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t AFH 98¢ 9 g *F& duyAzg
% A} 8} (conformational change)E X 3t=d] T
ghoal 7HyEHg .
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Fig. 1 The acrosomal reaction in Limulus sperm: (a)
Upon activation by the presence of an egg or
Ca®, a sperm cell of Sum in its diameter
extends 60um long acrosomal bundle in
average five seconds in ASW. N: nucleus, F:
flagellum, AV: acrosomal vesicle, and AP:
acrosomal process. (b) A schematic of un-
reacted sperm modified from electron
micrographs, showing the proximal end of the
acrosomal bundle lying in the nuclear channel
while the rest of the bundle is coiled around the
base of nucleus. The blowups illustrate that
the filaments are twisted in the coiled state, but
parallel to each other in the true-discharge
(TD) state

Fig. 1 (c) The bundle exhibits a 60° superhelical twist
per segment, which arises due to the small
microscopic overtwist of 0.23° per each
subunit, and is putatively the basis for
storing energy and driving the extension of
the bundle
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Fig. 2 Upper panel shows schematics of actin-scruin-
calmodulin complex in the absence (-) and the
presence (+) of calcium. Lower panel images
are rotary shadowed images of scruin. Images
show clear dependence of scruin conformation
on the presence of calcium

gAY FAALS dubzd A=) 9
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2 (global) WHgolgt ok FRiA Ze
FA(ocal) ¥ My wAHUF oz &
F A HAAZ HAALE FILA BEH
HH F2U4o s AEHE] (MR, extension)
—“57} ASEEH 712 A9 dAR AL EF
v ol Jddhe YAt FHE A
%(unwlstlng)«l A dAYSZ e AE F3
= F8% @47t Ao (Fig. 3). LA Hol
ute} o] £xo wel 1 &Ee ol YA

=
o=
Ta

2ol ok m{n

A 60pum A= 7;_1014 AR £ AFEE B
A Ad dRFE B F 9\13} opz g HA

2e Aeel dYAaE e ARkl woly
3ol Zwel ASAA FIHA} de BH
9o @A AFOE Nl YHEEZ ol %ol

AzE dgers 4 5 Jdd. 280y v EHY
A4S A g™ AupgrEe] U E
A3 dER L7

1 37uws (303K)

b

&

A
<
1

&

00

&
5& L. 7um/s (283K)

1 &
8§ .%

2]
k=
7
o e woagssp

N\

extension lenglhyan
.

s 10 15 20 25
time (s)

—
k= (=3
1 1
OqY

Fig. 3 Extension vs. time plot of the acrosomal reaction

of horseshoe crab sperm indicates that the
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reaction is not an explosive mechanism. Most
probable explanation for the extension is the
propagation of a localized untwisting along the
bundle ‘
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3.1 ATP 0|I L x|

i F-Eo YEAE= ATP § JEE WA &
t}. F1-ATPase <] 73-%3 ATP & dEE 3+ A
HEjo]n ulo] @ A7} Fholu| M F S ATP & o] &3}
© Y RHE AEESHFE DA A4
ulo] A2 F-E(microtubule) £ WHEO]N E L o)

A0 o33 ATP ¥ AAY v EZ=glold
A o Addda g8 geA doh B2
d2 FEYE= Aol ddAA durHd HA
$-oll&= ATP Y} ADP(Adenosine diphosphate)$} 2%t
so] EAFt. webA] FADGANA JdREHNY
ATP o 98¢ nsiE 87} ek £ 470
A F7HA 48E A ATP o F84 49
Fed AN A7 $&57] dell Ao A
HojJde wEHLHEY FR7F FALA Y
' Aola, ExE nEZEgold A ATP AAtE
AAGEIDAR ST o)) HARZ dFE F
=X da] dolr gkt

ARl

3.1.1 Eluted 723 2EE

Ao utg. Fob whg el BELS Tris &
M (buffer) 2.2 =gt gi(ﬁi’ urea) & &
o] g3t dAee] A3} Hol de wEHLH
=g ¥ Az 23, 9 AFGiK) 5 ATP
7t obd ADP 7} A¥Ho &l W3k ADP
£ ATP 7} o)v] 7he3l€d FeHjE AMP 2 7t
3 ozt JuUxE d¢ ded B A7y 4
A3 A" AgHS Uv FEIHLHE=E 9
YA TEY90EAY A8S A Fgo] wEHA

o},

3.1.2 o|E3=E|oloA] MM EE ATP

v EEZ S golo A B = ATP o] thg A+
£ 93 ATP $A S o= E7HX 384 E(CCCP,
Oligomycin, Antimycin)& FHEW ZE H$ A
2} ARMFEE)Y SEAHL Holx A Add vt

B A & 9% AA FFol wHA
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o TR 43S B3, A2 AAd= 7t
BaE wsl ATP 7} EA45%) ¢oH, nEES
glotoll Al A= ATP ¢ F2F 53 A9
HEEEE) o SHYE =9 A A 7}
7] A% Aoy HAEEGES A AdA 2
H2 %S HlAS

3.2 Z&28# (Calcium binding) Ol L4 X|
7 ZREYol 35 H(chemical binding)
S8 Jo Ao oUX7}t HEEHE TN
(exothermic reaction)S ¥tk HAFLo] ¢HH7]
A A&HQ ZF FFo) BRIt A
of A8t ZEe] ded EAY gL =
7 ohd oA EXE 2EAE AE £4
ok G. Waller & calorimetric 4d& &3 ¥H&
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2 Z2REY HFAVE A ZERE™
Ao 2EAFFE-A7 ASS A FAFY
o ZHog Y IS5 de duAe Hug
6x107%y 0l AME & = ok o] dduA
7} 3 HAFLY duAITgdezA AYAH
AL steAd dolrrs) oglr 4%
gdo ) o et v EF .
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3.3 EtMofiLx]

AAhEe] A Hejde gAdduA #E F
A&7 YaA g T390 3 (Hook’s Law)S
Has MIBEFNE HRsle F vEEYY
AYAES th&H #Zol & 5 Ut

U= [ 4(EIx* + GIr)ds = G 12
d71M ElL &I «, r € 27 FERAEE, M

A%, HE9F, a8n AYES oo
Ad8a) (isotropic circular rod)® 7

o ol win
r ol o

ST
El=GJ 2 ZAEF glong HAE A <
By WIE JduUAEe HEIREYES HIFE
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e AL A=t 5x107'Nm® d& W
W3 o] & ol&sA HAhEe @A
U~3x10"J (7x10°k,T) & T8t o A=A g
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& folAM A ZgduvA 6x10°] BH 10
ol d & oz HAEFAA /Mg F2F o
A 24L& A ndgle A A A%=
SR GE LA HA

4, Olo|] AR 53 @

41 Mz 3! BEX} Ao #

gurd oz M ¥l Qe AAE
A nm GHE 2ol pN T
2509 979 28eE JHY 9L FE v}
oA} dEle) AL-E B YA} ATP
WX 7} @A e sleleal-d" 7 of 3pN A
29 J2WEAA Inm HEY 2oz o]FIth
HE e ZEE pN 999 AL gyl x|
ZaAgh AAE 28 294 (myofibri)d FF
FEAME FH FeY ulolole] dYE wt
2t A gzl F uN ol dAY &
F 9A "tk EF J"o|} wlo]aEZRE
(microtubule)™ Z& MAEIFAPZE Gl g
(E&)5td Z9Y (polymern)E WEdolE pN 9
dL UHA IEA(EER)Y Ivivd =34
nm 992 gog AAA Hed, 7 A
Frob Ml ¥ (fibroblast)o} o] Aej/fe] MESATH
Zo] 37 tharger & OEYN Ze 7X
B2 AXge 9uA 58 gde e gAH
%o 2o ym 999 AEXLAIE WA HY
nN ©919 38 3 4 A dgA A=)
wzle] B8 & 7AA HAELE ol¢} vz}
o 3ty A2FZA. 99 AU nm FEY
AAPed Wt FH¥En GuiEo F4 pm
Gole] 24UL d & YA HH HAAH2Z N
Axe P& d5 A "ok B dfelAe T
FA Azl A Ego] ol YrtAA e Ho
% (maximum force) ¥ FAE Eg&d dF Q=
dEs S4Y

& gAYAd
gg At o

4.1.1 Of7}2A (agarose) Ol A{2] X|HEl (stall
force) '

AAAAA s P& SHE & U U9H
2 A=A dk AAY #E Z(nuclear
channe)E £ U HAchio] FojgS Wit
L] o203 L Arx EIW ¥ EY
(buckling)o] ot thE HFE o]fsted o] P&
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HHAAFEIA A3 H A2

T8 4 4o BelER FRAtele At A
@ ol3te2 7i7te] AW wEYse S ¥E fa
7 o (effective length)7} F-3] &oFAA tleld 3
AR A FA Hed olAo] wiE2 AN SHINF
(critical buckling load)ol™t. HA|thde] A7 €A
E(MhiREM R, Young’s modulus)@ ¢ AlZo] vt o
A P =47°EI/ o 2A3%Y Y FHAx HAE
dedA Bk BAe Axpet Gl g Alele A
27t 3um BEZA] 7Y A= HEH] dojd
the Aolrh o] A3 AR oA TaFA Az
o HAAGe] Haw 1s0pN =S P& d F
PSS e

AA @AY A d& F37] dsiMe o
dropdte] Eejvidd A3E A AA & HFAY
Fol Baslrl Methyl Cellulose (MC) & 22 A
dol A £FHAE ol&3d HAYY Fol d=
thto] Ao & FAGEH dgo] Fojx &

& FE o FHetA AA (stall) A7)
1= S
Ae el sle mAst ge
5% MC 7tA) 23S

7} 6% (wiv)ol’d delzhd MC
4Ag A7
;A o

Fig. 4 We use a novel way of inducing the acrosomal
reaction by irradiating a focus laser of 488nm on
the flagellum (courtesy of Ricardo Brau, Mathew
Lang Lab, MIT)

S WAL BEEA AHE AR of
7} 2 2(agarose) ot A2 F SIAL@EENAZ F 2%
of JAE T?J"]Ziu} HAELT dddchdo)
oJurtEA ARk Foxe] APGgH g o))
A Fsta AZE HEWY HAIH, F AIE
(stall force)S SA A AAELE E8A A717]
A& 488nm 10w AL £ oS FRAO

Z URE@EE) FAEE)SGATY. 71EY Z2Fo
2 E3pgAl(Calcium ionophor)oll &J 3+ A& % % L3
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Fig. 5 (a) Graph shows typical extension for a sperm
cell in sea water (open circle), and a cell in 2%
agarose (solid circle). Note the cell in agarose
stalls at 20pm. (b) Stall lengths of the
acrosome decrease as agarose concentration
increases. (c) Agarose characterization results
for a stainless steel needle of R,,,= 0.54mm.
Stress vs. agarose concentrations. Solid circles

and open

(d) Shear

(open circles) and crack opening (solid circles)

are crack opening stress values,
circles represent the shear stress.

forces exerted on acrosome. Total acrosomal
force at the moment of stalling is found by
summing both crack opening and shear drag
forces, F; = Feraer + Farag- We have consistent
values of the total stalling force at all
concentrations of agarose, with an average F, ~
1.9nN

SA HAIRY uhe} o] dwrAHQl QIF T
(artificial sea water)ol A= ¢F 60pum &) HA|HE ]
dAL&EET Wojuyrl=dl b, olrl2XdAdE
Fig. S@@°l Bz vpe} Zo] HAAH &£271 =87
A 60pum ol 2 ©RA] Zg AoldA HEA =
o E3 o729 FRd Fopde] mE AA
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(stall) & ol HA FetAA €} (Fig. 5(b)).
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onR; —(dx-do/dx+0) 7R} - 27R,rdx =0

8ol st F7kx] FAZEA (boundary condition)
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Fig. 6 Forces acting on the extending acrosome. When
the embedded cells react, the extending
acrosomal bundle inside the agarose is opposed
by both the frictional force, F, ., along the

rag

bundle and the crack opening force FE,, at the

tip. We balance forces on a differential element in
the bundle at the moment it stalls x=L; to estimate

F,
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Fig. 7 Force vs. displacement from the puncture test on

Limulus eggs using 100nm radius platinum wire
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Fig. 8 The acrosomal process of sea cucumber (thyone)
sperm cell. A membrane covered actin filaments
is protruded out from the sperm cell to penetrate
into an egg

A

33

10.

1.

13.

Bray, D., “Cell Movements: From Molecules to
Motility. 2™ Ed.,” Garland Publishing, New York ,
2001.

Pollard, T. D., “Assembly and dynamics of the
actin filament system in nonmuscle cells.,” J. Cell
Biochem., Vol. 31, pp. 87-91, 1986.

Warrick, H., Spudich, J., “Myosin structure and
function in cell motility,” Annual Review of Cell
Biology, Vol. 3, pp.378-421, 1987.

Mahadevan, L., Matsudaira, P., “Motility powered
by supramolecular springs and ratchets,” Science,
Vol. 288, pp.95-100, 2000.

Tilney, L. Actin, “filaments in the acrosome
reaction of Limulus sperm,” J. Cell Bio., Vol. 64,
pp.289-310, 1975.

Sanders, M., Way, M., J. Sakai, J., Matsudaira, P.,
“Characterization of the actin crosslinking
properties of the scruin-CaM complex from the
acrosomal process of the Limulus sperm,” J. Biol.
Chem., Vol. 271, pp.2651-2657 ,1996.

Shin, J. H., Mahadevan, L., Waller, G. S,
Langsetmo, K., Matsudaira, P., “Stored elastic
energy powers the 60-micron extension of the
Limulus polyphemus sperm actin bundle,” J. Cell
Biol., Vol. 162, pp.1183-1188, 2003.

DeRosier, D., Tilney, L., Flicker, P., “A change in
the twist of the actin-containing filaments occurs
during the extension of the acrosomal process in
Limulus sperm,” J. Mol. Biol., Vol.137, pp.375-
389,1980.

Schmid, M., Sherman, M., Matsudaira, P., Chiu,
W., “Structure of the acrosomal bundle,” Nature,
Vol. 431, pp.104-7, 2004.

Finer, J., Simmons, R., Spudich, J., “Single myosin
molecule mechanics: piconewton forces and
nanometer steps,” Nature, Vol. 368, pp.113-119,
1994,

Dogterom, M., Yurke, B., “Measurement of the
force-velocity relation for growing microtubules,”
Science, Vol. 278, pp.856-860, 1997.

Marcy, Y., Prost, J., Carlier, M., Sykes, C.,
“Forces generated during actin-based propulsion: a
direct measurement by micromanipulation,” Proc
Natl Acad Sci USA, Vol. 101, pp.5992-5997, 2004.

Linke, W. A., Popov, V. I, Pollack, G. H,,
“Passive and active tension in single cardiac
myofibrils,” Biophys J.,Vol. 67, No. 2, pp.782-92,
1994.



N84 . #EA

A A2z A A2

14.

15.

16.

Ponti, A., Machacek, M., Gupton, S. L,
Waterman-Storer, C. M., Danuser, G., “Two
Distinct actin networks drive the protrusion of
migrating cells,” Science, Vol. 305, pp.1782-1786,
2004.

Upadhyaya, A., Chabot, J. R., Andreeva, A.,
Samadani, A., van Oudenaarden, A., “Probing
polymerization forces by using actin-propelled
lipid vesicles,” Proc Natl Acad Sci USA, Vol. 100,
pp-4521-4526, 2003.

Fatin-Rouge, N., Starchev, K., Buffle, J., “Size
effects on diffusion processes within agarose gels,”
Biophys. J., Vol. 86, pp.2710-2719, 2004.

Shin, J., Mahadevan, L., So, P.T., Matsudaira, P.,
“Bending stiffness of a crystalline actin bundle,” J.
Mol. Biol., Vol. 337, pp.255-61, 2004.

34



