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of the d~sintegrin donlain that has been 
~lredicted to include the actixe bindin2 site - 

from Mice Lacking Fertilin of fertilin p (9 .  I,?) (Fig.  1.4). Fertilin P, 
 sing this actlxe slte. apparently binds to 
an egg inregrin a$, ( 13) .  Homozygous 

Chlanghee Cho, Donna O'DeBL Bunch, Jean-Emmanuel Faure,* ( fer t~l in  - 1  mutant nlice were identl- 
Eugenia W. Goulding, Edward M. Eddy, Paul Primaksff, fied b) po1)merase chain reaction (PCR) 

Diana C. Myleal and Southern (DNA)  blot analyses of 
genonlic DNA (Fig .  1B). Fertilin P - 

F e r t i l i n ,  a m e m b e r  of t h e  ADAM f a m i l y ,  is  found on t h e  p l a s m a  m e m b r a n e  of nnce (both nlale and female) are xiable and 
m a m m a l i a n  sperm.  S p e r m  from m i c e  l a c k i n g  f e r t i l i n  P  w e r e  s h o w n  to b e  d e f i c i e n t  de\elop normally. Both precursor and pro- 
in s p e r m - e g g  m e m b r a n e  a d h e s i o n ,  s p e r m - e g g  f u s i o n ,  m i g r a t i o n  from t h e  u t e r u s  cessed fer t~l in  p  proteins were absent 
into t h e  o v i d u c t ,  a n d  binding t o  t h e  e g g  z o n a  p e l l u c i d a .  E g g  a c t i v a t i o n  w a s  fro111 spernlatogenic cells and mature 
u n a f f e c t e d .  T h e  r e s u l t s  a r e  c o n s i s t e n t  with a d i r e c t  r o l e  of f e r t i l i n  in s p e r m - e g g  sperm. respecti\ely. from fertilin P- - 
p l a s m a  m e m b r a n e  i n t e r a c t i o n .  F e r t i l i n  c o u l d  a l s o  h a v e  a d i r e c t  r o l e  in s p e r m -  Inale nllce (Fig. 1C).  In nllce lacking fertl- 
z o n a  binding or o v i d u c t  m i g r a t i o n ;  a l t e r n a t i v e l y ,  t h e  e f f e c t s  on t h e s e  f u n c t i o n s  lin p. the le\ el of fertilin a precursor \\.as 
c o u l d  r e s u l t  from t h e  a b s e n c e  of f e r t i l i n  a c t i v i t y  during s p e r m a t o g e n e s i s .  reduced (Fig.  1C) .  Fert111n a nlay be de- 

graded when unable to form a hetero- 
The sperm surface protein fertilin. a mem- \L'2 disrullted the fer t~l in  P gene. n.hich d ~ m e r  with P. Sinnlar loss of one subunit 
ber of ths XD.AL1 family. is a heterodimer shon-s testis-specific expression. by delet- of a plasma membrane heterod~mer has 
composed of a and P subunits (1-4) .  The ing exon 11. This exon encodes a region been observed 111 other cases u h e n  the gene 
ADAL1 fam~l! is comprised of structurally 
related cell surface proteins proposed to Table 1. Phenotypic analysis in  fer t i l in P-'- and fert i l in P - '  mice. Data in  sperm analysis (20) represent 

ha\ cell adllesioll activity, protease acti\-- t h e  mean i SEM o f  n Indiv idual  measurements indicated in  parentheses. Cauda epididymal sperm were 

or  borll (j ) ,  Fertilill a and are lllade used fo r  m o t i l i t y  analysis M o t i l i t y  parameters were measured b y  computer-assisted sperm analysis (27). 
Addit ional  m o t i l i t y  parameters measured, including ampl i tude o f  lateral  head displacement, beat cross 

as precursors sl)ermatogenic frequency, mean angle o f  deviation, average path veloci ty,  and straight l ine veloci ty,  were n o t  di f ferent 
are 1)rocessed before spzrlll lllaturatioll is between + I +  and I - .  Also, there was n o  t ime-dependent difference dur ing capacitation in al l  t h e  
conlplete ( 2 ,  6 ) .  Both precm.sors are com- m o t i l i t y  parameters between +I-  and I - .  The values shown for acrosome reaction are f r o m  sperm 

posed of the multiple domaills found ill all incubated in  m e d i u m  w i t h  3% BSA. A t  a lower  concentrat ion o f  BSA (0.5%), t h e  values fo r  acrosome 

AD.qn1 family reaction were also n o t  di f ferent between + I +  and I - .  The numbers o f  eggs observed in  egg activation 

metalloprotease. disintegr~n. cysteine-rich. ('O) are shown in parentheses. 

transmembrane. and cytoplasnnc donlains 
Genotype (4.  -1. Proteol) t ~ c  processing remol es the 

Parameter 
pro- and metalloprotease domains. lea \ .~ng + I +  -1-* 
an NHZ-terminal disintegria domain on 
mature forms of the a and p subunits ( 3 .  8 ) .  Sperm analysis 

Processed fer t~l in  may prolnote sperm- 
egg b~nding. f i~sion.  and egg actix atlon ( 9 -  
1 1 ) .  
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N u m b e r  o f  sperm 
Epidldymal (X107) 3.8 i 1.0 (4) 4.4 % 0.7 (4) 
Ejaculated (X lo5) 3.2 2 0.9 (7) 3.7 % 0.3 (8) 

M o t i l i t y  
Mot i le  sperm (%) 67 2 8 ( 1 6 )  62 % 5(17)  
Curvil inear veloci ty ( IJ .~/s)  266.0 i 7.1 (4) 245.8 i 20.4 (3) 
Linearity (%) 21.5 t 2.9 (4) 20.6 i 4.4 (3) 
Straightness (%) 62.9 + 5.4 (4) 62.9 % 7.5 (3) 

Acrosome reaction (%) 
Incubat ion t i m e  (min) 

0 1 4  + 4 ( 2 )  15 i 4 (2) 
120 39 + 7 (2) 38 % 2 (2) 
270 5 7 %  6 ( 4 )  60 % 3 (4) 

Egg act ivat ion 
Fused eggs w i t h  Ca2- oscil lations (%) 100 (219) 98.2 (56) 
Fused eggs w i t h  polar body  fo rmat ion  (%) 100 (29) 82.4 (1 7) 

Values for all parameters are not significantly different from -1- (P > 0.3, Student's t test) 
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Misintegrin domain -+ 
B B B 
I . I .I II 

Endogenous Ftnb E:12 rn rn I 
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PCR: 1.6 kb 

vector 

B B . ne 
Targeted Ftnb E:- Ex13 ' Ex15 I 

PCR: 1 8 kb 

Southern Probe a 
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targeted 13 kb 

x x (kb) 
Antibody: - Fertilln !3 - Fertllin a 

PCR D AS CT D AS 
Y A' Ax A' ,\" A' Ax A' - 'KO(13 

Southern s 

C~I I  stage: TC TC ES TC - - W ( 3 )  

Fig. 1. Generation of mice carrying a mutation in the fertilin P gene (23). (A) Gene-targeting 
strategy. Exons and introns are represented by vertical bars and intervening horizontal lines, 
respectively. A neomycin-resistance gene driven by a PGK promoter (neor) and herpes simplex virus 
thymidine kinase gene (tk) are indicated as white boxes. A region of the fertilin P gene, containing 
exon 14 that encodes the predicted disintegrin domain active site, was replaced by the neor 
cassette by homologous recombination. This caused the loss of a diagnostic Bgl II (B) restriction site 
near exon 14. (B) Polymerase chain reaction (PCR) and Southern blot analysis of tail DNA from 
fertilin P+'+, fertilin P+'-, and fertilin P-'- mice. (C) Protein immunoblot analysis of spermato- 
genic cells and sperm. Fertilin f3 was identified with anti-peptide antibodies that recognize the 
putative disintegrin domain active site (DAS) or a cytoplasmic tail domain (CT). Antibody against 
the fertilin a metalloprotease domain was used to  probe fertilin a. Cell stage: TC, testicular 
spermatogenic cell: ES, cauda epididymal sperm. 

Fig. 2. Sperm function in the absence D E 
otfert i l in p. (A and 0)  Binding of S z  - 
fertilin PA'- or fertilin p - /  sperm to  gi  loo. 
the egg membrane (20). Microscopic O 80. 

view of sperm-egg binding is shown ;: 60. 
(A). The data (6) are expressed as the 0 40: O F  20. mean percentage of control (fertilin ,. :: 
B-") ? SEM; n = 7. The average o- 
number of bound fertilin PA'+ and 
fertilin p - /  sperm per egg was 8.8 i- 2.4 and 1.1 + 0.5, respectively. (C) Fusion of fertilin P"- 
or fertilin p - I  sperm with the egg membrane (20), expressed as the mean percentage of control t 
SEM; n = 6. Two measures of fusion were used: fertilization rate (FR, percentage of eggs fused with 
at least one sperm) and fertilization index (FI, mean number of fused sperm per egg). The average 
values of FR and FI in controls were 66.6 t 8.3 and 0.74 t 0.11, respectively. ̂ P < 0.005 compared 
to +I+. (D) Binding of fertilin P ' I '  or fertilin P - /  sperm to  zona pellucida (20), expressed as the 
mean percentage of control t SEM; n = 3. The average number of bound fertilin and fertilin 
p - /  sperm per zona-intact egg was 15.6 2 2.4 and 0.1 + 0.1, respectively. (E) Presence of fertilin 
p+" or fertilin p- '  sperm in the oviduct (24). In the single case where fertilin P - /  sperm were 
found in the oviduct, their number was about one-tenth of that found for fertilin @+I' sperm. The 
numbers in parentheses indicate the numbers of eggs (A to D) and the numbers of animals (E) 
observed. 

for the second subunit was knocked out 
(14). 

Microscopic analysis indicated that the 
morphology of fertilin P-/- sperm was nor- 
mal. The number and motility of ejaculated as 
well as epididymal sperm were not affected 
by the fertilin P knockout (Table 1). Fertilin 
P-'- sperm underwent normal spontaneous 
acrosome reaction during capacitation (Table 
1). 

We analyzed sperm functions in fertilin 
P-/- sperm using in vitro sperm-egg adhe- 
sion and fusion assays. We tested in- 
teraction of sperm and egg plasma mem- 
branes using eggs from which the zonae 
pellucidae had been removed. Binding of 
fertilin P-/- sperm to the egg plasma 
membrane was reduced to one-eighth the 
original value (Fig. 2, A and B). Mi- 
croscopic observation during sperm-egg in- 
cubation revealed that the mutant sperm 
made contact with the egg surface as 
frequently as wild-type (WT) sperm, but 
most of them failed to attach to the egg 
membrane. 

The rate of fertilin P-I- sperm fusion 
with the egg plasma membrane was 45 to 
50% of the rate of WT sperm fusion (Fig. 
2C). Thus, the reduction in mutant sperm 
binding is coupled with a corresponding, but 
less extreme, reduction in the rate of mutant 
sperm fusion. 

It has been proposed that interaction 
between fertilin p and an egg receptor 
(integrin) during sperm-egg adhesion leads 
to egg activation (9, 10). To test this hy- 
pothesis, we monitored egg-activation events 
in the eggs fused with fertilin P-I- sperm. 
The pattern and frequency of intracellu- 
lar Ca2+ oscillations, an early sign of egg 
activation, were the same in WT eggs fused 
with mutant sperm or WT sperm (Table 
1). Additionally, WT eggs, fused with fer- 
tilin P-/- sperm, completed meiosis and 
formed a second polar body at the 
same incidence as those fused with fertilin 
p+'+ sperm (Table 1). These results sug- 
gest that fertilin p is not required for egg 
activation. 

Unexpectedly, fertilin P-/- sperm were 
severely impaired in other steps of fertili- 

Table 2. Fertility of fertilin P+'+, fertilin P+'-, 
and fertilin P-'- males (22). 

Genotype of males 
Parameter 

+I+ +I- -/- 

Number of males mated 9 6 17 
Number of females mated 40 27 74 
Males producing plugs (%) 89 100 100 
Pregnant females (%) 50 48 4 
Average litter size 5.3 4.0 0.1 
Fertility rate* 100 75 2 

* Defined as the percentage of average litter size in +I+. 
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zation. Results from in vitro sperm- 
zona binding assays in which fertilin 
p sperm were incubated with zona-in- 
tact eggs indicate that mutant sperin were 
unable to adhere to the zona pellucida (Fig. 
2D). Also; fertilin P P 1  sperm were rarely 
found in the oviduct of WT feinales after 
mating with mutailt males although normal 
llu~nbers of sperm; with normal motility, 
were found in the uterus (Fig. 2E and Table 
1). This suggests that mutant sperm are 
defective in migrating into the oviduct, a 
process in which sperin may bind transient- 
ly to the epithelium of the uterotubal junc- 
tion (15). 

The in vivo fertility rate of fertilin P- - 
males was reduced 98% relative to WT 
(Table 2).  Fertilin P - females showed 
normal fertility when mated w~ith WT 
males (16). Mating experiments showed 
no significant difference in the fre- 
quency of copulation plugs between fe- 
males mated with fertilin p +  + and fer- 
tilin p males (Table 2) .  It is likely 
that infertility of the knockout males re- 
sults from the combined effect of mul- 
tiple defects in sperin function, in 
particular, absence of sperm from the 
oviduct and inability to bind to the zona 
pellucida. 

Relevant to previous hypotheses about 
fertilin function, the finding that fertilin 
p sperm are defective in sperm-egg 
plasma inelnbrane binding (Fig. 2; A and 
B) indicates that fertilin p has a key 
role in plasnla membrane adhesion. Other 
sperm surface molecules. such as cyri- 
testin (17), inay also be active in plas- 
ma membrane adhesion. Fertilin P and 
cyritestin may act either sequentially or 
concurrently, and the activity of both 
inay be required for successful adhesion 
of a motile sperm to the egg plasma 
membrane. 

Although fertilin P binding is important 
in sperm-egg plasma inenlbrane adhesion, 
it is not required for egg activation. How- 
ever. binding by fertilin P seems essential 
for the normal rate of sperm-egg fusion. 
The fusion observed in our in vitro assays 
with mutant sperm indicates that inutailt 
sperm in vitro may enter the fusion path- 
way dow~nstream from fertilin p binding or 
that a second, fertilin P-independent path 
to fusion exists. 

Sperm lacking fertilin P are defective in 
binding to the zona pellucida. The time- 
depeildeilt changes in the spontaneous ac- 
rosome reactions between \TTT and mu- 
tant sperm Lvere similar. Also, there was 
no difference during capacitation in the 
motility parameters between WT and mu- 
tant sperm (Table 1). Thus; impairment of 
binding to the zona pellucida is not due 
to altered acrosolne reaction or inotil- 

ity ill lnutant sperm. We do not  know^ 
the mechanism by which fertilin might 
function in sperm-zona binding. Sev- 
eral different sperm surface proteins have 
been proposed to function as zona ad- 
hesion molecules (10). Although fertilin 
could have a direct role in sperm-zona 
binding, neither fertilin a nor P shares 
sequence hoinology wit11 any of the previ- 
ously identified candidate proteins for zona 
binding. 

The result that fertilin P sperm are 
rarely found in the oviduct indicates that 
a sperm function besides motility is re- 
quired for sperin to enter the oviduct. 
Sperlll are stored tenlporarily at the utero- 
tuba1 junction and adjacent isthmus in the 
oviduct before they migrate toward the am- 
pulla (15) .  Sperm undergo transient adhe- 
sion to the epithelium at this storage site, 
but it is unknown whether this adhesive 
interaction is required for further progres- 
sion into the oviduct. A required adhesion 
step; involving fertilin; could occur at this 
site. 

Poor adhesion of sperm to the zona or 
poor sperm progression into the oviduct 
could also be due to altered activity of 
fertilin during spermatogenesis, in particu- 
lar; the partial absence of fertilin a (Fig. 
1C). Like the ADAM protein kuzbanian, 
w~hich has a metalloprotease activity re- 
quired in developmeilt of the nervous sys- 
tem (IS), fertilin a (but not p )  has the 
correct anlino acids in its metalloprotease 
domain active site to be a functional pro- 
tease. During spermatogenesis. the fertiliil 
a metalloprotease might process and thus 
regulate sperm n~olecules involved in zona 
bindiilg and sperin transport. However; 
sperm surface proteins (galactosyl trans- 
ferase, PH-20, and cyritestin) potentially 
involved in these sperm-binding processes 
are unaltered on fertilin P - '  sperm (19). 
Continued effort to understand ADAM 
function in this system should provide more 
information about the versatile capabili- 
ties of this protein fanlily and the molec- 
ular mechanisms underlying mammalian 
fertilization. 
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