serpin-1I (27) ex-

pressed in Escherichia coli and purified by nickel-nitrilotriace-
tic acid chromatography and SDS-PAGE was used as antigen
for preparation of a rabbit antiserum (Cocalico, Reamstown,
PA). Preliminary tests by immunoblot analysis of M. sexta
plasma samples indicated that this antiserum was specific for
serpin-1 (data not shown). Rabbit antisera to HP6, HP8, and
PAP-3was kindly provided byDr.Haobo Jiang,OklahomaState
University. Rabbit antisera to peptides representing the reac-
tive center loop region of serpin-1B (GIVPASLILYPEVHI) and
serpin-1F (IAVVDSIDIFERTIEFHA) were generated using
synthetic peptides conjugated to keyhole limpet hemocyanin
(43).
Immunoaffinity Purification of Serpin-1 Isoforms—Rabbit

antiserum generated to recombinant serpin-1I, described
above, was used to prepare serpin-1-antibody columns for
immunoaffinity purification of plasma serpins. Immunoglobu-
lins in 2 ml of serpin-1 antiserum were cross-linked to 2 ml of
protein-A beads (Sigma P9424) as described previously (16).
Hemolymph fromday 1 and 2 fifth instar larvaewas collected

from a proleg into a sterile tube containing 2.5 mg of diethyl-
thiocarbamate per larva to inhibit melanization. Hemolymph
was centrifuged at 10,000 � g for 15 min to remove hemocytes,
and the supernatant (plasma) was either used immediately or
frozen in aliquots at �80 °C. Untreated naive plasma was used
for immunoaffinity purification except for one experiment,
where 4 ml of plasma pooled from 16 naive day 1 fifth instar
larvae was incubated with either 50 �l of 40 mg/ml ofM. luteus
(SigmaM3770) or 100 �l of 10mg/ml of LPS (Sigma L2630) for
40 min. The LPS-treated plasma was used for immunoaffinity
purification of serpin-1 followed by one-dimensional PAGE.
Serpin-1 antibody beads weremixed with 4ml of plasma and

8 ml of phosphate-buffered saline for 2 h. The beads were cen-

trifuged at 100 � g, washed three times with 12 ml of PBS, and
then transferred to a 10-ml disposable chromatography column
(Bio-Rad). Serpin-1 was eluted with 10 1-ml applications of
elution buffer (100 mM glycine, 10% ethylene glycol, pH 3) col-
lected into 100-�l aliquots of 1 M sodium phosphate, pH 8, for
neutralization. Samples were analyzed by reducing SDS-PAGE
and, for immunoblotting, transferred to nitrocellulose, and
detected with antiserum to serpin-1.
Affinity purified serpin-1 elution fractions with protein con-

centrations of 50 �g/ml of protein or less were concentrated
using a Centriplus YM-3 centrifugal filter device (Amicon) at
3,000� g, 4 °C, until the volumewas reduced from9 to 2ml and
the concentration of the sample was �110 �g/ml. These sam-
ples were further concentrated using Microcon YM3 centrifu-
gal filter units (Amicon) at 13,000 � g, 4 °C. Elution fractions
that had higher initial protein concentrations (60–130 �g/ml)
were also individually concentrated in Microcon YM3 centrif-
ugal filter units. The retentates were pooled and used for two-
dimensional SDS-PAGE.
Two-dimensional Gel Electrophoresis—Concentrated affin-

ity purified serpin-1 (38 �g) was prepared for isoelectric focus-
ing (IEF) using the ReadyPrep 2-D Cleanup Kit (Bio-Rad).
11-cm IPGReadyStrips (4.7–5.9 pH range, Bio-Rad) were rehy-
drated with 190�l of affinity purified serpin-1 in strongly chao-
tropic buffer for 16 h prior to running IEF on a Bio-Rad Protean
IEF Cell.
After completion of IEF, the strips were equilibrated with 2%

dithiothreitol and then 2.5% iodoacetamide for 12 min each,
then electrophoresed in a 4–12% BisTris Criterion gel (Bio-
Rad), all performed according Bio-Rad instructions. Immuno-
blotting was performedwith antisera toM. sexta serpin-1, HP1,
HP6, HP8, prophenoloxidase-activating proteinase-3, and
PPO1 and -2 at 1:2,000 dilution. Coomassie Blue staining was
performed with BioSafe Coomassie G-250 stain (Bio-Rad).
Protein Digestion and Identification by Mass Spectrometry—

The two-dimensional spots of interest were excised and then
analyzed bymass spectrometry at the Nevada Proteomics Cen-
ter (University of Nevada, Reno). Selected protein spots were
digested in bicarbonate buffer with trypsin or a double digest of
proteinases lysine-C and aspartic-N (Lys-C/AspN).Other spots
were digested by the proteinase glutamic-C (Glu-C) in either
bicarbonate or phosphate buffer.
MALDI data analysis peak lists were created using the 4000

Series Explorer software version 3.6 Peaks to theMascot feature
from ABI. MS peak filtering settings included a mass range of
700–4000 Da, minimum S/N filter 0, and peak density filter of
65 peaks/200 Da with a maximum number of peaks set to 200.
MS/MS peak filtering included mass ranges of 60 to 20 Da
below each precursormass, minimumS/N filter 0, peak density
filter of 65 peaks/200 Da, and cluster area filter with maximum
number of peaks 200. The filtered data were searched by Mas-
cot version 2.1.03 (Matrix Science) using the NCBInr data base
(NCBInr 20070908), containing 5,454,477 sequences. Searches
were performedwithout restriction to protein species,Mr, or pI
and with variable oxidation of methionine residues and car-
bamidomethylation of cysteines. Maximum missed cleavage
was set to 1 and limited to appropriate digestive enzyme and
buffer cleavage sites. Precursor mass tolerance and fragment
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mass tolerance were set to 150 ppm (or 20 ppm, for internally
calibrated trypsin digests) and �0.2 Da. These files were then
analyzed using Proteome Software’s Scaffold software.

RESULTS

Differential Expression of Serpin-1 Isoform mRNAs—Previ-
ous studies of serpin-1 have examined mRNA and protein lev-
els of all the isoforms in aggregate. Northern blot results
showed serpin-1mRNA is present at high levels in fat body and
lower levels in hemocytes (specifically granular cells) (36).
Whether there may be some preferred splice sites or regulation
of isoform production in response to different conditions or
during development is unknown. To begin to address these
questions, we designed isoform-specific forward primers to the
12 alternatively spliced versions of exon 9 and a common
reverse primer in exon 10, which encodes the 3� untranslated
region for all the isoforms. PCR with cDNA from fat body and
hemocytes of naive larvae and larvae injected with bacteria
(induced) gave products of the expected size for all 12 isoforms
(data not shown). Each PCR product fromnaive hemocytes was
gel-purified and directly sequenced using the common exon 10
primer and found to have the sequence of the expected isoform
(results not shown), demonstrating the specificity of the exon 9
primers and confirming that all 12 isoforms were expressed.
Weused quantitative real timePCR to analyze the expression

levels of the 12 isoforms in naive fat body and hemocytes and
after an immune challenge (Fig. 2). We observed that, in the fat
body samples, isoform B was significantly more highly
expressed than isoforms C, D, E, F, G, J, K, and Z, whereas
isoforms A, H, and I had an intermediate level of expression. In

hemocytes, all of the serpin-1 iso-
forms were expressed at much
lower levels relative to rpS3 than in
fat body, and there was no signifi-
cant difference between any of the
isoforms in hemocytes from control
insects.We compared expression of
individual isoforms within a single
tissue between naive and immune-
challenged conditions and only saw
significant differences for two iso-
forms in fat body, where isoforms H
and J both decreased after immune
challenge (supplemental Fig. S1).
A Proteomic Approach for Identi-

fication of Serpin-1 Isoforms—Be-
cause the 12 splicing isoforms of
serpin-1 are nearly the same size,
havemostly the same sequence, and
all are recognized by the polyclonal
antisera that have been available for
serpin-1, little is known about the
presence of individual isoforms in
hemolymph. To assess the possible
separation of serpin-1 isoforms by
two-dimensional gel electrophore-
sis, we plotted predicted isoelectric
points of the serpin-1 isoforms and

predicted that a reasonable separation would likely be achieved
using a narrow pH range isoelectric focusing strip (Fig. 3A).
Preliminary separations using larval plasma samples revealed
that a series of 11 spots at �45 kDa could be detected by im-
munoblotting after two-dimensional PAGE (supplemental
Fig. S2). We confirmed by tryptic peptide mass fingerprinting
that all of the spots contained serpin-1, but were not able to
identify isoform types for many of the spots (44). To enrich the
samples from hemolymph plasma for serpin-1 and increase the
amount of serpin-1 isoforms that could be separated in each
experiment, we carried out immunoaffinity purification of ser-
pin-1 from plasma samples and used these preparations for fur-
ther analysis by two-dimensional PAGE. This purification
increased the intensity of each putative serpin-1 spot and
revealed additional higher molecular weight spots that
reacted with serpin-1 antiserum, which were not detected by
analysis of crude plasma (Fig. 3D).
Detection of multiple protein isoforms by two-dimensional

PAGE and mass spectrometry is more challenging than general
protein identification (45). Detection of individual serpin-1 iso-
formsproved tobeparticularly difficult becauseonly the carboxyl-
terminal region of�40 amino acid residues, after residue 353, are
isoform-specific. Additionally, the end of the common portion of
serpin-1 (residues 337–352) contains a long regionwithno trypsin
cleavage sites and multiple glutamic acids, making it a difficult
region todetectbyproteinasedigestionandMS.Weusedmultiple
proteinases (46) to improve our detection of specific serpin-1 iso-
forms, especially for isoforms B, C, G, and H (Table 1) and used
enzyme cleavage rules as listed on the ExPASy proteomics server.

FIGURE 2. Relative expression levels of serpin-1 isoform mRNA in fat body and hemocytes from naive and
immune-induced insects. RNA isolated from fat body or hemocytes of larvae 24 h after injection with M. luteus
or with water as a control was used for analysis by quantitative RT-PCR as described under “Experimental
Procedures.” Symbols represent mean � S.D. (n � 3). Points labeled with the same letter are not significantly
different (analysis of variance and Tukey’s studentized range test, p � 0.05).
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Spots at �45 kDa (spots 1–15) were excised from three gels
and analyzed by digestion with trypsin, Lys-C/AspN, or Glu-C
in either bicarbonate buffer or phosphate buffer (Fig. 3B and

supplemental Fig. S3). MALDI-TOF/TOF data from protein-
ase-digested spots was searched against the NCBI data base,
and the topMascot results are listed in supplemental Table S2.
We based isoform identification on the presence of at least 1
MS/MS peptide by scaffold (spectra in supplemental Fig. S4) or
at least two peptides identified by peptide mass fingerprinting
(PMF).
Spots 1 and 15, at the extreme ends of the IEF strip, were

foundby trypsin digestion to have unresolved serpin-1 isoforms
and were not analyzed further. Trypsin digestion followed by
MALDI-TOF/TOF analysis was adequate for identification of
serpin-1 isoforms in spots 2 (J), 4 (H), 6–8 (I), 9 (A and Z), 10
(Z), 11 (K), 12 (A), and 13 and 14 (E). Multiple isoforms were
detected in a few spots. Spot 5 clearly contained both isoforms
B and F. Antisera generated to peptides from the variable
regions of serpin-1B or -1F recognized spot 5 (supplemen-
tal Fig. S5), in agreement with the MS results.
Spot 9 contained three isoform Z peaks, one of which was

confirmedbyMS/MS, and also a serpin-1Apeak corresponding
to residues 337–355. The pI of serpin-1A after cleavage
between P1-P1� is 5.1, close to the pI of spot 10, which, along
with the slightly lower size of spot 9, raises the possibility that
the serpin-1A detected in spot 9 is cleaved serpin-1A.
Serpin-1 F andH have predicted tryptic peptides of very sim-

ilar size, 1751.83 and 1751.88, respectively. A peptide with the
observed mass 1752.029 was present in spot 4, which was
inconclusive by peptide mass fingerprinting at the 150 ppm
error tolerance appropriate for that spot. However, MS/MS
analysis of this peptide led to its identification as serpin-1H.
Additionally, three peptides from Lys-C/AspN digestion of
spot 4 were identified as serpin-1H peptides, two of which were
confirmed by MS/MS. One serpin-1H peptide was also identi-
fied in spot 4 by MS/MS after Glu-C digestion in phosphate
buffer. All together we are quite confident of the presence of
serpin-1H in spot 4.
PMF results from Lys-C/AspN digestion supported the

results from trypsin digestion in spots 10 (Z), 11 (K), 13 (E), and
14 (E). Lys-C/AspN digestion also led to MS/MS identification
of a serpin-1B peptide in spot 5. The only evidence for the
presence of serpin-1 isoform D was in spot 8 by Lys-C/AspN
digestion. This location, pH 5.2, is a little more acidic than 5.36,
the predicted pI of isoform D.
MALDI-TOF/TOF analysis of peptides fromGlu-C cleavage

in bicarbonate buffer helped confirm the presence of serpin-1J
in spot 2 and serpin-1B in spot 5. The same serpin-1B peptide
was also detected byGlu-C cleavage in phosphate buffer. Glu-C
cleavage in phosphate buffer also detected two masses that
could match isoform C in spot 14p, although this spot is at a

FIGURE 3. Immunoaffinity-purified serpin-1 separated by isoelectric
focusing and SDS-PAGE. A, the calculated isolectric points and masses of
each serpin-1 isoform were used to predict separation after isoelectric focus-
ing on a 4.7–5.9 pH range strip followed by SDS-PAGE. B, immunoaffinity-
purified serpin-1 was separated by two-dimensional PAGE, using separation
by IEF with a pH range of 4.7–5.9, followed by SDS-PAGE on a 4 –12% acryl-
amide gradient gel. Coomassie Blue-stained spots corresponding to those
from a duplicate gel detected by immunoblot analysis with serpin-1 anti-
serum (see panel D) were picked for trypsin digestion followed by MALDI-TOF
and MALDI-TOF/TOF mass spectrometry analysis. Replicate gels were also
analyzed after similar treatment with Glu-C and Lys-C/AspN (supple-
mental Fig. S3). C, summary of identification of serpin-1 isoforms and other
proteins, based on mass spectrometry and immunoblot data. Panels D–F
show immunoblot analysis of replicate two-dimensional PAGE samples using
antisera to serpin-1 (D), HP8 (E), and HP1 (F).

TABLE 1
Serpin-1 isoform-specific peptides expected after cleavage by different proteases

Enzyme
Number of isoform-specific peptidesa

A B C D E F G H I J K Z

Trypsin 3 1 1 4 4 3 1 1 3 3 4 3
Glu-C bicarbonate 0 3 1 2 0 2 2 3 2 3 2 0
Glu-C phosphate 2 3 3 3 3 2 2 4 2 3 2 3
Lys-C/AspN 3 3 1 3 4 4 1 4 2 2 4 3

a The number of serpin-1 isoform-specific peptides expected assuming 0 missed cleavages and a peptide mass between 700 and 3500 Da. Peptides with possible modifications
are only listed once.
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much higher pH, 5.7, than would be expected for isoform C (pI
4.94) and spot 14was definitively shown to contain isoformE in
both trypsin and Lys-C/AspN digestions.
The observed positions of all of the identified isoforms after

isoelectric focusing was remarkably similar to the expected
locations based on predicted pI (Fig. 3, A–C), with the excep-
tion of serpin-1C, which was only detected in spot 14, a spot
that also contains serpin-1E. IsoformGwas not detected in any
of the samples.
One possible explanation for the two serpin-1E spots (13 and

14) is allelic variation involving charged amino acids in the iso-
form-specific region of serpin-1E. To investigate this we per-
formed PCR with primers that started in exon 8 (forward) or
exon 10 (reverse) but extended into the exon 9E region and
cloned the products. Of 10 clones sequenced, five matched the
serpin-1E sequence in NCBI (accession AAC47335.1), whereas
the other five differed by a single difference at nucleotide 10138
(C to T). This polymorphism leads to a change in amino acid
371 fromHis to Tyr (H371Y). The predicted isoelectric point of
this serpin-1E Tyr371 allele is 5.6, which corresponds to spot 13,
whereas the His371 variant has a predicted pI of 5.7, matching

spot 14.Mass spectrometry results demonstrated that a peptide
with the correct mass to include residue His371 (1566.95) is
present in spot 14 but absent in spot 13, where a new peak is
visible at 1592.95, consistent with Tyr371 in spot 14 (supple-
mental Fig. S6).
Identification of Serpin-1 Complexes with Hemolymph

Proteinases—Serpin-1 protein isoforms are expressed in fat
body and hemocytes and then secreted into the hemolymph.
Immunoblots of plasma showed the presence of putative ser-
pin-1-protease complexes, which were increased after the
plasma was treated with LPS orM. luteus (Fig. 4A). To further
analyze the putative serpin-1 proteinase complexes, we per-
formed SDS-PAGE of serpin-1 immunoaffinity purified from
plasma incubatedwith LPS (Fig. 4B).We observed two bands at
60–64 kDa, an appropriate size for serpin-protease complexes
(15, 16), which were strongly recognized by the serpin-1 anti-
serum (Fig. 4C). These bands were excised and analyzed by
MALDI-TOF/TOF, and both contained serpin-1 (Table 2 and
supplemental Fig. S7). Band 1 contained an isoform-specific
peptide corresponding to serpin-1J that was confirmed by addi-
tional TOF/TOF fragmentation. Band 1 also contained masses
corresponding to isoform-specific peptides from serpin-1 iso-
forms A, E, and K. Band 2 contained two isoform-specific pep-
tides matching serpin-1K and an identifiable proteinase, M.
sexta chymotrypsin, identified previously as a midgut digestive
proteinase (47). This result is consistent with the conclusion
that band 2 contains serpin-1K in a covalent complex with chy-
motrypsin. Additional searches of the MALDI-TOF/TOF data
with catalytic domain sequences of knownM. sexta proteinases
failed to identify a proteinase in band 1, suggesting that thismay
represent a complex with a proteinase whose sequence has not
yet been determined.
We suspected that spots 16–26 from the two-dimensional

gels (Fig. 3) were serpin-1-proteinase complexes, based on
molecular weight.With data fromMALDI-TOF/TOFwe iden-
tified serpin-1 in spots 16–25 and prophenoloxidase in spot 26,
results that are consistent with the pattern of serpin-1 antisera
binding to two-dimensional immunoblots, which gave positive
results for spots 16–25 but not 26 (Fig. 3D).
To identify the proteinase components in these putative ser-

pin-proteinase complexes we constructed a list of catalytic
domain sequences from knownM. sexta proteinases (HP1–24)
(40) and used Mascot to search those sequences against
MALDI-TOF/TOF data from trypsin-cleaved spots. Using this

FIGURE 4. Immunoaffinity purification of serpin-1 and two putative ser-
pin-1 protease complexes from M. sexta plasma. A, M. sexta plasma incu-
bated without elicitor (C, control) or activated for 40 min in the presence of M.
luteus or LPS from E. coli was analyzed by immunoblot using serpin-1 antisera.
Open arrows indicate putative serpin-1 proteinase complexes. Serpin-1 was
immunoaffinity purified from LPS-treated plasma, and elution fractions were
analyzed by silver staining (B) or immunoblot (C) with serpin-1 antiserum.
F, flow-through; E, elution fraction. Putative serpin-1 proteinase complex
bands are marked with arrows. Full-length serpin-1 is indicated with a di-
amond, cleaved serpin-1 is indicated by a circle.

TABLE 2
Proteins identified from bands 1 and 2 by Mascot search of the NCBInr database

Band Rank Protein name Accession No. Isoform Protein score Protein score C.I.% Peptide count
Serpin-1 isoform-specific

peptides
Observed mass(es) Position

1 1 Serpin 1 AAC47340.1 J 415 100 16 2422.190a 337–359
1 2 Serpin 1 AAC47342.1 A 375 100 15 2341.148 337–358
1 3 Serpin 1 AAC47334.1 K 368 100 15 1951.960 337–355
1 4 Serpin 1 AAC47335.1 E 367 100 15 1974.002 337–355
2 1 Serpin 1 AAC47334.1 K 467 100 19 1951.941 337–355

3169.569 326–355
2 2 Serpin 1 AAC47340.1 J 450 100 18 1870.931 382–397
2 3 Serpin 1 AAC47332.1 H 450 100 18 1751.894 382–396
2 9 Chymotrypsinogen AAA58743.1 NAb 73 88.9 10 NA

a Peptide verified by MS/MS with a confidence interval of greater than 95%.
b NA, not applicable.

Analysis of Alternatively Spliced Serpin-1 Isoforms

SEPTEMBER 17, 2010 • VOLUME 285 • NUMBER 38 JOURNAL OF BIOLOGICAL CHEMISTRY 29647

http://www.jbc.org/cgi/content/full/M110.125419/DC1
http://www.jbc.org/cgi/content/full/M110.125419/DC1
http://www.jbc.org/cgi/content/full/M110.125419/DC1


method, at least fourHP8 catalytic domain peptideswere found
in spots 19, 20, 22, and 23 (Table 3), and MS/MS data also
confirmed the presence of HP8 in spots 22 and 23. Two-dimen-
sional immunoblots with antiserum against HP8 supported
these results, showing a signal for HP8 corresponding to spots
18–20 and 22–23 (Fig. 3E). Also, Scaffold analysis of MS/MS
data identified a peptide matching HP8 in spots 19 and 20
digested by Lys-C/AspN, and another HP8 peptide was
detected in spot 19 after Glu-C bicarbonate digestion (supple-
mental Table S2).
Spot 21 clearly contained serpin-1, but no isoform-specific

peptides were detected. HP1 was detected in spot 21 in the
Mascot search against the activated M. sexta proteinase
sequences by PMF (Table 3). This identification was also con-
firmed by immunoblotting with HP1 antibody (Fig. 3F). The
expected mass of a serpin-1-HP1 complex is �64.6 kDa, quite
close to the observed size of the serpin-1-HP1 complex in spot
21 (�66 kDa). Similar two-dimensional immunoblots of immu-
noaffinity purified serpin-1 isoforms using antisera to HP6 and
prophenoloxidase-activating proteinase-3 had no signal, indi-
catingHP6 and prophenoloxidase-activating proteinase-3were
not present in these samples (data not shown).
Mass spectrometry detection of the serpin-1 isoform(s) pres-

ent in proteinase complexes was more difficult than detecting
full-length serpin-1 isoforms, because the target proteinase
cleaves the serpin at the P1 residue, releasing a carboxyl-termi-
nal that contains much of the variable sequence (see Fig. 1).
Only isoforms A, D, E, J, and K have an isoform-specific tryptic
peptide after they are cleaved between P1 and P1�. A search of
the raw MALDI-TOF peaks from trypsin-treated samples for
predicted peptides fromLys336 to the P1 residue for the remain-
ing isoforms in putative complex bands (spots 16–25) failed to
reveal any additional isoform-specific information (data not
shown). Of the four spots shown to contain HP8 by MS (spots
19, 20, 22, 23), spot 19 contains serpin-1 isoform J based on
PMF andMS/MS results. PMF results suggest that spots 19 and
20 contain serpin-1A, whereas spots 22 and 23 contain serpin-
1E, but these identifications are more tentative because of the
lack ofMS/MS corroboration. Altogether, these results suggest
that serpin-1 isoforms J, A, and E formed complexes with HP8
inM. sexta plasma and that these three serpin-1 isoforms may
inhibit HP8 in vivo.

DISCUSSION

Inhibitory serpins are under positive selection pressure and
the reactive center loop evolves rapidly (48, 49). Gene duplica-
tions can producemultiple copies of related serpins, whichmay
diverge rapidly and gain new functions. For example, human
�1-antitrypsin (SERPINA1) is a single gene but expansions have

occurred leading to four genes in guinea pig and rabbit and up
to five genes present in some mouse species (50).
Although gene duplication has also expanded the serpin rep-

ertoire in insects, another mechanism for increasing serpin
diversity involves multiple mutually exclusive alternative
exons, which encode the reactive center loop. This was first
shown in detail in M. sexta, where 12 different serpin-1 iso-
forms with different inhibitory specificities are created due to
mutually exclusive splicing of 12 exon 9 variants (27, 28).
Homologs of M. sexta serpin-1 are also found in other

insects, including the Lepidopterans Bombyx mori, in which
there are three alternative exons in serpin-1 and four in ser-
pin-28 (32, 33),Mamestra configurata, which has nine isoforms
(51), andChoristoneura fumiferana, which has at least four iso-
forms (34). Also homologous is serpin-1 from the flea
Ctenophalides felis, which consists of 15 isoforms (35).
A. gambiae serpin-10 (four isoforms) and D. melanogaster

serpin-4 (four alternatively spliced C-terminal exons) are non-
secreted serpins (33, 52, 53). The number of serpin-4 reactive
center loop-encoding exons was compared in 12 Drosophila
species and the number varied from three (inDrosophila persi-
milis andDrosophila pseudoobscura) up to nine (inDrosophila
grimshawi) (54). Alternative splicing to generate different C
termini was also observed in Tribolium castaneum serpins 1,
15, 20, and 28 (33, 55).
Our real time PCR results showed that all 12M. sexta serpin-1

isoforms are expressed in both fat body and hemocytes The 12
isoforms were expressed at similar levels in hemocytes, but in fat
body isoform B mRNA was present at significantly higher levels
than isoformsC,D, E, F,G, J, K, andZ.Theonly significant change
in expression observed after injection of larvaewith bacteria was a
decrease in levels of isoforms H and J in fat body.
Another example of mutually exclusive alternative splicing in

insects involving more than two alternative spliced exons is the
dscamgene,whichcontains threepositions (exons4, 6, and9)with
many mutually exclusive exons (12, 48, and 33, respectively, inD.
melanogaster). dscam isoforms are differentially expressed in dif-
ferent tissues (whole brain versus eye-antennal imaginal discs), at
different stagesofdevelopment, andwithin individual cells (56).D.
melanogastermuscle myosin also has mutually exclusive alterna-
tive splicing at five positions, three of which have 3 ormoremutu-
ally exclusive exons, and similar patterns are found for myosin in
many other insects (57). Isoforms of muscle myosin heavy chain
are differentially expressed in different tissues (58).
Alternative splicing is a common strategy for increasing pro-

tein diversity across higher eukaryotes and often the identifica-
tion of different protein isoforms is cited as an advantage of
proteomic studies. In practice, isoform identification can be

TABLE 3
Protein identification from Mascot search against M. sexta protease catalytic domain sequences

Trypsin spot Protein name Accession No. Protein score Protein score
C.I.%

Total ion
score

Total ion
C.I.% Peptide count % Sequence

coverage

19t HP8 AAV91006.1 19 64.927 0 4 21
20t HP8 AAV91006.1 18 61.543 0 4 19
21t HP1 AAB94557.1 36 99.418 18 99.992 4 17
22t HP8 AAV91006.1 94 100 62 100 6 18
23t HP8 AAV91006.1 33 98.784 9 99.978 5 20
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challenging. Techniques for identifying individual protein iso-
forms by multiple proteinase digestions and MS analysis, as
demonstrated in this study, can be helpful in proteomic studies
of other systems. To separate and identify the serpin-1 isoform
proteins present in plasmawe used two-dimensional PAGE fol-
lowed by MALDI-TOF/TOF analysis. Trypsin digestion led to
identification of eight of the 12 isoforms, although serpin-1F
was identified by PMF alone. We used three additional diges-
tion conditions (Lys-C/AspN andGlu-C in either phosphate or
bicarbonate buffer), which increased peptide coverage for ser-
pin-1 isoformH (spot 4) and allowed identification a ninth iso-
form, B, in spot 5. Antisera generated from isoform-specific
peptides from either serpin-1B or serpin-1F recognized a single
spot on two-dimensional PAGE immunoblots, which is con-
sistent with the mass spectrometry results and indicates that
peptide-based antisera can be used to identify isoforms from
mutually exclusive exons.
A recent proteomic analysis of M. sexta hemolymph identi-

fied 11 spots on a 4–7 pH range strip as serine protease inhib-
itors (spots 18–28) and labeled four of these as serpin-1 (spots
20, 21, 26, and 27) (59). We analyzed the matched peptides
given by Furusawa et al. (59) and determined that all 11 identi-
fied serine protease inhibitor spots were serpin-1. Isoform-spe-
cific peptides were present in eight of the 11 spots, representing
isoforms E, I, K, andZ. The locations of the serpin-1 isoforms in
the Furusawa paper are largely consistent with our results,
including serpin-1E in the two serpin-1 spots with highest pI.
This suggests that the two alleles for serpin-1E are found in
multipleM. sexta populations.
In addition to identifying serpin-1 isoforms, we were inter-

ested in finding endogenous proteinases inhibited by serpin-1.
High molecular weight spots on our two-dimensional gels of
immunoaffinity purified serpins were putative serpin-protease
complexes. There are a few special challenges to identifying
serpin-proteinase complexes bymass spectrometry. The first is
that a band or two-dimensional spot of a serpin-proteinase
complex contains at least two different proteins, which reduces
the confidence of the individual identifications by PMF. Many
insect hemolymph proteinases contain amino-terminal clip
domains that, after activation, are attached to the catalytic domain
solely by a disulfide bond and separated by SDS-PAGE under
reducing conditions. Identification of a catalytic domain by PMF
data base search (such as Mascot) is challenging because the
sequence in the data base is the full-length protease zymogen,
whereas only the catalytic domain is present in the complex spot.
Less coverage leads to a lower score and a higher likelihood of a
falsenegative. Identifying individual serpin-1 isoforms is alsomore
difficult after the serpin complexes with a proteinase. After cleav-
age of the serpin at the P1 residue by a target proteinase, at most
only 1 isoform-specific tryptic peptide remains (in the caseofA,D,
E, J, K) and, for the other isoforms, there is no remaining isoform-
specific tryptic peptide.
The use of multiple digestive enzymes contributed to the

identification ofHP8 in putative proteinase complexes.MS/MS
analysis of spot 19 led to identification of two different peptides
matching HP8, one each from Lys-C/AspN and Glu-C bicar-
bonate digestions, whereas an isoform-specific peptide for ser-
pin-1J was observed in trypsin-digested spot 19. Lys-C/AspN

digestion followed by MS/MS also identified a HP8 peptide in
spot 20. Based on single isoform-specific peptides indicated by
PMF, we have support for the presence of serpin-1A in spots 19
and 20, and serpin-1E in spots 22–23. The presence of isoform
1J in spot 19 was further supported by MS/MS results. These
results and those from immunoblotting indicate that serpin-
proteinase complexes form betweenHP8 and serpin-1 and that
the serpin-1 isoforms involved are A, E, and J. In a previous
study with recombinant protein, A, E, and J were the only three
serpin-1 isoforms observed to inhibit a fungal protease, PR2,
which cleaves after Arg residues (27).
HP8 cleaves its substrate, pro-spätzle after an Arg residue

and can cleave an artificial peptide substrate with a P1 Arg (6),
consistent with the inhibition of HP8 by these serpin-1 variants
that have a basic residue at the P1 position of the RCL. In vitro
studies confirm serpin-1A, E, and J as possible inhibitors ofHP8
and show that serpin-1J is the most effective of the three iso-
forms (6). Another serpin-proteinase complex was found in
spot 21, with unidentified isoform(s) of serpin-1 and the serine
proteinase HP1. This proteinase complex was confirmed by
immunoblotting with both HP1 and serpin-1 antibodies. HP1
has a predicted trypsin-like specificity and has been found in
complexes with serpin-4 and serpin-5 (15). Other proteinases
in serine protease cascades have been found to be regulated by
multiple serpins (17), which may be related to changes in indi-
vidual serpin concentrations after infection. HP1 is a candidate
for a cleaving serine proteinase homolog-1, and may also func-
tion more directly in phenoloxidase activation (60).
We have demonstrated that all 12 variants of serpin-1 are

expressed in fat body and hemocytes of M. sexta, and we
were able to detect and identify 9 of these isoforms in plasma
through proteomic techniques. The functions of the ser-
pin-1 isoforms are not yet well understood. The results pre-
sented here provide evidence that serpin-1 can inhibit sev-
eral known M. sexta proteinases, including HP1 and HP8,
which occur in plasma and have immune functions. Ser-
pin-1K was identified as a complex with a digestive chymo-
trypsin, which may point toward a role for the serpin-1 vari-
ants in protection of tissues from endogenous proteinases
that escape their normal compartments and enter the hemo-
coel. The multiple serpin-1 isoforms may function to inhibit
specific plasma proteinases and also provide a background
level of protection against a broad range of potentially harm-
ful endogenous or exogenous proteinases.
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