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The constituents of seminal fluid are a complex mixture of proteins
and other molecules, most of whose functions have yet to be
determined and many of which are rapidly evolving. As a step in
elucidating the roles of these proteins and exposing potential
functional similarities hidden by their rapid evolution, we per-
formed comparative structural modeling on 28 of 52 predicted
seminal proteins produced in the Drosophila melanogaster male
accessory gland. Each model was characterized by defining resi-
dues likely to be important for structure and function. Comparisons
of known protein structures with predicted accessory gland pro-
teins (Acps) revealed similarities undetectable by primary sequence
alignments. The structures predict that Acps fall into several
categories: regulators of proteolysis, lipid modifiers, immunity�
protection, sperm-binding proteins, and peptide hormones. The
comparative structural modeling approach indicates that major
functional classes of mammalian and Drosophila seminal fluid
proteins are conserved, despite differences in reproductive strat-
egies. This is particularly striking in the face of the rapid protein
sequence evolution that characterizes many reproductive proteins,
including Drosophila and mammalian seminal proteins.

In most internally fertilizing animals, sperm are exposed to a
variety of seminal plasma proteins in both the male and female

reproductive tracts. In insects and mammals, males have devel-
oped multiple sex accessory tissues that secrete seminal proteins
that are transferred to the female during mating. In Drosophila,
the accessory gland, ejaculatory bulb, and ejaculatory duct serve
as the male reproductive tract accessory tissues. The male
accessory glands of Drosophila melanogaster produce �80 sem-
inal f luid proteins (1). Receipt of male accessory gland proteins
(Acps) by females induces a variety of physiological, behavioral,
and reproductive changes, including an increase in egg-
production and in the female’s egg-laying and ovulation rates, a
decrease in her propensity to remate, an increase in her ability
to store sperm, and a decrease in the mated female’s lifespan
(reviewed in ref. 2).

Eighteen Acp genes had previously been reported (reviewed
in ref. 2) and a comprehensive EST screen (1) identified an
additional 57 candidate Acp genes, bringing the total identified
to 75. Subsequent gene annotation and expression analysis
(J.L.M., K. Ravi Ram, L. A. McGraw, M. C. Bloch Qazi, E.
Siggia, C.F.A., and M.F.W., unpublished results) led us to
consider 52 of the 75 as particularly robust candidates for Acps
(male-biased expression and encoding secreted proteins). Of
these 52, the 15 tested thus far are known to be accessory
gland-specific in their expression (3–5), and the 15 tested thus far
have been confirmed to encode seminal proteins that are
transferred to the female during mating (refs. 4 and 6–8, and K.
Ravi Ram, S. Ji, and M.F.W., unpublished results; see www.
mbg.cornell.edu�wolfner�tables�AcpCModels.htm). As a
group, Acps are roughly 2-fold more divergent than proteins in
nonreproductive tissues (1, 9); indeed one, Acp26Aa, is one of
the most rapidly evolving genes in the D. melanogaster genome
(10, 11). This rapid divergence has been suggested to result from
positive Darwinian selection (12, 13) and to be due to the
participation of seminal f luid proteins in the evolutionary dy-

namics of antagonistic evolution (14), sperm competition (15),
and�or sexual selection (16).

In male mammals, the prostate, epididymis, seminal vesicles,
bulbourethral glands, and ampullae secrete seminal proteins that
are then transferred to females during mating. Among mammals,
each of the sex accessory tissues, except for the epididymis,
exhibits great variation in biology, anatomy, and function. None-
theless, in combination, these tissues produce a general set of
protein classes common among mammals. These classes include
protease inhibitors, proteases, lipid modifying enzymes, lectins,
CRISPs (cysteine-rich secreted proteins), antimicrobial pep-
tides, and antioxidants (reviewed in refs. 17–19). These protein
classes have proposed involvements in semen coagulation, sperm
motility, sperm maturation, sperm acrosome reaction, sperm
viability, sperm capacitation, and control of immune activity
within the female reproductive tract of mammals (reviewed in
refs. 17–19).

Primary sequence comparisons can sometimes miss conserved
elements of a protein, which can be seen only at the structural
level. A comparative structural modeling (CM) approach can
reveal these structural�functional similarities undetectable at
the sequence level. Reproductive proteins, such as Acps, serve
as good candidates for a CM approach, because their rapid
evolution generates high levels of sequence diversity (20) yet
their structures are likely to remain conserved (21). Here, we
used CM to investigate whether there are essential molecular
processes in the seminal f luid that are conserved between
mammals and flies, despite the differences in reproductive
strategies and the fact that many specific Drosophila and mam-
malian seminal f luid proteins are rapidly evolving (1, 11–13,
22–25). Our data illustrate how CM can provide insight into
possible functional relationships undetectable by primary se-
quence alignments. The CM approach also predicts candidate-
active sites, surface-ligand-binding regions, structurally impor-
tant residues, residues predictive of novel functions, and insight
into the patterns of rapid evolution at the structural level. The
utility of this approach was previously validated with a single test
case: CM-based prediction that Acp62F is a serine protease
inhibitor was verified biochemically (7). By extending this ap-
proach to the remaining 51 robust candidate Acps, we report
here that 28 encoded proteins show predicted structural simi-
larities to proteins in the Protein Data Bank (PDB). Interest-
ingly, many of the D. melanogaster Acp structures fell into the
same general protein classes as in the mammalian seminal f luid.
This conservation suggests that D. melanogaster may be a good
general model in which to study the mechanisms of essential
reproductive strategies. The 23 remaining Acps whose structures
are unrecognizable by CM searches are primarily short peptides
with no domains with identifiable protein structures; they are

Freely available online through the PNAS open access option.

Abbreviations: Acp, accessory gland protein; CRISP, cysteine-rich secretory protein; PCI,
protein C inhibitor; C-TL, C-type lectin; CM, comparative structural modeling.

‡To whom correspondence should be addressed. E-mail: mfw5@cornell.edu.

© 2004 by The National Academy of Sciences of the USA

13542–13547 � PNAS � September 14, 2004 � vol. 101 � no. 37 www.pnas.org�cgi�doi�10.1073�pnas.0405579101



thus good candidates for future NMR or crystallographic
studies.

Materials and Methods
Sequence and Structure Analysis. The Acp protein sequences used
in our modeling were taken from an annotated and validated list
of D. melanogaster Acp gene sequences (J.L.M., K. Ravi Ram,
L. A. McGraw, M. C. Bloch Qazi, E. Siggia, C.F.A., and M.F.W.,
unpublished results; see www.mbg.cornell.edu�wolfner�tables�
AcpCModels.htm). GenBank accession numbers for CRISP
structural homologs are as follows: AEG-1 Mus musculus,
Q03401; AEG-1 Homo sapiens, P54107; TPX-1 Homo sapiens,
P16562; allurin Xenopus laevis, AAL12003; and Vespula vulgaris
venom allergen, 1�QNXA. The CG10284 Drosophila simulans
EST sequence was obtained from GenBank under accession
number BG642232 (1). PDB files were downloaded from the
protein databank (www.rcsb.org�pdb) (26).

Generating 3D Models. 3D templates were identified by means of
a combination of three different protein-threading programs,
because each program emphasizes different features of a pro-
tein’s predicted structure. The use of multiple programs [SUPER-
FAMILY, 3D-PSSM, and FUGUE3 (27–29)] allowed us to (i) compare
alignments to find the optimal one, (ii) ensure that candidate hits
were not missed by using a single program, and (iii) validate that
the significance of a hit from one program is supported by other
programs. Of the 51 Acps tested, 28 display significant align-
ments in multiple programs. The 28 Acps that aligned are
Acp29AB (CG17797), Acp76A (CG3801), CG1462, CG1652,
CG1656, CG4847, CG6069, CG6168, CG6289, CG8093,
CG8137, CG8194, CG9334, CG9997, CG10284, CG10363
(TepIV) (30), CG10433, CG10956, CG11598, CG11664,
CG11864, CG14034, CG17097, CG17575, CG17843, CG18284,
CG31872, and BG642378. Acp62F (7) was previously structur-
ally characterized and was not included in our analysis. The
remaining 23 were also tested, but they did not disclose any
structural similarities.

Each of the 28 Acps with predicted structural similarities also
gave significant PDB BLAST hits, but we used the threading
servers to generate multiple alternative alignments from which
to choose the most structurally congruent alignment. The se-
lection steps to identify the most accurate alignment include the
following: (i) ranking, based upon their significance values, only
those structure�sequence alignments with �95% confidence of
a match between an Acp’s sequence and a known structure (%
identities between template structures and Acps, structural
alignments, FUGUE Z-scores, and 3D-PSSM and SUPERFAMILY
E-values and the completed Acp models can be found at
www.mbg.cornell.edu�wolfner�tables�AcpCModels.htm); (ii)
determining the most congruent alignment by searching for
similar gap sizes and matching of conserved residues; and (iii)
refining the alignment to remove gaps within �-helices and
�-strands and to ensure that no structurally conserved residues
within a family had been shifted. Once an accurate alignment
was determined, generation of a 3D model was performed with
the program MODELLER6 version 2 (31). Each model generated
was inspected for the following features: (i) surface exposure,
primarily consisting of hydrophilic residues; (ii) spatial orienta-
tion of structural residues, disulfide bridges and secondary
structure hydrophobic interactions; (iii) consistency of stereo-
chemical properties, root mean square deviations (rmsd) of
�-carbons being calculated by superimposing the two structures
by means of an iterative fit with SWISSPDBVIEW 3.7 (32) to ensure
no significant structural deviations (rmsd � 1) were present; and
(iv) active site integrity, i.e., the set of active site residues have
to be intact and show the correct spatial orientation. Models
were ranked depending upon these steps, with threading of a
given Acp with the fewest differences to a known structure

ranked the highest. All models generated were quality-checked
with the WHAT�CHECK (33) check program (www.cmbi.kun.nl�
gv�servers�WIWWWI), and all major structural errors (not
found in the template structure) were corrected by refining the
existing alignment or modeling the Acp to another structure in
the same structural class. Acps without significant hits from the
above structural server outputs also did not yield significant
structural similarities when submitted to the Structure Predic-
tion Meta Server (34) (http:��BioInfo.PL�Meta), which utilizes
13 servers to generate a consensus structure prediction.

Although these models could still potentially contain errors,
because the modeling was performed by means of CM, the
accuracy of CM Acp models is probably higher than models
generated by fold recognition and�or ab initio methods (35).
Additionally, many of our predicted protein classes for the Acps
overlap with protein classes considered ‘‘reliable models’’ by
MODBASE (36), which uses other methods to check the models.

Results
Thirteen Acps Resemble Regulators of Proteolysis. Seven Acps thread
onto members of the protease inhibitor class. Seven D. melanogaster
seminal f luid proteins are suggested to be structural members of
the serine protease inhibitor class (serpins: Acp62F (7), Acp76A
(3), CG6289, CG8137, CG9334, CG10956, and BG642378). Six
of the seven predicted serpin Acps are composed of the typical
nine �-helices and three �-sheets, whereas Acp62F had previ-
ously been found to match a small class of structurally unique
serine protease inhibitors (7). Many serpins inhibit serine pro-
teases: the protease attacks the serpin-active site and becomes
irreversibly covalently bound in a serpin–protease complex (37).
The typical serpin contains an �18-aa reactive center loop
(RCL). Protease inhibition by serpins depends upon this RCL,
although proteins with an RCL can also be noninhibitory. The
serpin-type Acps’ loop regions vary from 14 to 19 residues
(Acp76A-19, BG642378-14, CG6289-15, CG8137-18, CG9334-
18, and CG10956-17), which is within or close to the canonical
loop length (15–22 residues).

Some serpins also perform additional roles such as hormone
transport (38). For example, the overall structure of protein C
inhibitor (PCI) is similar to that of most other cleaved serpins,
except for an N-terminal shortening of the first �-helix (Fig. 1A).
This N-terminal shortening results in the formation of a large
hydrophobic pocket (Fig. 4, which is published as supporting
information on the PNAS web site). It is predicted that this site
in PCI binds hormones; it is also found in two other hormone-
binding serpins (39). Based on our structural modeling, two
Acps, Acp76A and CG8137, also have N-terminal truncations of
their first �-helix (see www.mbg.cornell.edu�wolfner�tables�
AcpCModels.htm for alignments and Fig. 1 A for the CG8137
model). These truncations form a hydrophobic pocket along
their surfaces (Fig. 1B for CG8137 pocket), similar to the one in
PCI (Fig. 4). This finding suggests that these two Acps may also
be involved in the binding or transport of hydrophobic hor-
mones. Acp76A and CG8137’s hydrophobic pockets differ in
electrostatic potential between the surfaces at the centers of
these pockets and their rims from that observed in PCI (Fig. 1B),
which suggests a difference in specificity (electrostatic surfaces
not shown).
Six Acps thread onto members of three protease classes. Members of
three of the four protease types (aspartic, cysteine, metallo-, and
serine proteases) are found among predicted Acps (Table 1);
only aspartic proteases have not been identified. CG6168 and
CG11864 seem to be members of the metalloprotease class and
CG4847 a member of the cysteine protease class. More specif-
ically, the structures of CG6168, CG11864, and CG4847 thread
to members of the aminopeptidase, astacin metalloprotease, and
papain-like cysteine protease classes, respectively. CG11864,
CG6168, and CG4847 do not display major structural differences
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in their models (Table 1), when compared with their respective
known structures.

A number of structural differences from consensus exist in the
predicted active sites of some Acp members of the serine protease
class (CG6069, CG9997, and CG11664), suggesting a function other
than proteolysis. The typical serine catalytic triad consists of a His,
Asp, and Ser. However, in CG6069, the His is replaced by an Asn

residue, and the serine is not present (see www.mbg.cornell.edu�
wolfner�tables�AcpCModels.htm for alignments). Neither differ-
ence is due to an error in structural alignment, because adjacent
conserved structural residues align. Loss of two active site residues
suggests that CG6069 may not function as a protease; however, the
active site protease pocket is still present and is positively charged
by an Arg. The most extreme structural differences from canonical
serine proteases occur in CG9997, which does not maintain any of
the active site residues (see www.mbg.cornell.edu�wolfner�tables�
AcpCModels.htm for alignments) yet shares structural similarities
with 34 different eukaryotic and bacterial serine proteases.

There Are Six Lipase-Related Acps. Lipases are lipid-modifying
enzymes belonging to the ��� hydrolase fold family. Five of the
six lipase family members detected as Acps (CG8093,
CG11598, CG17097, CG18284, and CG31872) model most
accurately to the acid lipase class (Table 1), whereas CG14034

Fig. 1. Candidate hormone-binding pocket of CG8137. (A) Superimposed stereoview ribbon diagrams of CG8137 and PCI (cleavage fragment not shown), in
the same orientation as the surface potential figures, show the conserved serpin family secondary structures. PCI ribbons are in red and CG8137 ribbons are in
yellow, with a green arrow indicating the position of the truncated N-terminal helices forming the hydrophobic pocket. (B) Molecular surface of CG8137 is shown
in stereoview with hydrophobic surface areas shown in red and hydrophilic surfaces shown in blue. The yellow arrow indicates the position of the candidate
hydrophobic pocket. Glu-42 in CG8137 is primarily responsible for the difference in electrostatic surface potential charge (not shown) between CG8137 and PCI.

Fig. 2. Acid-lipase structure characteristics of CG8093 and active-site com-
parison of CG8093, CG18284, CG11598, and 1hlg. (A) Complete predicted
structure of CG8093 and its predicted CAP-domain in purple, which when
removed (Fig. 5, which is published as supporting information on the PNAS
web site) exposes the active site (red arrow). (B) Overlay of CG8093 (red),
CG18284 (blue), CG11598 (green), and 1hlg (orange) active sites showing
similar spatial orientation. The lipase catalytic triad residues Ser, His, and Asp
are superimposed to show active site spatial integrity across multiple acid
lipase structures. The additional His, adjacent to the Ser, is required for active
site stability and is a component of the lipase signature motif, GHSXG. Residue
positions are given for CG8093 only.

Table 1. Acp predicted active sites

Proteins in
predicted classes Predicted active site residues

Proteases
CG4847 Cys-197, His-338
CG6069 Unknown
CG6168 His-136, Asp-152, Glu-187, Asp-224, His-302
CG9997 Unknown
CG11664 His-62, Asp-108, Ser-198
CG11864 His-144, Glu-145, His-148, His-154, Tyr-204

Lipases
CG8093 Ser-167, Asp-341, His-376
CG11598 Ser-157, Asp-325, His-355
CG14034 Gly-150, Asp-175, His-243
CG17097 Ser-855, His-1033, His-1063
CG18284 Ser-228, Asp-401, His-432
CG31872 Ser-845, Asp-1018, His-1049

Lectins
Acp29AB Gln-199, Thr-201, Asn-205, Gln-206, Glu-222,

Lys-223
CG1652 Leu-120, Leu-122, Asp-128, Asp-129, Ser-143,

Ala-144
CG1656 Glu-125, Thr-127, Asp-133, Asp-134, Leu-148,

Asp-149
Thioredoxin

CG17843 (N-term.) Cys-69, Cys-72
CG17843 (C-term.) Cys-451, Cys-454, Cys-512, Cys-515

RNase Catalytic sites: His-114, Lys-170, His-171;
CG8194 Substrate binding: Trp-117

Amino acid positions are given for each predicted active site residue within
a given structure. The CRISPs and the Defensin do not contain characterized
active sites and are therefore not included in this table.
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models best to members of the phospholipase class. Acid
lipases are able to withstand acidic conditions, unlike most
other lipases that function around pH 7.0–8.0. Previous work
has shown the presence of lipolytic activity within the male
accessory gland (40). Accessory gland triacylglycerol lipase
activity was optimal at a pH of �5.5 (40), which is consistent
with the majority of our threaded lipases being of the acid
lipase class.

All five Acps that are similar to acid lipases contain a
cap-domain predicted to cover the active site serine (Fig. 2A).
This domain, found in canonical acid lipases, is thought to serve
as a lid to regulate when lipid substrates can access the active site
(Fig. 5) (41). When the active site is made accessible, lipase
activity depends on a catalytic triad composed of the conserved
consensus sequence (Gly-X1-Ser-X2-Gly) and two other residues
(His and Asp). Four of the five predicted acid-type lipase Acps
contain this triad (Table 1) in the correct spatial arrangement of
canonical catalytic residues (Fig. 2B). The two exceptions within
the catalytic triad are CG17097, where a His replaces the Asp,
and CG14034, where a Gly replaces the Ser.

Three Predicted Acps Have Structural Features of Lectins. Three Acps
identified fall into the C-type lectin (C-TL) class. Lectins possess
a carbohydrate recognition domain (CRD), where interaction
occurs with a given carbohydrate chain in the target. Acps
CG1652, CG1656, and Acp29AB possess a domain with char-
acteristics of a CRD (Table 1). The binding of sugars by C-TLs
is calcium-dependent; the calcium ion serves as the nucleus of
the binding site.

Carbohydrate specificity of C-TLs is determined by a set of six
key residues. CG1652, CG1656, and Acp29AB have been mod-
eled onto members of the C-TL class. Given C-TLs’ specificity
of binding to sugars, we can predict the residues important for
binding for these three Acps (Table 1). For each Acp, the spatial
orientation of the critical residues within its binding pocket is
similar to that of structures onto which it was threaded (Fig. 6,
which is published as supporting information on the PNAS web
site). However, the residues predicted to bind sugars differ
between each Acp and the structure onto which it threads. Thus,
if these Acps bind sugars as predicted by their structures, it is
likely that they will bind to different carbohydrate moieties from
those bound by the known C-TLs.

Two Acps Resemble CRISPs. It is particularly intriguing that struc-
tures of two Acps resemble CRISPs, because cysteine-rich
proteins in the CRISP family have been associated with sperm-
related functions in several vertebrates (42, 43). CG10284 and
CG17575 both align to the CRISP structural family of proteins,
which contains multiple disulfide bridges (CG10284 alignment is
shown in Fig. 3A). The structural similarities between these
family members are only evident by structural comparison, not
by primary sequence comparisons (BLASTP).

Active sites or residues important for sperm-binding are not
yet known for any of the CRISPs in vertebrates or Drosophila.
However, one of the two Drosophila CRISPs, CG10284, has a
nonsynonymous substitution rate�synonymous substitution rate
(dN�dS) of 1.8 (1) between a D. simulans EST sequence and D.
melanogaster, and thus seems likely to have been subject to
positive selection. Mapping the amino acid changes between the
D. simulans EST and D. melanogaster onto the CRISP structure
indicates a clustering of variable sites around a single loop (Fig.
3B) of the predicted structure. This clustering suggests the loop
might be important for CG10284’s function, and subject to
strong evolutionary pressure for amino acid diversification.

Five Acps Seem to Perform Protective Functions. CG17843 threads to
an antioxidant class of proteins. Thioredoxin-like proteins catalyze
dithiol-disulfide oxidoreduction reactions, which can be involved

in protection from oxidative stress (44) and chemokine-like
activities (45), among other processes. CG17843 contains two
structural domains, each of which is predicted to contain the
characteristic thioredoxin-like fold (Cys-X1-X2-Cys) (Table 1).
Each fold consists of either a Pro or Gly at position X1, which is
predicted to reduce the disulfide bridge conformational strain
and to evade steric crowding. The N-terminal and C-terminal
domains both match disulfide oxidoreductases. The C-terminal
domain structure contains two thioredoxin folds within the same
structure (Fig. 7, which is published as supporting information on

Fig. 3. Sequence and structural characteristics of the CRISP domain of
CG10284. (A) Sequence alignment of the CRISP domains (entire protein coding
regions are not shown) of CG10284 (D. melanogaster), and members of the
CRISP family 1qnx�A (Vespula vulgaris), AEG-1 (Mus musculus), AEG-1 (Homo
sapiens), TPX-1 (Homo sapiens), and allurin (Xenopus laevis). Residues of
known (1qnx�A) and threaded (CG10284) structure are capitalized. CG10284
residue positions 48–283 are shown. Overlapping predicted and known sec-
ondary structural regions are depicted above each alignment. �-Helices are
colored red, �-strands blue, and 310 helices green. Conserved cysteines are
highlighted in yellow. CG10284’s region with the excessive amino acid re-
placements between D. simulans and D. melanogaster is underlined in purple.
(B) Overall structure and mapping of amino acid replacements of CG10284
when compared between D. simulans and D. melanogaster. The overall
structure of CG10284 threaded onto 1qnx�A (venom antigen) is shown in
ribbon representation with �-helices shown in blue and �-strands shown in
green. Amino acid replacement sites are shown in red and have been marked
by exposing their side chains and electron density clouds. The red arrow points
to the loop region where a high frequency of amino acid replacements exists
between D. simulans and D. melanogaster.
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the PNAS web site). The two folds are on opposite ends of the
structure, but appear to use the same groove for substrate
binding (Fig. 7).
Four Acps are predicted antimicrobial peptides. �-defensins are anti-
microbial peptides that typically inhibit Gram-positive bacteria
and contribute to the host immune defense system. We have
identified an Acp, CG10433, that contains structurally predicted
�-defensin domains at both its N-terminal and C-terminal ends.
Additionally, three peptide-sized Acps (CG9029, CG9074, and
CG14560) have a high content of proline residues (25.8%,
16.7%, and 24.6%, respectively). Models for these three peptides
could not be generated, but their proline richness is consistent
with an antimicrobial role because proline-rich peptides are
found in many organisms’ innate immune responses (46).

CG8194 Is a Predicted RNase. CG8194 threads best to a secreted
RNase, suggesting that it might function in RNA hydrolysis.
RNA hydrolysis by T2-type-secreted RNases requires a con-
served active site composed of His, Lys, and His, which make up
the catalytic site, and a Trp as part of the substrate-binding site
(47). These active site residues are conserved in CG8194 (Table
1). Not only does CG8194 fall into this class of RNases, it threads
best to S-RNases from Solanaceae. S-RNases are proteins se-
creted by pistil cells, which are later taken up into the pollen
tubes, where they are involved in self�non-self recognition to
mediate self-incompatibility (48). The threading of CG8194 to a
protein involved in gamete recognition suggests the possibility,
by analogy, that CG8194’s RNase activity could participate in
assortative fertilization in Drosophila (49).

Discussion
Many reproductive proteins evolve rapidly (20), which may in
part relate to the varied reproductive strategies found across
taxa. To address whether conservation of reproductive protein
structure and function exists amidst their rapid sequence
evolution, we used a CM approach to reveal similarities
undetectable at the primary sequence level. Proteins with
sequence similarities as low as 30% can still allow medium
accuracy comparative structural models to be generated (35).
CM has many advantages over sequence alignment, including
the ability to predict protein partners, identify antibody
epitopes, characterize functional active sites, assist in site-
directed mutagenesis, and map rapidly evolving regions. A CM
approach was previously used to predict the active site spec-
ificity and structurally critical residues of one test-case Acp
(Acp62F) (7). Therefore, we analyzed a defined set of 51
additional Acp genes (J.L.M., K. Ravi Ram, L. A. McGraw,
M. C. Bloch Qazi, E. Siggia, C.F.A., and M.F.W., unpublished
results), identified from previous screens (1, 2), by CM. Our
analyses demonstrate that using a CM-based approach not only
provides better insight into the possible functions of new
collections of as yet uncharacterized proteins, but also allows
comparisons between the predicted functional relationships of
reproductive proteins between highly divergent organisms.

In mammals, multiple regulators of proteolysis, particularly
metallo- and serine proteases and serpins, are present in seminal
f luid (17–19) and have been suggested to function in capacitation
and fertilization. For example, the prostate-specific antigen
(PSA) is a serine protease that is involved in sperm motility,
probably by processing of semenogelins (50). In Drosophila,
proteins predicted to be involved in proteolysis represent close
to half (13 of 29) of the modelable Acps. These Acps may serve
as coagulation factors (51) and hence may participate in mating
plug assembly (52), or in regulation of the proteolytic cascades
that trigger the immune response (53). Acp regulation of pro-
teolytic cleavage could also protect sperm, cleave active peptide
hormones from a prohormone precursor, protect prohormones
from premature proteolysis (4), or ensure proteolysis at correct

sites (54); some of these processes are known to regulate a male
seminal f luid peptide hormone, Acp26Aa (54). In addition to
regulating proteolysis, some serpin class members, at least in
mammals, are able to bind hormones. One example of this is PCI,
which is a major component of the mammalian seminal plasma
that binds hydrophobic hormones and is required for male
fertility (55). Intriguingly, two predicted Acp serpins, CG8137
and Acp76A, contain predicted hydrophobic pockets similar to
PCIs. Given the importance of the hydrophobic hormone juve-
nile hormone in Drosophila reproduction (56) and Acp response
(57), perhaps these Acps are involved in its binding or transport
(or of another hydrophobic molecule).

D. melanogaster accessory gland proteins assist in the storage
and utilization of sperm (58, 59); a similar role has been
associated with seminal f luid proteins in mammals (reviewed in
refs. 17–19 and 60). Proteins in several classes are known to
interact with sperm in mammals; these classes are also found
among Drosophila Acps: lipases, lectins, and CRISPs. In mam-
mals, secreted lipid carriers and modifiers in the seminal plasma
HE1, clusterin, lipocalin-type prostaglandin D synthase, and
cholesterol-binding protein, comprising up to 30% of the total
seminal f luid secretions, function in lipid binding�modification
in mammalian seminal f luid (61, 62). It is possible that the six
Acp lipases may also play a role in lipid modification or in
providing energy to the sperm, which may affect sperm motility
and�or viability. In vertebrates, sperm–egg interactions have
been shown to be in part mediated by members of the lectin (63)
and CRISP (42, 43) protein classes. Although little is known
about the carbohydrate moieties on the sperm surface of Dro-
sophila, they seem important for sperm–egg interaction (64);
thus, lectin-like Acps Acp29AB, CG1652, and CG1656 may
perform an analogous function to lectin-like spermadhesins in
mammals. Vertebrate sperm-binding CRISPs have been iden-
tified in a number of organisms including rats (DE) (65), humans
(ARP�hCRISP-1) (43), and in Xenopus egg jelly (allurin) (42).
It is therefore intriguing to have identified Acp members of the
CRISP family, CG10284 and CG17575, which may also mediate
sperm–egg interactions.

Protective roles of seminal f luid proteins against microbes and
oxidative stress have been studied for the most part only in
mammals. Microbes introduced into the female reproductive
tract during mating could result in infections that negatively
impact reproductive success. Many antimicrobial proteins have
been identified in the mammalian seminal f luid, such as Bin1b
(66) and mBD-12 (67), which are of the same �-defensin protein
class as Acp CG10433. Male flies are known to transfer at least
four antimicrobial peptides or proteins to females (68, 69).
Mammalian seminal f luid antioxidant proteins have been shown
to protect sperm from oxidative stress (70). This finding may be
attributed to secreted forms of superoxide dismutase and per-
oxidases present in the mammalian seminal f luid of rodents (71,
72); therefore, the presence of a thioredoxin-like Acp, CG17843,
may also protect sperm from oxidative stress.

Conclusions
The use of CM on this collection of Acps provides a holistic view
of Acp roles in the seminal fluid and provides a comprehensive look
at seminal fluid proteins. The 3D structures of 29 Acps (one from
ref. 7 plus 28 from this study) have elucidated their predicted roles.
Recent studies have revealed an astonishingly rapid evolution of
several important reproductive proteins (20). Our results are thus
intriguing in showing an overall conservation of structural classes
among seminal fluid proteins in organisms as different as insects
and mammals. These conserved protein classes likely govern com-
mon essential reproductive processes in fly and mammalian seminal
fluid. Even with these protein class similarities, some of the 29
modelable Acps are rapidly evolving at the primary sequence level
[e.g., CG10284, Acp29AB (13), and Acp62F (12)]. Thus, our results
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show that modelability is not restricted to slowly evolving proteins.
The putative structures for these Acps may aid in understanding the
functions and selective pressures associated with their rapid evo-
lution, as has been the case for mammalian MHC molecules (73).
The remaining 23 Acps could not be comparatively modeled
possibly because they are too short or because they are evolving
rapidly enough that their structures are not conserved. These 23
Acps may include good candidates for physiological modifiers
whose mechanisms or actions may be more taxon-specific.
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