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ABSTRACT

Molecules that mediate reproductive interactions are some of
the most rapidly evolving traits. Researchers have often sug-
gested that this is due to coevolution at key physiological inter-
faces. However, very few of these interfaces are well understood
at the functional level. One such interface is the digestion of the
spermatophore in Lepidoptera. Female Lepidoptera have a spe-
cialized reproductive organ called the bursa copulatrix that
receives and processes the male spermatophore, a complex pro-
teinaceous ejaculate. In the cabbage white butterfly, Pieris rapae,
the bursa secretes a mixture of proteases hypothesized to digest
the spermatophore. However, these proteases remain biochem-
ically uncharacterized. Using a zymogram approach, we identi-
fied six proteases in bursal extracts at sufficiently high concen-
trations to characterize their in vitro activity. We assessed the
modes of action of these bursal enzymes by quantifying their
activity following exposure to diagnostic protease inhibitors. A
serine protease-specific inhibitor failed to reduce bursal protease
digestion of casein. However, a cysteine protease-specific in-
hibitor did decrease the activity of some proteases. To explore the
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possible molecular mechanisms responsible for these responses,
we created protease homology models. The models mirrored the
results of our in vitro experiments, indicating that protease ho-
mology models may offer insight into underlying functional
mechanisms. Whether the observed bursal protease resistance to
known inhibitors is important in the context of spermatophore
digestion remains to be tested. However, our results suggest the
exciting possibility that bursal protease specificity may have
evolved in response to interactions with various proteins and in-
hibitors present within the female tract during the reproductive
process.

Keywords: protease, spermatophore, bursa copulatrix, co-
evolution, reproduction, Lepidoptera.

Introduction

Reproductive characteristics are among the most rapidly evolv-
ing traits currently known. Researchers first noted this rapid
evolution in reproductive morphologies (Eberhard 1985). How-
ever, burgeoning evidence indicates that this rapid evolution
extends to the molecular level (Lee et al. 1995; Wyckoff et al. 2000;
Torgerson et al. 2002; Clark et al. 2006; Sirot et al. 2014). For
example, proteins involved in reproduction consistently exhibit
high levels of adaptive and divergent evolution (Torgerson et al.
2002; Vicens et al. 2014). Many reproductive proteins have evo-
lutionary rates that are equal to or greater than those observed for
traits involved in other evolutionarily dynamic contexts, such as
immunity-related proteins (Jansa et al. 2003).

In the study of reproductive trait evolution, female traits have
traditionally received less attention than their male counter-
parts (Ah-King et al. 2014), yet recent evidence suggests that
female reproductive morphologies and proteins evolve along-
side male traits (Swanson et al. 2001; Galindo et al. 2003; Findlay
et al. 2014; Brennan and Prum 2015). The rapid and adaptive
evolution seen in both sexes suggests that male and female traits
may be coevolving with each other, with such coevolution po-
tentially concentrated at specific male-female interfaces. This co-
evolution can be driven by cooperation between the sexes and/
or by sexual conflict (Chapman et al. 2003; Dougherty et al.
2017). To better understand the nature of such coevolutionary
interfaces, research must focus on characterizing the identities
and functions of reproductive traits in both sexes.

In addition to playing a key role in the reproductive biology
of a given species, sexual coevolution may play an important
part in population divergence and speciation. Coevolution
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between the sexes maylead to mismatches between populations at
morphological, behavioral, or molecular levels, potentially lead-
ing to reproductive dysfunctions between populations on
secondary contact. These mismatches could thus lead to re-
productive barriers during allopatric speciation (Lande 1981;
Knowles and Markow 2001; Orr 2005; Larson et al. 2012; Sirot
et al. 2015; Garlovsky and Snook 2018; Turissini et al. 2018).

Such reproductive barriers can occur at different stages of the
reproductive process and therefore involve different suites of
behavioral, morphological, and/or molecular traits. To facili-
tate focused inquiry, researchers have classically split these
reproductive interactions into two time frames: prezygotic and
postzygotic. Work investigating prezygotic reproductive iso-
lation has typically concentrated on premating isolation (e.g.,
differences in courtship behavior or mating preferences) or
postmating prezygotic (PMPZ) interactions. Studies of the lat-
ter have focused primarily on the process of fertilization, includ-
ing the proteins involved in interactions between the sperm and
the egg. However, PMPZ interactions before fertilization can play
a critical role in reproductive physiology and subsequent repro-
ductive interactions (Ahmed-Braimah 2016; McDonough et al.
2016; Avilaand Wolfner 2017; Villarreal et al. 2018). For example,
in polyandrous species in which females may mate with multiple
males, PMPZ interactions can potentially affect the outcome of
current and future matings by the female (Wolfner 2009) via
mechanisms such as sperm competition, male manipulation of
females, and cryptic female choice (Perry et al. 2013; Rowe et al.
2015; Firman et al. 2017). This suggests a potentially important
but understudied role for PMPZ traits in sexual selection and
speciation.

Here, we describe a series of studies aimed at characterizing
the female traits involved in a key PMPZ interaction common to
butterflies and moths (Lepidoptera): the digestion of the male
ejaculate by the female reproductive tract. During mating, le-
pidopteran males transfer a complex ejaculate called a sper-
matophore that includes both sperm and a large bolus of pro-
teins, carbohydrates, lipids, and other substances to the female
reproductive tract (Marshall 1985; Meslin et al. 2017). Dur-
ing copulation, the male forms this spermatophore inside the
female within a specialized reproductive organ called the bursa
copulatrix (hereafter, “bursa”) in the female reproductive tract
(Rogers and Wells 1984; Meslin et al. 2017). Shortly after mat-
ing, the sperm migrate out of the bursa into the spermatheca, the
sperm storage organ (Rutowski and Gilchrist 1986), leaving the
bursa to digest the spermatophore proteins without jeopardizing
the viability of the male gametes. The resulting spatial separation
of gametes from the rest of the spermatophore is particularly
useful in the context of investigating PMPZ physiology because of
the ease of isolating interactions that occur between specific male
and female proteins within the female reproductive tract, inde-
pendent of other processes such as fertilization. Following cop-
ulation, females process the spermatophore and use the proteins
contained within to fund egg production and somatic mainte-
nance (Boggs and Gilbert 1979), a cooperative interaction that
increases fitness for both the male and the female. However,
spermatophore digestion is also the subject of conflict between

the sexes over female remating (Karlsson 1998; Arnqvist and
Nilsson 2000). Females will not remate until they have sufficiently
digested a spermatophore, a process that they monitor with ded-
icated stretch receptors on the bursal wall (Sugawara 1979,
1981). Thus, male spermatophore traits that reduce the sper-
matophore digestion rate may provide males fitness benefits by
delaying female remating and therefore extending the period of
time where his sperm preferentially fertilize her eggs. Conversely,
female traits that increase the rate of spermatophore digestion
allow females to remate more quickly, allowing females greater
control over their reproductive rates, increased access to addi-
tional spermatophore nutrition, and increased genetic diversity
in their offspring.

Although it is clear from past studies that the female absorbs
the contents of the male spermatophore (Boggs and Gilbert
1979), the female traits involved in spermatophore digestion
remain an area of active investigation (Meslin et al. 2015, Plakke
etal. 2015). One mechanism that females may use to access the
stored protein of the spermatophore, proposed by Plakke et al.
(2015), involves protein digestion by proteases secreted into the
bursa. Plakke et al. (2015) detected protease activity in the bursa
of the cabbage white butterfly, Pieris rapae, and used a com-
bination of proteomic, transcriptomic, and bioinformatic meth-
ods to identify nine putative proteases. Two of the proteases pos-
sessed sequence motifs similar to trypsin-like enzymes, which are
serine-class proteases. Another set of five proteases possessed
papain-like sequence motifs, which suggested that they might be
cysteine-class proteases. However, the contribution of each of
these proteases to observed spermatophore digestion remained
unknown. In addition, although sequence homology offers bio-
informatic predictions of how these bursal enzymes might func-
tion as proteases, these bioinformatic predictions remained un-
tested experimentally.

To address these gaps in our knowledge, we used a zymogram
approach to identify active proteases in the bursa and to in-
vestigate their proteolytic modes of action. Following separa-
tion by native polyacrylamide gel electrophoresis (PAGE), we
determined protein identities via mass spectrometry. We then
investigated their modes of action using diagnostic protease
inhibitors. We followed these functional assays with homology
modeling to explore possible enzyme structures and their im-
plications for protease function and inhibition. By combining
our experimental findings with these modeling approaches, we
were able to identify putative mechanisms of proteolytic activ-
ity that will serve as working hypotheses for future studies.

Material and Methods
Experimental Animals

Experimental animals were the F, female offspring of wild fe-
male Pieris rapae Linnaeus 1758 collected from an agricultural
site in Rochester, Pennsylvania (40°44'44.4"N, 80°09'49.0"W),
in the summers of 2016 and 2018. F, offspring were reared in
climate-controlled chambers that maintained a 16L:8D pho-
toperiod with a constant temperature (24°C) and relative humid-
ity (60%). Larvae were fed ad lib. on young Brassica oleracea
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leaves. Upon eclosion, females were housed in individual con-
tainers within the chambers until they were used for experiments.

Extract Preparation

Proteases were collected from the bursae of 3-d-old virgin
females. Bursae were removed by vivisection in phosphate-
buffered saline (PBS). Individual bursae were then placed whole
in 100 pL of PBS and homogenized with 50 turns of a clean
disposable pestle. Pestles were not reused. Homogenized so-
lutions were centrifuged at 10,000 g for 15 min. Supernatant
was removed from the resulting pellet and subsequently stored
at —20°C until assayed.

Zymogram Identification of Active Proteases

We used a modified zymogram technique to identify the active
proteases within each bursal sample (Raser et al. 1995). We
combined 10 pL of homogenized enzyme solution with 10 uL of
native gel loading buffer (150 mM Tris-HCI, pH 6.8, 20%
glycerol, 0.004% bromophenol blue) before incubating at 37°C
for 15 min. Before samples were loaded, 8% resolving native
PAGE gels with 5% stacking gel, both lacking sodium dodecyl
sulfate, were prerun for 15 min at 125 V. Gels with samples were
runat 125V for 3 hat4°Cin native running buffer (25 mM Tris-
base, 192 mM glycine, 1 mM DTT, 1 mM EDTA). After run-
ning, gels were rinsed in deionized (DI) water before being
soaked in casein solution (500 uM casein, 3.6 mM CaCl,, pH 7)
for 60 min. This impregnated the gels with casein. Gels were then
rinsed in DI water again, stained with Coomassie blue (50%
methanol, 10% acetic acid, 1 g Coomassie brilliant blue R-250,
Amresco, Solon, OH) for 20 min, then destained (20% iso-
propanol, 7% acetic acid) for 40 h. Clear areas of the resulting
stained gels represented locations where active proteolysis
had digested all casein (and therefore reduced Coomassie blue
staining). Clear (unstained) 0.25-cm” bands caused by proteo-
Iytic activity were excised and submitted to the Biomedical
Mass Spectrometry Center at the University of Pittsburgh. Asa
negative control, we characterized the proteins present in the
gel area directly above the highest protease band (fig. Al). In
total, 10 bands were extracted in this manner, including three
representatives of each bursal band plus one control. As bursal
extracts from different individuals did not always exhibit all
three bands, we randomly chose bursal extracts to run on the
gels and collected bands until the target number for each band
was reached. We used four bursal extracts in total, with each
contributing at least two bands to the analysis (table S1; ta-
bles S1, S2 are available online). The extracted bands were then
trypsinized and subjected to liquid chromatography followed
by tandem mass spectrometry (Shevchenko et al. 2006; Gran-
vogl et al. 2007a, 2007b), in conjunction with previously ac-
quired transcriptomic sequences comprising 15,773 unique
components (Meslin et al. 2015; Plakke et al. 2015), to deter-
mine protein identities within the bursal lumen. Proteins were

considered present within a band if spectra met a minimum
protein identification threshold of 99% and had at least two
mapped peptides with a minimum peptide threshold of 90%.
False discovery rates were calculated using the probabilistic
method implemented through the ProteinProphet algorithm
(Nesvizhskii et al. 2003). Tandem mass spectrometry data were
visualized using Scaffold (Proteome Software, Portland, OR),
with subsequent annotation of identified proteins using BLASTP
(Altschul et al. 1990). We annotated the top hits identified by
the National Center for Biotechnology Information BLASTP
that had E value scores less than 1 x 10720, Additionally, we
identified protein family (Pfam) domains using HMMER ver-
sion 3.2.1 (http://hmmer.org) and converted domains with E
values less than 0.01 to gene ontology terms using Pfam2go
(Mitchell et al. 2015; table S2). The protein and domain iden-
tities obtained were compared with the proteases identified pre-
viously in this species (Plakke et al. 2015). Uncorrected spectra
counts were used to calculate the proportion of each protein in
each gel slice.

Protease Inhibitor Assay

To determine whether the identified proteases have biochem-
ical activity that is consistent with their predicted motifs, we
modified the above zymogram methods to include exposing
focal proteases to class-specific protease inhibitors. To test for
serine-like activity, we used phenylmethane sulfonyl fluoride
(PMSF), a broad inhibitor of serine-class proteases such as
trypsin and chymotrypsin (Gold 1965). To test for cysteine-like
activity, we exposed the proteases to the papain inhibitor leu-
peptin (Aoyagi et al. 1969). Samples were prepared by mixing
10 pL of enzyme extract with 5 uL of native gel loading buffer
and 5 pL of one of the following treatments: 100 mM PMSF in
dimethyl sulfoxide (DMSO; serine protease inhibitor treat-
ment), 10 uM leupeptin in water (papain protease inhibitor
treatment), DMSO only (PMSF control), or water (leupeptin
control). Commercial trypsin (6 mg/mL in PBS equivalent to
7.75 active enzyme units [U], Fisher Scientific, Hampton, NH)
was prepared in an identical fashion alongside bursal samples.
Samples were incubated at 37°C for 15 min to allow for in-
hibition by protease inhibitors (when present) before running
in conditions identical to the methods described above. After
destaining, gels were imaged at 600 dpi (Canon 9000F Mark II
scanner, Tokyo). We quantified the cleared areas from gel scans
using Image] (Schneider et al. 2012). The extent of clearing
caused by commercial trypsin was measured in active enzyme
units based on the standard amount of known enzyme and
activity loaded into the gel. The cleared areas of sample bands
were converted to units of activity based on their measured
intensities relative to the standard trypsin band. This method
allowed us to observe the effects of commercial trypsin down
to a concentration of 1.5 mg/mL in PBS equivalent to 1.94 U.
Because of the irreversible nature of the chosen protease in-
hibitors, increases in inhibitor concentration did not increase
inhibition, indicating saturation (data not shown).
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Homology Modeling

Using the program I-TASSER (Yang et al. 2014), we created
homology models of three of the bursal proteases identified
via mass spectroscopy: one trypsin-like protease (BTLP1) and
two papain-like proteases (BPLP1 and BPLP2). To structurally
assess PMSF binding to our modeled protease structures, we
used PyMOL (open-source, ver. 2.1.0) to align a crystal struc-
ture of PMSF-bound Fusarium oxysporum trypsin (PDB ID:
1PQA; Schmidt et al. 2003) to the BTLP1 homology model. To
study the leupeptin binding pose, we used PyMOL to align a
crystal structure of leupeptin-bound Carica papaya papain
(PDB ID: 1POP; Schroder et al. 1993) to our BPLP1 and BPLP2
homology models. Figures of these models were generated
using BlendMol (Durrant 2019). We selected structures of F.
oxysporum and C. papaya proteases as references because they
are the classic structures associated with their respective classes
and are particularly well characterized.

Statistical Analysis

All statistical analyses were conducted using the statistical pro-
gram SPSS (ver. 25.0, IBM, Armonk, NY). We performed #-tests
to compare treatments with their appropriate control for each
bursal band following Levene’s test for equality of variances.

Results
Identification of Active Proteases within the Bursa

Resolved zymograms of bursal samples showed proteolytic ac-
tivity against a general protein substrate, casein, in three distinct

Trypsin Bursae

?1 Q2 ?3

Figure 1. Bursal extracts and commercial trypsin (positive control)
resolved using native polyacrylamide gel electrophoresis. Three con-
sistent bands of active bursal protease digestion were identified, labeled
as bursa o, bursa 3, and bursa v. Image inverted for visual clarity (i.e.,
dark bands in this figure would be clear bands in the zymogram itself).

bands, henceforth designated bursa o, bursa 3,and bursay (fig. 1).
All samples exhibited at least one of the bands (n = 19), though
the number and combination of bands varied between individ-
uals. Of the 19 individuals sampled for activity, six exhibited all
three bands, 11 exhibited only two bands, and two exhibited
only one band. For those with two bands, nine exhibited bursa
o/, and two exhibited bursa 3/7. Both individuals with solitary
bands exhibited bursa . From the extracted bands, 52 distinct
proteins, including six predicted proteases, were recovered.
Proteases represent 52.94% =+ 6.869%, 68.89% = 5.38%, and
84.49% =+ 3.66% of total protein spectra (mean * standard
error) for bursa «, bursa 3, and bursa v, respectively.

The observed proteases correspond to proteases that our
research team has previously identified and classified (Plakke
et al. 2015). Predicted classes were further supported by Pfam
domain identification (table S2). From the bands sampled, we
observed one trypsin-like protease (BTLP1), two general pepti-
dases (BGP1 and BGP2), and three papain-like proteases (BPLP1,
BPLP2, and BPLP3). Bursa e comprises primarily BGP1 and BPLP1
(table 1). Bursa 8 comprises mainly BTLP1 and BPLP1 (table 1).
Bursa vy comprises a combination of BTLP1 and BPLP2. Mass
spectrometry analysis of the control area on the gels returned
six proteins. None of these had identifiable protease domains
according to Pfam and gene ontology analysis (table S2). Other
proteins recovered along with the proteases included cytoskeletal
and muscle-related proteins, as well as proteins involved in
general cellular structure and function. These proteins are all
expected to be present in our samples as a result of our non-
specific bursal extraction techniques (table S1).

Response of Bursal Proteases to Common Protease Inhibitors

Though we detected BTLP1 in bursa 8 and bursa vy, PMSF did
not significantly reduce the protease activity of any bursa band
(o t = 0.635, df = 20, P = 0.533; 3: t = 1.808, df = 22,
P =0.084; vy: t = 0.382, df = 5, P = 0.718; fig. 2). This is
in stark contrast to the commercial trypsin control, which was
inhibited significantly (+ = 29.512,df = 5, P < 0.001). These
results suggest that bursal trypsin BTLP1 is not detectably
inhibited by PMSF. Leupeptin almost entirely abolished the
protease activity of bursa «, with little effect on bursa 8 or bursa
v (o t =5.011, df = 3.147, P = 0.014; (3: t = —0.273,
df =8, P =0.792; y: t = 0.654, df = 8, P = 0.532; fig. 2).
We detected far more BPLP1 than BTLP1 in bursa o, suggesting
that the observed reductions in protease activity in bursa « are
most likely the result of BPLP1 inhibition. In contrast, we also
detected considerable amounts of BPLP2 in bursa v, yet leu-
peptin did not affect that band (table 1). These results suggest
that BPLP2—but not BPLP1—is resistant to leupeptin activity.
Interestingly, though we detected BPLP1 in bursa 3, we saw no
leupeptin inhibition.

Modeling Bursal Protease/Inhibitor Binding

When compared with Fusarium oxysporum trypsin, the active
site of BTLP1 showed distinct differences that are partially
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Table 1: Proteases recovered through proteomic analysis of excised bands of activity on zymograms

Bursal sample

Bursa o Bursa Bursa vy Control Predicted
Comp (Meslin (N = 3 (N = 3 (N = 3 (N =1 mode of
Protease et al. 2015) mean * SE, %) mean = SE, %) mean *= SE, %) mean *+ SE, %) action
BTLP1 Comp83824_c0 495 £ 52 3141 = 5.64 10.70 = 2.51 0 Trypsin-like
BTLP2 Comp93091_c0 0 0 0 0 Trypsin-like
BPLP1  Comp91676_c0 25.78 = 2.96 21.54 = 1.39 7.66 = .60 0 Papain-like
BPLP2  Comp85455_c0 3.65 £ 1.12 11.60 £ 2.42 48.72 £ 11.77 0 Papain-like
BPLP3 Comp83827_cl 494 + 34 0 39 + .39 0 Papain-like
BPLP4 Comp94445_cl 0 0 0 0 Papain-like
BPLP5 Comp95264_cl 0 0 0 0 Papain-like
General
BGP1  Comp98020_c0 11.33 + 1.10 97 £ .97 2.68 = 1.50 0 peptidase-like
General
BGP2  Comp97068_c0 229 = 1.36 337 £ 1.12 14.35 = 7.32 0 peptidase-like

Note. The nine proteases were previously identified in Plakke et al. (2015). Percentages represent the proportion of all identified protease peptides by spectra

counts within the respective excised band. Of the nine proteases previously identified, six were recovered.

localized to a key pocket-adjacent loop connecting two beta
strands. In F. oxysporum trypsin, this loop spans 12 residues
(W212-G223) and does not occlude the active site. In contrast,
the homologous BTLP1 loop region contains 14 residues (fig. 34,
3B). Our Pieris rapae BTLP1 homology model suggests that this
longer loop protrudes into the binding pocket, limiting access to
the catalytic triad (fig. 34, 3B). The crystallographic PMSF pose
does in fact clash with the modeled BTLP1 loop when the proteins
are superimposed (fig. 3A, 3B). Thus, consistent with our experi-
mental results, our computational model predicts that PMSF should
not inhibit the proteolytic activity of BTLPI.

We next considered the P. rapae proteases BPLP1 and BPLP2.
Structural differences between these two proteases (fig. 3C, 3D)
may explain why leupeptin inhibits BPLP1 but not BPLP2. To
visualize leupeptin in the context of the BPLP1 homology model,
we aligned our BPLP1 model to a crystal structure of the papain/
leupeptin complex (PDB ID: 1POP; Schroder et al. 1993). The
open active site of the BPLP1 model can accommodate leupep-
tin binding (fig. 3C, 3D). In contrast, the homology model of
BPLP2 is not compatible with leupeptin binding (fig. 3C, 3D). An
extended loop runs along the catalytic cleft, occupying the region
that normally binds leupeptin. This model resembles the inactive
zymogen form of papain (e.g., PDB ID: 3TNX; Brocklehurst and
Kierstan 1973; Roy et al. 2012) before activation. It is curious that
the predominant papain-like protease in bursa v is zymogen-like.
We note that BPLP2 is not merely pro-BPLP1, as there are other
amino acid differences between these two bursal papain-like
proteases. Deleting preprotein domain from the model eliminates
the occlusion of the BPLP2 active site, suggesting that BPLP2 may
respond to leupeptin upon activation (fig. A2). The BPLP1 and
BPLP2 models thus predict modes of action consistent with our
zymogram experiments, potentially explaining why only BPLP1
is susceptible to leupeptin inhibition.

Discussion

This study characterizes the proteases active within the bursa of
virgin Pieris rapae. Building on previous work (Plakke et al.
2015), we characterized the activity and modes of action of the
proteases that exhibited in vitro activity in our bursal extracts.
Through zymogram analysis, we observed band variation across
females, potentially explaining the variation in total activity ob-
served in Plakke et al. (2015). Of the nine previously predicted
proteases in the bursa, six were recovered in our native PAGE
experiments. These proteases are predicted to belong to families
of serine-class, cysteine-class, and general peptidase-class pro-
teases (Meslin et al. 2015; Plakke et al. 2015). Trypsin-like pro-
teases are commonly described as being present in the female
reproductive tracts of a variety of organisms (i.e., Diptera [Law-
niczak and Begun 2007; Kelleher and Pennington 2009; Alfonso-
Parra et al. 2016], Lepidoptera [Al-Wathiqui et al. 2014; Meslin
etal. 2015; Plakke etal. 2015], mammals [Ou et al. 2012], etc.) based
on predictions from sequence homology. However, these pro-
teases and their modes of action are rarely studied biochemically
in a reproductive context. We show that these bursal proteases are
present in vivo and functional in vitro.

Sequence homology suggested that the protease BTLPI,
found in bursa 8 and + bands, should exhibit serine protease-
like activity (table 1). However, activity of this protease was
largely unaffected by PMSF, a serine-specific protease inhibitor.
Our homology modeling suggests that an extended BTLP1 loop
blocks inhibitor access to the active site, potentially contrib-
uting to PMSF resistance (fig. 34, 3B). It is possible that this
structural difference renders the protease incapable of digesting
casein and therefore not responsible for the activity reported in
our assay. However, this seems highly unlikely. Casein lacks
tertiary structure and is generally digestible by all classes of
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Figure 2. Cleared bands in the zymograms were quantified in the presence and absence of the protease inhibitors leupeptin and phenylmethane
sulfonyl fluoride (PMSF). A, The trypsin-specific protease inhibitor (PMSF) inhibits the activity of commercial trypsin but does not inhibit the
activity of bursal proteases in bursa «, bursa 3, or bursa -y. B, The papain-specific inhibitor (leupeptin) does inhibit the activity of bursa o but

not the activity of bursa 8 or bursa 7.

proteases. Furthermore, high concentrations of BTLP1 were
recovered within the bursa 8 band of activity. We propose in-
stead that BTLP1 is resistant to some modes of serine-specific
protease inhibition and hypothesize that this resistance may be
biologically relevant. While we did not recover any protease in-
hibitors from the bursal bands, such inhibitors are known to be
present within female reproductive tracts (Prokupek et al. 2010;
Al-Wathiqui et al. 2014; Plakke et al. 2015; Dong et al. 2016).
Further, males are known to transfer protease inhibitors, together
with the ejaculate and sperm, to the female (LaFlamme and
Wolfner 2013), and protease inhibitors have been documented
across lepidopteran ejaculates (Dong et al. 2016; Al-Wathiqui
et al. 2017). The female proteases described here may be under

selective pressure to counter this inhibition to retain control over
spermatophore digestion, causing resistance to classically de-
scribed inhibitors as well.

Sequence homology also identified the proteases BPLP1 and
BPLP2 as being papain-like cysteine proteases. BPLP1 was
prevalent in bursa « and bursa (3 (table 1). The papain-specific
inhibitor leupeptin did in fact decrease the proteolytic activity
of bursa «, suggesting that BPLP1 may be leupeptin sensitive
and that it may contribute to active digestion. However, bursa 3,
paradoxically, did not respond to leupeptin, despite the fact that
it also includes large amounts of BPLP1. We hypothesize that
posttranslational modifications may confer BPLP1 resistance
to leupeptin in bursa 3. These modifications can alter protein
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Figure 3. A, 1PQA crystal structure of Fusarium oxysporum trypsin bound to phenylmethane sulfonyl fluoride (PMSF; cyan ribbon and
yellow sticks, respectively) superimposed on the bursal papain-like protease (BTLP1) homology model (white ribbon). B, Zoomed-in view of
the active site of BTLP1. The red asterisk marks a loop that is extended in the BTLP1 model. In BTLPI, this loop sterically clashes with the
crystallographic ligand pose. C, Homology models of BPLP1 and BPLP2 shown in dark teal and gold ribbon, respectively. To position the
leupeptin inhibitor (purple sticks), we aligned the 1POP holo structure of Carica papaya papain (protein not shown). The BPLP1 model
includes an open cleft that can accommodate the inhibitor. The BPLP2 model has an inhibitory domain typical of inactive (zymogen) papain
that occupies the cleft and is incompatible with leupeptin binding. D, Zoomed-in view of the active sites for BPLP1 and BPLP2 with leupeptin
superimposed.
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charge and size and so may also explain why the protease is
found at multiple locations along the native PAGE gel. We also
considered the possibility that bursa 3 BPLP1 is in the inactive
zymogen form (Brocklehurst and Kierstan 1973), but mass spec-
trometry recovered no peptide spectra consistent with a papain-
like zymogen inhibitory domain (fig. A3). Indeed, the BPLP1
spectra across bands were nearly identical. We also considered
the possibility that leupeptin migrates with the bursa 8 group,
actively inhibiting BPLP1 in bursa 8 but not in bursa «.
However, the mass spectrometry methodology we used is un-
able to detect leupeptin, as it is not composed of amino acids
and is thus invisible to such tests (table S1, available online).
Additional work is needed to further explore these possibilities.

The activity of BPLP2, a papain-like protease that is prevalent
in bursa v, is unaffected by leupeptin. Our BPLP2 homology
model suggests a potential explanation for this resistance. The
BPLP2 model resembles the inactive zymogen form of papain,
in which a loop occludes leupeptin (and substrate) binding
(fig. 3C, 3D). Additional studies are required to determine
whether BPLP2 is converted to an active from in P. rapae, as
in other species (Yamamoto et al. 2002). Alternatively, BPLP2
might be activated at a different time in the mating process. All
samples used for this study were acquired from virgin bursal
tissues, but the possibility exists that the loop is cleaved upon
contact with male ejaculate proteins after mating, by proteins of
either male or female origin.

The proteases of the bursa are directly responsible for the
degradation of male-derived spermatophore proteins (M. S.
Plakke, N. L. Clark, and N. I. Morehouse, unpublished data).
Given that these spermatophore proteins are rapidly evolving
(Meslin et al. 2017), bursal protease characteristics may be
the result of dynamic coevolution with their ejaculate protein
substrates, which may have been shaped by either cooperation
or sexual conflict. Sexual conflict over spermatophore digestion
arises because female P. rapae are polyandrous and exhibit last
male sperm precedence (Suzuki 1979; Bissoondath and Wik-
lund 1997). Thus, male traits that reduce the female remating
rate are favored by selection on male fitness, including traits that
reduce the spermatophore digestion rate (Sanchez and Cordero
2014). However, females are likely to benefit from increases in
remating rates because mating represents a source of both
valuable nutrition and additional gametes that increase the
genetic diversity of their offspring. This inherent tension over
female remating rates may thus be mediated by interactions
between the spermatophore and the bursa, with antagonistic
coevolution favoring male traits that reduce the digestibility of
the spermatophore and female traits that increase the rate of
proteolysis within the bursa. On the other hand, female pro-
teases may coevolve cooperatively with the spermatophore pro-
teins if the rapid evolution of the male proteins were driven
by nonantagonistic forces, such as changes to the nutritional
ecology of a particular species or population. If either dynamic
were the case, we would expect the female to adopt one of two
strategies to respond to the constantly changing male proteins
provided in the ejaculate: (1) the bursal proteases could evolve
very general activity to digest any substrates the male provides or

(2) the proteases could rapidly evolve their specificity in con-
junction with the rapidly evolving ejaculate proteins. In the
second scenario, specialization of each of the bursal proteases
could enable overall broad proteolytic activity while increasing
proteolytic rates, as is commonly observed in other digestive
organs (Patankar et al. 2001). Our current data cannot dif-
ferentiate between these two hypotheses, but future studies
could address these questions using targeted coincubations of
bursal proteases and spermatophore proteins.

The current study reveals that bursal proteases vary in
susceptibility to different inhibitors. This suggests that the pro-
tease active sites may exhibit specificity for their target substrates.
Alternatively, they may have evolved resistance to protease in-
hibitors, of either male or female origin, with mechanisms of
action similar to those of the commercial inhibitors we tested.
These interpretations, however, hinge on the point in evolu-
tionary time when the proposed resistance-conferring structural
changes evolved. Several of the bursal proteases evolved from
duplicated proteases expressed in digestive tissues such as the
caterpillar gut (Meslin et al. 2015), where the proteases may have
evolved in response to inhibitors presented through the diet
(Broadway 1996). It is currently unknown whether the proposed
structure-mediated resistance evolved before or after these pro-
teases were first expressed in the bursa, and therefore, the evo-
lutionary pressures behind the altered structure are currently
unknown.

Regardless of the origin of the bursal protease structures,
their varied specificity could have long-reaching evolutionary
consequences. If female protease specificity evolves with male
spermatophore proteins, then isolated populations may evolve,
by either selection or chance alone, varying responses at this di-
gestive interface. Secondary contact by such populations could
result in reproductive mismatches between the sexes, leading
to decreased fitness and the development of reproductive
barriers.

In conclusion, we have successfully identified and quantified
the female half of a male/female reproductive interface that is
important to key reproductive outcomes in the butterfly P.
rapae. By characterizing the active proteases that mediate a
PMPZ interaction, this study paves the way for future ma-
nipulative and comparative studies of reproductive protein
evolution and coevolution between the sexes. In particular, it
provides a targeted set of proteases with known activity. By
integrating biochemical and homology modeling approaches,
our work unveils important molecular details beyond what
bioinformatic surveys alone can reveal. Future studies focusing
on antagonistic coevolution and reproductive isolation from
the perspective of genic, regulatory, and population-level varia-
tion could benefit from such approaches.
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APPENDIX

Figure Al. Bands extracted for mass spectrometry analysis were excised from the indicated regions on a gel (modified from fig. 1). The red
rectangle indicates where the control band was excised, and blue rectangles represent excision areas for bursal sample bands.

Figure A2. Bursal papain-like protease (BPLP2) homology model in the active form. The extended loop that otherwise occupies the catalytic
cleft was removed. The crystallographic pose of the leupeptin inhibitor was taken from the 1POP structure.
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BPLP1 (38.08kD): 41% coverage, Bursa o

DIKARKRFELFE L IMFVICLLFE VNFLILVESTY|YDLADAESH)
YVNEREKFTR FLIFSENLEE INRKNAESTN AVYGITKFAD LTDEEFILMYA
TGLTGTGGOPR CPDSTSAQVNS ST TAPESFDW RTRRVVSQUV] S CWA
FSATGAVESQ YAIKHKKIEE VSEQQLVDCD KRSGGCSGTN ALENPILYYK
DNGAMAEKDY PYESQDSTCR YKKEKVKVTV KGCKNVKVDT DEEKLKNLLH
EHGPLMMALD AVPLGKY ING IIKSSECETN TLNHAILVVG YGTENGIPYW
IVKNSWGQGW GEDGFFRIER GVNCLNLMVA TPVLPIVD
BPLP1 (38.08kD): 38% coverage, Bursa B
DIKARKRFLFE | IMFVICILIF VYNFILIVESTYIYDIADAESH D
YVNEREKFTR FLIFSENLEE INRKNAESTN AVYGITKFAD LTDEEFILMYA
TGLTGIGGPK CPDSISQVNS ST IAPESFDW RTKKVVSQVK A S CWA
FSAT&AVESO YAIKHKKIEE VSEQQLVDCD KRSGGCSGTN ALENPILYYK
DNGA KDY PYESQDSTCR YKKEKVKVTV KGCKNVKVDT DEEKLKNLLH
EHGPLMMALD AVPLGKYING II1KSSECKTN TLNHAILVVG YGTENGIPYW
IVKNSWGQGW GEDGFFRIER GVNCLNLMVA TPVLPIVD
BPLP1 (38.08kD): 38% coverage, Bursa y
D KARKR \Yi N D ADA 1 D AHNKQ
YVNEREKFTR FLIFSENLEE INRKNAESTN AVYGITKFAD LTDEEFILMYA
5 R P D QVN AP BW RTKRVVSAQVRK DQKEZ S CWA
FSAT%AVESQ YAIKHKKIEE VSEQQLVDCD KRSGGCSGTN ALENPILYYK
DNGA KDY PYESQDSTCR YKKEKVKVTV KGCKNVKVDT DEEKLKNLLH
EHGPLMMALD AVPLGKY ING | IKSSECKTN TLNHAILVVG YGTENGIPYW
IVKNSWGQGW GEDGFFRIER GVNCLNLMVA TPVLPIVD

Figure A3. Bursal papain-like protease (BPLP1) was identified in all three bursa bands through mass spectrometry. The peptides recovered
(yellow highlighting) corresponded to 38%-41% of all amino acids in the sequence. No spectra corresponding to the proprotein domain (red

boxes) were recovered from any sample.
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