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Abstract

The epididymal B-defensins have evolved by repeated gene duplication and divergence to encode a family of
proteins that provide direct protection against pathogens and also support the male reproductive tract in its primary
function. Male tract defensins also facilitate recovery from pathogen attack. The B-defensins possess ancient
conserved sequence and structural features widespread in multi-cellular organisms, suggesting fundamental roles in
species survival. Primate SPAG11, the functional fusion of two ancestrally independent B-defensin genes, produces
alarge family of alternatively spliced transcripts that are expressed according to tissue-specific and speci es-specific
constraints. The complexity of SPAG11 varies in different branches of mammalian evolution. Interactions of human
SPAG11D with host proteins indicate involvement in multiple signaling pathways. (Asian J Androl 2007 July; 9: 453—

462)
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1 Introduction

Defensins emerged from our studies on epididymis-
specific proteins in which we were seeking novel male
contraceptive targets. Among the candidate targets, the
epididymal protease inhibitor Eppin was shown to be a
successful reversible male immunocontraceptive in
macagues [1]. Thefirst defensin discoveredin this pro-
gram was given the clone name ESC42, and its trefoil -
like motif was described [2]. Trefoil proteins areimpor-
tant in host defense; they maintain mucosal integrity and
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influence defensin and adaptive immunity gene expres-
sion [3]. After this motif was recognized as the -
defensin signature, ESC42 was named [-defensin 118
(DEFB118). DEFB118isamember of alarge family of
genes clustered primarily on human chromosomes 6, 8
and 20 (Figure 1) [4-11]. Defensins have evolved by
repeated gene duplication and divergence, including
functional diversification [12]. Except for the 6-cys-
teine domain, rich in positively charged amino acids,
defensins differ considerably in their amino acid se-
guences and target pathogen specificity [4]. A similar
cysteine array is found in some lectins [13] and anti-
bacterial protease inhibitors, including the contracep-
tive target Eppin [14], and secretory leukocyte protease
inhibitor [15] (Figure 2). Ancient guards against patho-
gen invasion, lectins and protease inhibitors are also
important in plant host defense [16].
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Figure 1. Major human defensin gene clusters. Gene namesin black indicate widespread expression. Gene names in blue indicate expression
predominantly in the male reproductive tract. Triangles point in the direction of transcription. The filled triangles indicate active genes,
whereas no transcripts are known for the open triangle genes. Data are from human genome build 36.2.
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Figure 2. Alignment of human (3-defensin signature motifs with similar arrays in antibacterial protease inhibitors. The defensin and defensin-
like 6-cysteine moatifs are highlighted in grey, are bold and underlined. Sequences were derived from the following accession numbers:
NM_005218 DEFB1, NM_004942 DEFB4/hBD2, NM_054112 DEFB118, NM_030931 DEFB126, AF286368 Eppin, AF114471 secre-
tory leukocyte protease inhibitor, NM_058203 SPAG11C and NM_058201 SPAG11D. Signal peptides are not shown.

2 PB-defensin primary sequences and functions

Beyond the 6-cysteine signature motif, the simplest
-defensins have little additional sequence (Figure 2) and
fall in the molecular weight range of 510 kDa. These
simple defensins, such as human DEFB1 and DEFB4
(hBD?2), are related to defensins in lower animals, in-
cluding fish [17] and insects[18]. Similar defensins are
produced in plants, particularly in the reproductive struc-
tures (flowers and seeds) [16]. Male reproductive tract
defensins are known only in mammals. These defensins
may be as large as 18 kDa (human DEFB129) and often
have long N-terminal or C-terminal extensions, generally
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of unknown function. Reproductive functions are sug-
gested by the sperm surface location of several defensins,
including SPAG11 [19, 20], DEFB118[2] and DEFB126
[21, 22]. Reproductive functions have been reported
for rat SPAG11E (Binlb) [23] and for DEFB126 [21,
22]. Binlb promotes motility in immature spermatozoa
from the caput epididymidis by a mechanism dependent
on calcium uptake [23]. The long C-terminal domain of
DEFB126, rich in threonine and serine, is highly O-
glycosylated. A major component of the sperm
glycocalyx [24], DEFB126 is shed during capacitation
[22], aloss prerequisite to spermatozoa binding to the
zona pdlucida [21]. The highly anionic C-terminus of
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DEFB118 is not thought to have a role in antibacterial
action [25], which typically depends on cationic amino
acids. Themale reproductive tract DEFB123 has a novel
function, protection against endotoxemia through resto-
ration of normal tumor necrosis factor-o levels [26].

3 Structures of B-defensins and similar proteins

Structurally, B-defensins typically contain an N-ter-
minal alpha helical domain joined by adisulfide bondtoa
2-strand or 3-strand beta sheet stabilized by additional di-
sulfide bridges. The similarity of this fold in human pro-
teinshBD1 [27], SPAG11E [28], in bovine SPAG11C [29]
and the human intestinal trefoil protein 3[30] is shownin
Figure 3. The fungal, insect, and plant defensins shown
are strikingly similar to a scorpion neurotoxin that shows
sequence homology with the male reproductive tract
defensins DEFB118 and DEFB126 (identified as GenBank
AA335178 and ESP13.2in[31]). Their cysteine stabi-
lized configuration might represent evidence of broad ap-
plication of independently evolved structures to common
features of host defense challenges [32], or might be evi-
dence of ancient origins of the B-defensins conserving
similar domai ns throughout the animal and plant kingdoms.

4 The SPAG11 geneis a fusion of two B-defensin
genes

Unique among the B-defensins, human SPAG11 rep-
resents the functional fusion of two ancestrally indepen-
dent B-defensin genes [33] (Figure 4). Alternatively
spliced transcripts are initiated at both promoters. Tran-
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scriptsinitiated at the A promoter may end after exon 3
or may continue past the poly A addition site, presumably
aweak termination signal, and continue through the B
promoter and the B exons. Species-specific exons are
reported for human, monkey and bovine SPAG11 [29,
33-35]. There are fewer bovine mRNA splice variants
(only six) than primate variants [29]. Several of the bo-
vine splice sites are in the 3'-untrand ated regions, where
they may affect mMRNA stability. There are three bovine-
specific exons. Therat SPAG11 geneis simpler than that
in primate and bull and retains the original separate function
of the A and B components. There is only one splice site
anditisinthe A component. No species-specific exonsare
found inrats [36]. Read-through transcription have to has
not been reported for any other pair of defensin genes.

5 SPAG11proteins

Trangation of these alternatively spliced RNAS pro-
duces a complex protein family. Immunohistochemical
staining has reveal ed the presence of multiple SPAG11
isoforms in the epithelial cels of the epididymis, show-
ing that these mMRNAS are actively translated [20, 29,
36]. Most primate SPAG11 proteins contain the N-ter-
minal common region joined to C-terminal peptides en-
coded by different combinations of exons (Figure 5).
Multiple reading frames are utilized. For human
SPAG11A, exon 6 transcripts are trandated in one read-
ing frame, in a second reading frame for the D isoform
and for the Rhesus macaque J isoformin the third read-
ing frame. Why SPAG11 evolved these special features
is not known. Perhaps it is for the same reason that

L

bovSPAG11C Trefoil Factor 3

Plant Defensin

Scorpion Neurotoxin

Figure 3. Similarity of B-defensin structures in different species. Models were draw in PyMol using the following Protein Data Bank files:
1E4S.pdb (hBD1), 1E9T.pdb (human intestina trefoil protein 3), 1ZFU.pdb (fungal defensin, plectasin), 1LICA.pdb (insect defensin A),
1TI15.pdb (plant defensin VrD1), and 2SN 3.pdb (scorpion toxin 3). The human SPAG11E homology model is based on 1FD3.pdb (hBD2).
The bovine SPAG11C modd is based on 1E4R.pdb (mouse Defb8).
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families of alternative splice variants operate where dis- detection [42] and fertility [43]. Families of proteins
criminative protein associationis crucial inimmunity [37, containing different combinations of peptides can have
38], neuronal function [39, 40], hearing [41], olfactory different but overlapping sets of molecular recognition

Human

E7 E8

x
w
ﬁ
m
o

- m— SPAGT1A
/) & ——3 SPAG11B
 — |
Eoae

SPAG11C
SPAG11D

T SPAGTE
=t
— C—I3——{—F+_—  SPAGIIF
— = 1  SPAGIG
SPAG11H
—-C—  SPAGIII

]?

Rhesus monkey

®E1|—|E2H E3

CC—fO+—1{ 1 SPAG1IB

—— — I ] SPAG11C
d—r
CI—1—1 1 SPAGIIE
E o
1T I 1 SPAGIU
[ ey — ey CO—{ 1  SPAGTIK
m—r— 3 0 [N~ spaGliL
oOO————1 CO—L 1 SPAG1IM
O————11 — —O0———1 SPAGTIN
I S — S — —1—L——1 SPAG110
OOO—]—3—13 o———— SPAG11P
= [T SPAG1iQ
T
L m— T 1 SPAGIIR
%
S S— e — ——
Bull
@E= =1 = (EHEE 7 &)
SPAG11C
F—k
—— —1 1 sSPAG11D
=k
[ } . T} { ] SPAGT1E
[ —{ —{T — ] = SPAG11U
T ey T o 13— 1 SPAGIV
—————1I1T 1 — { } — SPAGTW

Fgure 4. SPAG11 gene structure and transcripts in human, rhesus macaque and bull. Shaded circles represent promoters with adjacent
exons represented by rectangles. Splice variant mMRNAs are aligned with their exons of origin. Shaded portions of the transcript rectangles
indicate regions encoding amino acid sequences. *—* indicates exons encoding the 3-defensin signature. Portions of this figure were derived
from references [29, 35].
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properties and, therefore, overlapping sets of interacting
partners that might be of host and/or pathogen origin.
SPAG11 mRNA splicing is regulated by tissue-specific
and species-specific mechanisms that have led to the
suggestion that different combinations of isoforms more
effectively kill the pathogens in different organs [29].
Alternativey, different combinations of isoforms might be
required for specific male reproductive functions.

6 SPAGL1 sequence conservation in different species

Alignment of amino acid sequences of the defensin-
like SPAG11C, and E isoforms using CLUSTALW [44]
reveals exon-specific rates of evolutionary divergence
(Figure 6). There is strong sequence conservation indi-
cated by the black shading in the defensin regions of
SPAG11C and SPAG11E,whereas the N-terminal com-

HumC RHVNHSAT
MacC RHVNHSAT,
Shrc RFVNHFGI
RatC ASSINHLVT
MouC NASSINELVT
DogC RARNTINHQGT]
CatC

BullC RVTHANRQDP,
PigC RATYANYQGT

LGELRERAPGQGTNGFQL
LRELREGATGQGTNGSQL
TTEPGKESPGRGTNGSHL
PPSSPODEFPAQGGNGSGL
PPSFPKDEFPARGVNGSQL
PREPWEESPGQGKNESHLY

PRKQ-EESLGRGTNRSHF|
PRELKGEYPGQETNKSHL
BatC RHVSQGGTEGPRAPRDEAFRPGTNDSHS
HorsC  ASYVNQQGTKGPREPREESPQRGTSRAHM
EleC  STNNVNHEQGTKDHREPR-ESSGQRTNDPSL
GuiPpC

ArmC

mon region shows broad sequence diversity [29]. This
region issometimes called apropiece. The lysine-arginine
cleavage site for a furin-like prohormone convertase has
been identified in this propiece in humans [45] and is
conserved in all species except horses. All of the SPAG11
sequences found thus far are in mammals.

7  Functions of SPAG11 isofor ms

The N-terminal common region has antibacterial
activity, although it lacks a defensin motif [46]. Each of
the full length human, rhesus and bovine SPAG11 pro-
teins tested as well as the C-terminal peptides of human
SPAG11 A, D and G show antibacterial activity against
Escherichia coli [28]. In addition, the C-terminal pep-
tide of SPAG11A kills Niesseria, Enterococcus and Sa-
phylococcus [47]. However, the C-terminal peptides of

SqrC  RALSVNSSGTEvesGPQEERPGQGANGSEAREEOVERY -BorrTljerL -

HumE
MacE
ShrE
MouE
RatE
DogE
CatE
BullgE
PigE
BatE
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SqrE
GuiPE
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STAEEER
PNATGEK
-TEDDEKK
PNPSEE
PNIEERE

PNTGDQK

ot [ T T e T e T e T e T T O et T O e O e O e A

ko kEkEEL . o sakE L kRE K%

Fgure 6. Alignment of SPAG11 C and SPAGLL1E proteins from different mammalian species. Amino acid sequences trandated from human
exons 2, 3 and 6 and their orthologs in other species were adligned using CLUSTALW at http://www.ebi.ac.uk/clustaw. Highlighting is based
on conservation symbols (* . :) determined by CLUSTALW and indicated at the bottom of each aignment. Black highlighting indicates
100% conservation, dark grey indicates highly similar substitutions and light grey indicates lower similarity substitutions. GenBank
accession humbers are given in Table 1, where “Not found” indicates sequences not yet found in GenBank by Blast searching.
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Table 1. GenBank accession numbers for the SPAG11 sequences aligned in Figure 6. “Not found” indicates sequences not yet found in
GenBank by Blast searching.

Names GenBank accession numbers
Abbrevation Common name Latin name Exon 2 Exon 3 Exon 6
Hum Human Homo sapiens NM _ 058203 NM_ 058201
Mac Rhesus monkey  Macaca mulatta AY 528234 AY 528235
Shr Tree shrew Tupaia belangeri AAPY 01597056 AAPY 01099460
Rat Rat Rattus norvegicus DQ012093 NM 145087
Mou Mouse Mus domesticus AY 882530 NM_153115
Dog Dog Canisfamiliaris DQO012011 DQO012012
AACNO010495936 AACNO010006967
Cat Cat Felis catus Not found AANG01403694 AANG01403689
Bull Bull Bos taurus DQ838981 DQ838982
AAFC03115069
Pig Pig Sus scrofa BX925543 BK005523
Bat Bat Myotis lucifugus AAPE01640175 AAPE01607778
Hors Horse Equus caballus AM039964 and AAWR01019888
Ele Elephant Loxodonta africana AAGU0155657 AAGU01556569 AAGU01684534
GuiP Guinea pig Cavia porcellus Not found AAKNO01209773 AAKNO01390451
Arm Armadillo Dasypus novemcinctus Not found AAGV01229326 AAGV01738043
Sor Thirteen-lined Spermophilus AAQQ01500990 Not found AAQQ01421830
ground squirrel tridecemlineatus

human and rhesus SPAG11C, and rhesus SPAG11K and
SPAG1IL lack antibacterial activity [46]. SPAG11
isoforms and other defensin-like proteins of the male tract
kill E. coli by a membrane disrupting mechanism that
has been measured within minutes of contact with the
recombinant SPAG11 proteins using fluorescent probes
specific for the outer and inner bacterial membranes[14,
25, 28, 48]. SPAGL11 and other proteins also inhibit bac-
terial macromolecular synthesis [46, 48]. Damage to
the bacteria can be visualized by scanning electron mi-
croscopy [14, 25, 46, 48]. E. coli exposed to different
SPAG11 peptides shows a range of responses, including
shrinkage, loss of cell contents, especially at the division
septa, and knob-like distortions (Figure 7).

The rapid mechanism of B-defensin bacterial killing
isillustrated in Figure 8. Defensin proteins might be ini-
tially randomly distributed around a bacterium, but rap-
idly beginto bind the negatively charged bacterial surface.
Membrane disruption assays have shown that within 30 s,
the outer membrane is damaged and within a few minutes,
the inner membrane isalso disrupted [25, 48]. Defensins
interfere with macromolecular synthesis by destroying
the outer and inner membrane barriers and/or by enter-
ing the cell [25, 48]. Scanning electron microscopy
shows that 30 min of treatment results in the rel ease of
cell contents. Bacteria that are unable to seal these pores

Tel: +86-21-5492-2824; Fax: +86-21-5492-2825; Shanghai, China

Fgure 7. Escherichia coli treated with recombinant defensin pro-
teins 50 pg/mL for 30 min. (A): Untreated, and (B): treated with
amino acids 1-46 of mature human SPAG11. (C): Full length
macaque SPAG11K. (D): Full length macaque SPAG11L.

are not likely to survive.

In the homology model of the SPAG11D defensin
domain, conserved residues (light grey) [49] and addi-
tional basic residues (dark grey) form a potential protein
interaction domain (Figure 9). The possibility that a pro-
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Figure 8. Membrane disrupting mechanism of killing bacteria by B-defensins. The asterisks represent individual B-defensin molecules. The
rounded structure represents an Escherichia coli with its two compositiondly distinct membranes. At the bottom of each panel is given the
number of minutes after exposure to recombinant proteins that events were observed.

GIRNTICRMQQGICRLFFCHSGEKKRDICSDPWNRCCVSN

Figure 9. (A): Potential protein interaction domain of human
SPAG11D defensin domain. Space-filled homology model of
SPAG11D peptide. Lighter shading indicates conserved residues
identified using ConSeq (http://conseq.bioinfo.tau.ac.il) based on
an alignment of SPAG11C and SPAG11D from different species.
Darker shading indicates additional basic residues. The model rep-
resents the peptide (B) where conserved residues are lightly shaded
and additional basic residues are bold and underlined.

tein receptor for SPAG11D on sperm might bind this
region prompted us to look for interacting partners. In
recent studies, using yeast 2 hybrid screening, we iden-
tified a number of epididymal proteins that interact with
the full length mature human SPAG11D proteinin yeast,

460-

but not with the amino terminal common region alone
(Radhakrishnan et al., unpublished data). Each of these
proteins has a role in male fertility that potentially could
be modulated by interaction with SPAG11D. Further
studies on the interactions of SPAG11 isoforms with epi-
didymis and sperm surface proteins should lead to a bet-
ter understanding of the full range of male reproductive
functions of these antibacterial proteins.

8 Conclusion

The B-defensin proteins are involved in innate im-
munity and male reproductive functions. Evolutionary
conservation of the 3-defensin fold in animal and plant
kingdoms attests to the broad success of this paradig-
matic structure in promoting species survival. Multiple
interacting partners of SPAG11D suggest involvement in
host signaling pathways.
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