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    Abstract     Allurin, a 21-kDa protein secreted by the oviduct of female  Xenopus  
frogs, is incorporated into the jelly layers of eggs as they pass single fi le on their 
way to the uterus and subsequent spawning. Hydration of the egg jelly layers at 
spawning releases allurin as a chemoattractant that binds to the midpiece of  Xenopus  
sperm in a dose-dependent manner. Gradients of allurin elicit directed swimming 
across a porous membrane in two-chamber assays and preferential, up-gradient 
swimming of sperm in video-microscopic assays. Allurin, purifi ed from  X. laevis  or 
produced in recombinant form, also elicits chemotaxis by mouse sperm in two- 
chamber and video microscopic assays. Allurin binds to mouse sperm at the mid-
piece and head, a pattern also seen in frog sperm. Western blots suggest the presence 
of an allurin-like protein in the follicular fl uid of mice and humans and peptides that 
mimic subdomains within allurin elicit chemoattractive behavior in both mouse and 
human sperm. By sequence homology, allurin is a truncated member of the Cysteine-
RIch Secretory Protein (CRISP) family whose members include Crisps 1, 2, and 4, 
which have been demonstrated to modulate mammalian sperm functions including 
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capacitation, ion channel activity, and sperm–egg binding. Interestingly, allurin 
contains only two of the three domains found in these full-length CRISP proteins 
and in this respect is similar to the sperm self-recognition proteins HrUrabin and 
CiUrabin important in ascidian gamete interactions. These fi ndings suggest that 
both full-length and truncated CRISP proteins play important reproductive roles in 
species widely separated in evolutionary time.  

  Keywords     Crisp proteins   •   Egg jelly   •   Sperm chemotaxis   •    Xenopus laevis   

4.1        Introduction 

 Sperm physiological responses are choreographed by a series of signaling ligands 
generated by female gametes and the organs in which they are housed. The signals 
conveyed inform the sperm of the location, direction, and status of nearby female 
gametes and elicit changes in sperm motility, sperm secretory status, and sperm 
metabolic activities required to successfully fertilize an egg. Some of these ligands 
are diffusible in nature and emanate from extracellular coatings surrounding the egg 
whereas other ligands form a more stable part of the extracellular coat structure and 
act only on sperm in contact with these matrices. Diffusible ligands include pep-
tides, steroids, amino acids, and even proteins (Burnett et al.  2008a ). 

 One class of protein ligands that have received increasing interest are the 
cysteine- rich secretory (Crisp) proteins whose members include snake venom tox-
ins, sperm chemoattractants, sperm decapacitation factors, sperm self-identifi cation 
markers, and sperm ion channel modulators (Burnett et al.  2008a ; Gibbs et al.  2008 ; 
Kratzschmar et al.  1996 ; Koppers et al.  2011 ). Full-length Crisp proteins contain 
three domains, as indicated in Fig.  4.1 . The largest “pathogenesis-related” (PR) 
domain at the N-terminal (cyan) is homologous to proteins expressed in a variety of 
plants in response to environmental stress or viral infection (Fernandez et al.  1997 ). 
Next is the Hinge domain (yellow), the smallest of the three, named for the fact that 
it links the fi rst and third domain. Last is the ion channel regulatory (ICR) domain 
at the C-terminal (magenta), named for its ability to block or modulate a variety of 
voltage-dependent potassium and calcium channels as well as ryanodine receptors 
(Gibbs et al.  2006 ). The ICR domain is similar in tertiary structure to ion channel- 
blocking peptides from sea anenomes (Pennington et al.  1999 ; Alessandri-Haber 
et al.  1999 ; Cotton et al.  1997 ).

   The mammalian Crisp proteins, 1 through 4, are reproductively important and 
full length. Earliest reports of sperm-associated Crisp proteins demonstrated that 
the rodent epididymis secretes Crisp 1, which binds to the post-acrosomal region of 
the sperm head (Cohen et al.  2011 ). This protein has been shown to migrate to the 
equatorial region of rat sperm during capacitation and to possibly participate in 
sperm–egg fusion (Cohen et al.  2000 ,  2007 ,  2008 ; Da Ros et al.  2004 ; Roberts et al. 
 2006 ,  2007 ,  2008 ; Ellerman et al.  2006 ). Antibodies raised against the protein 
inhibit sperm–egg fusion, and the protein has been demonstrated to bind to the egg 
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surface (Cohen et al.  2007 ; Ellerman et al.  2006 ). Although knockout of the protein 
does not produce sterility, it does reduce the effi ciency of sperm–egg binding in 
vitro (Da Ros et al.  2008 ). 

 A second Crisp family member, TPX-1 or Crisp 2, discovered as an acrosomal 
granule constituent and as a major autoantigen in vasectomized rodents (Hardy 
et al.  1988 ; Foster and Gerton  1996 ), has also been shown to play a modulatory role 
in sperm–egg binding in rodents (Busso et al.  2007 ). Crisp 2 is thought to be released 
during the acrosome reaction, and the protein has been shown to help mediate bind-
ing of the sperm to the zona pellucida (Cohen et al.  2011 ). 

 Crisp 3, although widely expressed, is a prominent secreted protein in the pros-
tate (Udby et al.  2005 ). This protein can be found in the circulation bound to a 
macroglobulin and has been proposed for use as a marker of prostatic hypertrophy 
(Bjartell et al.  2006 ; Udby et al.  2010 ). As a constituent of semen, the protein has 
been correlated with reproductive success in horses and cows (Schambony et al. 
 1998a ,  b ; Topfer-Petersen et al.  2005 ). 

 Crisp 4, present in rodents but not in other mammals, has been the fi rst Crisp 
family protein demonstrated to have a molecular role in sperm physiology. Darszon 
and coworkers (Gibbs et al.  2010a ) have shown that Crisp 4 inhibits the opening of 
TRP-M8 channels in mouse sperm that are required to initiate capacitation. Channel 
inhibition by Crisp 4 or possibly by its homologue Crisp 1 may play a role in pre-
venting premature capacitation, that is, acting as a “decapacitation factor.” In addi-
tion, Crisp 4 has been shown to modulate sperm binding to the zona pellucida 
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     Fig. 4.1    Domain structure of full-length and truncated Crisp proteins. CAP/CRISP signature 
sequences are present in the pathogenesis-related ( PR ) domain of all Crisp proteins but are shown 
here only for full-length proteins. N-terminal signal sequences have been omitted for clarity       
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(Turunen et al.  2012 ). Found in the epididymis, this protein is considered to be a 
functional orthologue to human Crisp 1 (Nolan et al.  2006 ). 

 The complexity of the CRISP family has been further increased by the discovery 
of “truncated” members missing the “ion channel regulatory” domain characteristic 
of full-length Crisp proteins such as Crisp 1 and Crisp 4. As shown in Fig.  4.1 , trun-
cated members typically contain the PR and Hinge domains along with amino-acid 
sequences at the C-terminal that vary in length from a few residues to several hun-
dred. Members of this class include allurin, the frog sperm chemoattractant whose 
characteristics are described in the current chapter, insect venom and hookworm 
antigen proteins (Burnett et al.  2008a ), the protease inhibitor-like proteins P115 and 
P116 (Gibbs et al.  2008 ),  Ciona intestinalis  (Ci) Urabin and  Halocynthia roretzi  
(Hr) Urabin, recently discovered self-identity ligands on ascidian sperm (Urayama 
et al.  2008 ; Yamaguchi et al.  2011 ), and the glioma pathogenesis related-like pro-
teins, whose functions are currently unknown, but which include members that are 
expressed in a testis-specifi c manner (Gibbs et al.  2010b ). 

 Commonly, all these proteins are grouped into the Cysteine Rich–Antigen–
Pathogenesis related (CAP) superfamily of proteins that are characterized by a 
homologous PR domain, with four regions of particularly high sequence homology 
referred to as “CAP signatures” or “CRISP signatures” (green in Fig.  4.1 ) (Gibbs 
et al.  2008 ).  

4.2     Characterization of Allurin as a Frog Sperm 
Chemoattractant 

 Amphibian eggs undergo a marked decrease in fertilizability if their outer jelly lay-
ers are removed. This observation was initially made in  Bufo japonicas  and  Bufo 
arenaras  and more recently in  Xenopus laevis  (Katagiri  1987 ; Krapf et al.  2009 ; 
Olson and Chandler  1999 ). However, reintroduction of diffusible jelly components 
(referred to as “egg water”) restores the fertilizability of these jellyless eggs almost 
to their original level of 80 % or greater (Olson and Chandler  1999 ). For this reason, 
our laboratory tested the possibility that a diffusible jelly component from  X. laevis  
eggs might be acting as a sperm chemoattractant by using two types of assays 
(Burnett et al.  2011a ). The fi rst uses a modifi ed Boyden chamber that has a porous 
polycarbonate fi lter separating an upper sperm chamber and a lower chemoattrac-
tant chamber. Sperm passing through the fi lter in response to a chemotactic gradient 
of egg water were increased fi vefold over those in control experiments in which egg 
water was not present (Al-Anzi and Chandler  1998 ). This response was dose depen-
dent, egg water specifi c, and was not seen in the presence of egg water mixed uni-
formly throughout the lower chamber. This assay guided the subsequent purifi cation 
of allurin from egg water using anion-exchange chromatography in conjunction 
with a NaCl step gradient for elution (Olson et al.  2001 ; Sugiyama et al.  2009 ). 

 A second chemoattraction assay, developed by Sally Zigmond to study neutro-
phils (Zigmond  1977 ) and modifi ed by Giojalas and coworkers for use with sperm 
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(Fabro et al.  2002 ), employs video microscopy to record the directional movements 
of individual sperm. Trajectories are recorded of sperm swimming on an observa-
tional platform that lies between two troughs, one acting as a reservoir of sperm and 
the other as a reservoir of chemoattractant (see Fig.  4.2a ). The sperm on the plat-
form swim within a chemotactic gradient formed by diffusion. Their movement at 7 
frame/s was analyzed for velocity and directionality using  X – Y  Cartesian coordi-
nates, the gradient axis being along the  X  coordinate. Values in successive frames as 
well as average values over entire trajectories were compared.

   Data analysis revealed that in the presence of an egg-water gradient (red/dark 
bars, Fig.  4.2b ) average sperm velocity was about 43 μm/s and not signifi cantly dif-
ferent from sperm velocity in the absence of a gradient (white bars, Fig.  4.2b ). In 
addition, similar sperm velocities were observed in sperm traveling up the gradient 
and down the gradient, suggesting that egg water does not contain a chemokinetic 
agent that alters sperm swimming speed. In contrast, net sperm travel along the  X  
coordinate (gradient axis) was increased threefold by the presence of an egg-water 
gradient (fi rst bar set, Fig.  4.2c ). In comparison, sperm movement along the  Y  coor-
dinate perpendicular to the gradient axis was random and not increased by egg 
water (second bar set, Fig.  4.2c ). Sperm movement along the  X  coordinate, when 
analyzed in greater detail, showed a marked change in trajectory distribution from 
relatively random movement (white bars, Fig.  4.2d ) to those favoring positive, up- 
gradient movement (red/dark bars, Fig.  4.2d ). These fi ndings demonstrated that  X. 
laevis  (Xl) sperm prefer to swim toward the reservoir of egg water, indicating the 
presence of a chemoattractant.  

4.3     Allurin Is a Chemoattractant for Mammalian Sperm 

 Because rodents express a number of Crisp proteins that have striking roles in sperm 
physiology and sperm–egg interactions, it was of interest to determine whether a 
truncated Crisp protein such as allurin had effects on mammalian sperm. Initially 
we used the two-chamber assay to demonstrate that a gradient of  X. laevis  egg water 
did indeed have the ability increase mouse sperm passage across a porous mem-
brane by 2.5 fold (Burnett et al.  2011b ,  2012 ). Subsequently, we tested the ability of 
mouse sperm to bind Alexa 488-conjugated allurin in a region-specifi c manner. 
Dye-conjugated allurin bound strongly to the subequatorial region of the mouse 
sperm head and in a punctuate pattern to the midpiece of the sperm fl agellum (see 
Fig.  4.3c, d ). Remarkably, this pattern of binding was similar to that observed when 
frog sperm were exposed to the same allurin conjugate (Fig.  4.3a, b ).

   These fi ndings suggested the need for a more detailed study of allurin-induced 
chemotaxis in mouse sperm using the Zigmond chamber. In these studies we com-
pared the effects of allurin purifi ed from egg water with those of mouse follicular 
fl uid, a known source of chemoattractants for mouse sperm. Mouse sperm, in con-
trast to Xl sperm, are strong swimmers and can swim against gravity. Thus, the 
observational platform of the Zigmond chamber can face upward when evaluating 
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  Fig. 4.2    Swimming behavior of  Xenopus laevis  sperm in a gradient of egg water that contains 
allurin.  (a)  Cut-away diagram of an inverted Zigmond chamber. Sperm trajectories are tracked 
under the observation platform of the chamber by video microscopy. The chamber is inverted 
because these sperm cannot swim against gravity.  Inset : Sperm in the observation area are exposed 
to a gradient of chemoattractant.  (b)  Sperm velocity is unchanged in the presence of an egg-water 
gradient ( red / dark bars ) regardless of whether the sperm a swimming up or down the gradient.  (c)  
The average net travel of sperm along the gradient ( X ) axis is increased threefold in the presence 
of an egg-water gradient but is not increased along the  Y  axis.  (d)  Distribution of net travel along 
the gradient ( X ) axis for individual sperm is shifted to large positive values in the presence of an 
egg-water gradient ( red / dark bars ) providing evidence of directed sperm movement toward the 
chemoattractant trough.  Error bars  represent the mean ± SE of 150 sperm in three experiments. ( a  
reproduced with permission from Burnett et al.  2012 ;  b – d  reproduced from Burnett et al.  2011c )       
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mouse sperm (Fig.  4.4a , inset), whereas the observational platform faces downward 
when observing Xl sperm (Fig.  4.2a , inset). As shown in Fig.  4.4b , both purifi ed 
allurin (red/dark bar) and mouse follicular fl uid (yellow/light bar) gradients pro-
duced no marked change in sperm swimming velocity when compared to sperm 
swimming in the absence of a gradient (white bar, Fig.  4.4b ). In contrast, the net 
distance swum by sperm along the  X  (gradient) axis was increased dramatically in 
the presence of either an allurin or a follicular fl uid gradient (fi rst bar set, Fig.  4.4c ). 
Such an increase was not seen along the  Y -axis but instead random movement hav-
ing a net displacement near zero, much like controls in which no chemotactic agent 
is present (second bar set, Fig.  4.4c ). Differences in movement along the gradient 
( X )-axis between chemotaxing sperm and control sperm are clearly seen in distribu-
tion plots such as that in Fig.  4.4d . The presence of either an allurin (red/dark bars) 
or follicular fl uid (yellow/light bars) gradient markedly decreases the percentage of 
sperm swimming down the gradient while markedly increasing the percentage of 
sperm swimming up gradient toward the chemoattractant trough.

     Fig. 4.3    Fluorescence micrographs of Oregon green 488-conjugated allurin bound to frog and 
mouse sperm.  (a ,  b)  Allurin binds to  X. laevis  sperm at the midpiece and to a variable extent at the 
head. No binding is observed at the fl agellum.  Bars  = 2 μm.  (c ,  d)  Allurin binds to mouse sperm at 
the subequatorial region of the head ( arrows ) and at the midpiece of the fl agellum ( dashed lines ). 
 Bars  = 10 μm. ( a  and  b  reproduced with permission from Burnett et al.  2011c ;  c  and  d  reproduced 
with permission from Burnett et al.  2011b )       
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  Fig. 4.4    Swimming behavior of mouse sperm in allurin and follicular fl uid gradients.  (a)  Sperm 
movement is tracked on the observation platform of a Zigmond chamber.  Inset : Sperm in the observa-
tion area are exposed to a gradient of chemoattractant emanating from the trough.  (b)  Average for-
ward velocity of sperm in an allurin gradient ( red / dark bar ) and in a mouse follicular fl uid gradient 
( yellow / light bar ) is similar to that in controls ( open bar ).  (c)  The average net travel of sperm along 
the gradient ( X ) axis is substantial in the presence of an allurin or a follicular fl uid gradient.  (d)  
Distribution of differences in sperm travel along the gradient ( X ) axis (presence of chemoattractant - 
absence). Data is binned according to magnitude of  X  axis travel (vertical line is zero). The percent-
age of sperm traveling down gradient away from the chemoattractant was markedly reduced while 
the percentage of sperm traveling up gradient was markedly increased.  Error bars  represent the 
mean ± SE for 80 sperm in four experiments.  AL  allurin,  MFF  mouse follicular fl uid. ( a  reproduced 
with permission from Burnett et al.  2012 ;  b ,  c ,  d  reproduced from Burnett et al.  2011b )       
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   These data provide strong evidence that allurin binds to and produces sperm 
chemoattractant behavior in both  Xenopus  and mouse sperm. Given that the identity 
of sperm chemoattractants in follicular fl uid is still a matter of debate, these data 
also provide impetus for asking whether there are allurin-like chemoattractant pro-
teins in follicular fl uid. Two observations suggest that further study is warranted. 
First, immunocytochemistry using anti-allurin antibodies strongly labels the mural 
granulosa and cumulus cells surrounding the oocyte in secondary ovarian follicles 
of the mouse (Fig.  4.5 ). The localization appears to be cytoplasmic and is consistent 
with granulosa cell secretion of an allurin-like protein. Second, the secretion of such 
a protein into the follicular fl uid can be verifi ed by Western blot. As shown in 
Fig.  4.6 , mouse follicular fl uid, although containing hundreds of proteins of varying 
molecular weights (left, FF, Commassie stained), reveals just one band at 20 kDa 
that labels with anti-allurin antibodies (right, FF, double asterisk). This fi nding sug-
gests the presence of a truncated Crisp protein in follicular fl uid, albeit one whose 
identity and chemoattractant activity is presently unknown.

4.4         The Future of Crisp Protein Relationships 
in Reproduction 

 In retrospect, the discovery that allurin is also a chemoattractant for mammalian 
sperm should not have been surprising. CAP superfamily and Crisp subfamily pro-
teins have entered into a broad array of reproductive mechanisms across both 

  Fig. 4.5    Fluorescence 
immunocytochemical 
staining of a secondary 
follicle in the mouse ovary 
using anti-allurin antibodies. 
A strong signal is seen in the 
cytoplasm of mural granulosa 
cells and in the cumulus cells 
surrounding the oocyte. The 
antibodies used cross-react 
with full-length Crisp 
proteins, thus demonstrating 
their expression in developing 
follicles. Draq 5 was used as 
a nuclear counterstain. 
 Bar  = 25 μm. (Reproduced 
with permission from Burnett 
et al.  2012 )       
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vertebrate and invertebrate animal phyla. Evolutionary relationships can be brought 
out by comparing domain organization and the positioning of the highly conserved 
cysteines which, through formation of disulfi de bonds, play a vital role in tertiary 
structure and stability. 

 The PR domain, found as a stand-alone domain in both plants and animals, may 
have been the earliest domain of the CAP superfamily to evolve. It presumed origin 
before to the plant–animal bifurcation is hinted at by the existence of current-era 
yeast proteins that exhibit substantial homology to this domain Choudhary and 
Schneiter  2012 ). This domain, consisting of a β-pleated sheet sandwiched between 
α-helices on each face, is stabilized by three disulfi de bonds (Fernandez et al.  1997 ). 
The PR domain has taken on a number of suspected roles during evolution including 
cation binding and proteolytic and disintegrin activities, as well as abilities to bind 
to sperm and oocyte surfaces. 

 Metal binding most notably includes high-affi nity coordination with cadmium 
and zinc, abilities that could be related to sequestering of potentially lethal metals 
in the case of cadmium or a basis for metalloprotease activity in the case of zinc. 
The coordinating residues for cadmium or zinc binding have been clearly predicted 
from the X-ray crystallographic structures of Crisp snake toxins (Wang et al.  2005 ; 

  Fig. 4.6    Western blot 
detection of an allurin-like 
protein in mouse follicular 
fl uid. Follicular fl uid ( FF ) 
contains numerous 
Coomassie blue-stained 
proteins spanning a wide 
range of sizes as shown by 
sodium dodecyl sulfate 
(SDS)-polyacrylamide gel 
electrophoresis ( left ,  FF ). 
Western blotting of the gel 
with anti-allurin antibodies 
reveals one labeled band at a 
relative mobility of 20 kDa 
( right ,  FF ,  double asterisk ). 
This band is similar in 
mobility to the monomer 
band in purifi ed  X. laevis  
allurin ( right ,  AL ,  single 
asterisk ). (Reproduced with 
permission from Burnett et al. 
 2011b )       
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Guo et al.  2005 ; Shikamoto et al.  2005 ). Similarly, the structure of the Crisp-related 
protein glioma pathogenesis-related protein 1 in its zinc bound form has been deter-
mined (Asojo et al.  2011 ). Indeed, the PR domain structure bears some similarity to 
Zn 2+ -requiring metalloproteases although only a few Crisp-related proteins have 
proven activity (e.g., Milne et al.  2003 ). However, these structural similarities may 
underlie the fact that the PR domain is capable of docking with a number of protein 
partners in other contexts. 

 A more detailed inspection of the sequence of this domain in a variety of CAP/
CRISP proteins shows the presence of a PR domain (blue shading, Fig.  4.7 ) having 
at least four CAP/CRISP signature regions of high amino-acid identity (green shad-
ing, Fig.  4.7 ) and six to eight cysteines that are generally disulfi de bonded (red on 
yellow, Fig.  4.7 ). Four of these cysteines [residues 73, 148, 153, and 164 in  Xenopus 
tropicalis  (Xt) allurin] are essentially invariant. In contrast, the positioning of two 
other cysteines shows variation between two subgroups of Crisp proteins. One sub-
group represented by mammalian Crisps, snake toxin crisps, and a lamprey Crisp 
protein have these cysteines within the CAP/CRISP 2 and -4 signature sequences 
(residues 93 and 167 in Xt allurin). A second subgroup represented by plant PR-1 
and ascidian sperm self-recognition proteins have these two cysteines near the CAP/
CRISP signature 1 sequence at residues 109 and 115 in the PR-1 protein of tomato 
(arrows, Fig.  4.7 ). Xt allurin and a hypothetical Crisp protein in fi nch both conform 
perfectly to the fi rst subgroup and thus might be expected to have a tertiary structure 
much like that delineated in the X-ray diffraction structures of snake toxin Crisp 
proteins. If so, one can expect all six of the cysteines in the PR domains of these 
proteins to be disulfi de bonded and the pattern of bonding to be overlapping as in 
the toxin proteins (Wang et al.  2005 ; Guo et al.  2005 ).

   Unexpectedly, some truncated Crisp proteins, including  X. laevis  (Xl) allurin and 
wasp venom proteins, do not conform to either pattern of cysteines and in fact have 
been shown to have two free cysteines that are not disulfi de bonded (Sugiyama et al. 
 2009 ; Henriksen et al.  2001 ). What this means for the tertiary structure of Xl allurin 
is not clear, although its structure in the PR domain is likely to be quite different 
from that of Xt allurin. It comes as a surprise then that Xl allurin and Xt allurin show 
similar chemoattractant activity, even across species (Burnett et al.  2008b ); this 
would seem to imply that the chemoattractant activity of the allurins is mediated by 
a different region of the PR domain or by the hinge domain as hypothesized next. 

 Indeed, the PR domain appears to have come into greater use when coupled with 
the smaller hinge domain. Although the origin of the hinge domain is uncertain, its 
amino-acid sequence is highly homologous in all CAP/CRISP proteins and notably 
features four invariant cysteines (yellow/light shading, Fig.  4.7 ). In X-ray diffrac-
tion structures of CAP proteins these cysteines form a pair of overlapping disulfi de 
bonds that maintain the consistent “chair-like” tertiary structure of this domain 
(Wang et al.  2005 ;    Guo et al.  2005 ). The widespread use of this PR domain–Hinge 
domain combination in Crisp proteins ranges from ascidians, worms, and snails in 
the invertebrates to amphibians, snakes, and mammals in the vertebrates. Given this, 
it may pertinent to ask what kinds of increased functionality have been gained by 
the use of this domain together with the PR domain. 
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  Fig. 4.7    Clustal W-aligned amino-acid sequences of homologous CAP/CRISP proteins. Signal 
sequences and initial nonhomologous N-terminal regions have been omitted for clarity. The PR, 
Hinge, and ICR (ion channel regulatory) domains are shaded in  blue ,  yellow , and  pink  respectively. 
The PR domain includes four CAP/CRISP signature sequences of high homology ( boxed  and 
 shaded  in  green ). Cysteines are highlighted in  red  on  yellow . Initial residue positions are indicated 
at the  left  of each sequence line.  Double slashes  indicate short internal sequences omitted for clarity. 
Genbank acquisition numbers for the sequences are: AJ011520.1/GI:3660528, M98858.1/GI:162550, 
AF393653.2/GI:317185854, NM001201342.1/GI:318065112, XM002191406.1/GI:224048894, 
AY288089.1/GI:31075034, NM001246286.1/GI:350534677, BAG68488.1/GI:195972735, 
NP689992.1/GI:22749527, BC011150.1/GI:15029853, AY324325.1/GI:32492058, BAF56484.1/
GI:145046200, AJ491318.1/GI:32187774       
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 One possibility is that rather than acting independently, these two domains 
might both contribute surfaces that together allow new protein–protein interactions. 
An interesting piece of data that hints at this comes from the X-ray crystal structure 
of pseudecin, one of the Crisp protein snake toxins from the viper  Pseudecis por-
phyriacus  that inhibits cyclic nucleotide gated channels (Suzuki et al.  2008 ). In this 
protein, the surface formed by the C-terminal-most region of the PR domain and a 
surface formed by the hinge domain face one another to provide a deep cleft that 
could be a site of protein docking. Indeed, binding of Zn 2+  by this protein results in 
a marked shift in the positions of these two surfaces, and the authors have postulated 
that this may regulate the interaction of this protein with the channel (Suzuki et al. 
 2008 ). Similar tantalizing results come from our studies of peptides representing 
sequences within allurin that mimic this region of the PR and Hinge domains. 
Synthetic peptides representing the Hinge region and the C-terminal of the PR 
domain have been found to have dose-dependent chemoattractant activity for both 
frog and mouse sperm in two-chamber assays (Washburn et al.  2011 ; Washburn, 
unpublished observations). In contrast, peptides of random sequence or having 
homologous sequences from snake toxin Crisp proteins do not show activity. Of 
further interest is that these peptides bind to sperm at the midpiece, the same spatial 
pattern seen in binding of allurin to sperm. 

 As indicated in Fig.  4.1 , full-length Crisp proteins contain the PR domain–Hinge 
domain combination just discussed as well as the ion channel regulatory (ICR) 
domain. The ICR domain, as previously mentioned, has been demonstrated to mod-
ulate the actions of voltage-dependent potassium channels, voltage-dependent cal-
cium channels, and ryanodine receptors (Gibbs et al.  2006 ; Brown et al.  1999 ; 
Morrissette et al.  1995 ; Nobile et al.  1994 ,  1996 ). These properties target channels 
in muscle and nerve during the actions of Crisp protein toxins found in snakes and 
lizards. Although the presence of Crisp proteins in insect venoms would seem to be 
a parallel use it should be pointed out that the ICR domain is not present in the trun-
cated Crisp proteins found in these venoms. 

 In mammals, full-length Crisp proteins are associated with sperm production in 
the testis, sperm maturation in the epididymis, and sperm capacitation and oocyte 
binding in the female reproductive tract (Gibbs et al.  2008 ; Burnett et al.  2008a ). 
One might speculate that the ICR domain of these proteins may be modifying the 
behavior of ion channels in sperm. Ion channel activity is important in sperm capac-
itation, and there is evidence that Crisp 1 may be acting as a decapacitation factor 
that keeps certain channels quiescent in the male tract, but which upon removal 
during capacitation in the female tract, allows new channel activity (Nixon et al. 
 2006 ). Indeed, Crisp 4, a rodent orthologue of Crisp 1, has been shown to modify 
TRP-M8 channels in mouse sperm that may be involved in sperm capacitation and 
chemotaxis (Gibbs et al.  2010a ). 

 Interestingly, the ICR domain has structural similarities to sea anemome toxin 
peptides that have been shown to block voltage-dependent potassium and calcium 
channels. In vertebrates, however, the ICR does not appear as an independent 
domain but is virtually always within the context of a full-length Crisp protein. 
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This observation would seem to imply that the PR domain–Hinge domain combination 
associated with it must play some role in enhancing the actions of the ICR domain. 
One possibility is that these domains are important for cell-surface binding and 
localization so as to target ICR domain actions. Evidence for this capacity comes 
from the fact that Crisp 1 binds to the mouse sperm surface in the epididymis and 
remains bound to the sperm in the female tract (Cohen et al.  2000 ; Da Ros et al. 
 2004 ; Roberts et al.  2002 ,  2008 ). Its localization on the sperm and its binding life-
time are dependent on its glycosylation state. The “D” form of Crisp 1 binds to the 
sperm head in the postacrosomal region and remains bound until ejaculated into the 
female tract. The “D” form inhibits premature acrosome reaction in the male tract, 
but once in the female tract appears to unbind from the sperm during capacitation 
(Roberts et al.  2008 ; Nixon et al.  2006 ). In contrast, the “E” form of Crisp 1, having 
a different glycosylation pattern, binds to sperm in the epididymis, but is not easily 
removed even in the female tract (Da Ros et al.  2004 ; Roberts et al.  2008 ); rather, 
it migrates to the equatorial region of the sperm where it is thought to take part in 
sperm binding at the egg plasma membrane (Cohen et al.  2008 ,  2011 ). 

 Indeed, binding of Crisp 1 and Crisp 2 to the egg plasma membrane of rats has 
been characterized (Ellerman et al.  2006 ; Cohen et al.  2011 ). The structural feature 
of Crisp 1 responsible for egg binding appears to lie in the CAP/CRISP 2 signature 
region of the PR domain. This signature is common to both Crisp 1 and Crisp 2, and 
the fact that these two Crisp proteins compete for the same site on the egg surface 
suggests that this signature is likely the binding partner in both proteins (Cohen 
et al.  2011 ). If peptides representing this signature are incubated with eggs, peptide 
binding is not only detected but is accompanied by block of sperm–egg plasma 
membrane adhesion and subsequent fertilization (Ellerman et al.  2006 ). Similarly, 
we have shown that allurin, absent an ICR domain, binds to the sperm head at the 
equatorial region in a manner similar to Crisp 1, but different in binding to the mid-
piece of the fl agellum as well (see Fig.  4.3 ). 

 Of additional interest is that the “E” form of Crisp 1, during production in the 
epididymis, is proteolytically processed in a manner that eliminates the ICR domain, 
leaving a truncated Crisp 1 that bears a lot of similarity to allurin, albeit highly gly-
cosylated (Roberts et al.  2002 ). This point raises the possibility that proteolytic 
processing of a full-length Crisp protein in the ovarian follicle could lead to the 
allurin-like protein detected in mouse follicular fl uid that we have hypothesized 
might bind to sperm and act as a chemoattractant (see Fig.  4.7 ). 

 Although the binding partners of mammalian Crisp proteins on the egg surface 
are not yet known, binding partners of Crisp proteins have been studied in sperm. In 
mouse sperm, a cell-surface protein designated SHTAP has been shown to bind 
Crisp 2, be expressed exclusively in the testis, and to relocalize during sperm capac-
itation (Jamsai et al.  2009 ). In addition, binding of Crisp 2 to SHTAP in a yeast 
two-hybrid system seems to require both the PR and Hinge domains as well as the 
ICR domain to maximize binding. Again, the region in the PR domain required for 
binding was that of the CAP/CRISP 2 signature sequence at the C-terminal of the 
domain (Jamsai et al.  2009 ). 
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 Parallel data come from truncated Crisp proteins found on the surface of ascid-
ian sperm. As demonstrated by Sawada and coworkers, ascidian sperm display 
GPI- anchored Crisp proteins that play a role in mediating self-recognition between 
sperm and egg so as to prevent self-fertilization (Urayama et al.  2008 ; Yamaguchi 
et al.  2011 ). In two different species,  H. roretzi  and  C. intestinalis , a GPI-anchored 
Urabin on the surface of the sperm head binds to a specifi c partner protein in the 
vitelline coat of the conspecifi c egg (VC70 and VC57 in the two respective spe-
cies). Initial binding of the sperm Urabin to the vitelline coat supports subsequent 
binding of a pair of polycystin-1-like proteins on the sperm surface (s-Themis A 
and B) with binding partners on the vitelline coat (v-Themis A and B) (Yamaguchi 
et al.  2011 ). Both these specifi c sperm–vitelline coat interactions are then thought 
to lead to weakening of the interaction and removal of the sperm, thus blocking 
fertilization. 

 In summary, data from multiple sperm species support the hypothesis that the 
CAP/CRISP signatures 1 and 2 mediate binding and localization of Crisp proteins 
to target cells and this binding is enhanced by the Hinge domain. In some cases, as 
in the mammalian and snake venom Crisp proteins, such binding may be a require-
ment for actions of the ICR domain on ion channels in the membrane of the target 
cell. In the case of allurin this binding appears to be to a yet-uncharacterized recep-
tor leading to signal transduction events that modulate sperm fl agellar activity and 
chemotaxis.  

4.5     Conclusion 

 Allurin, a 21-kDa protein synthesized in the  Xenopus  oviduct, is incorporated into 
the jelly surrounding spawned  Xenopus  eggs. Upon release into the surrounding 
medium the protein binds to an uncharacterized receptor on the  Xenopus  sperm 
midpiece and elicits chemotactic behavior; that is, sperm preferentially swim up an 
allurin gradient toward higher concentrations of the protein. Surprisingly, allurin 
elicits a similar response in mouse sperm. The amino acid sequence of allurin indi-
cates that it is a truncated member of the Crisp family having two domains. Our 
results suggest that either the pathogenesis-related domain or Hinge domain of 
allurin activates an evolutionarily conserved signaling system that controls fl agellar 
waveform and directional swimming. Future research is needed to determine 
whether Crisp protein signaling systems play a role in mammalian sperm chemo-
taxis in vivo. 

  Open Access:   This article is distributed under the terms of the Creative Commons Attribution 
Noncommercial License which permits any noncommercial use, distribution, and reproduction in 
any medium, provided the original author(s) and source are credited.     
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