
The Crystal Structure of Lysin, a Fertilization Protein 35 A- The is 65% a helical and 
has no B sheet (Fig. 2). There are five a 
helices. Helices a 1  to a 4  form the core 

A. Shaw, D. E. McRee, V. D. Va~quier, C. D. Stout* of the molecule and have extensive 
interactions along their internal faces. He- 

Lysin, a protein from abalone sperm, creates a hole in the envelope of the egg, permitting lix al consists of seven turns and is essen- 
the sperm to pass through the envelope and fuse with the egg. The structure of lysin, refined tially straight. Helix a2  has eight turns 
at 1.9 angstroms resolution, reveals an a-helical, amphipathic molecule. The surface ofthe and bends 125" at His6'. Hydrogen bond 
protein exhibits three features: two tracks of basic residues that span the length of the analysis indicates that helix a 3  and helix 
molecule, a solvent-exposed cluster of aromatic and aliphatic amino acids, and an ex- a 4  are separate with a three-residue (96 
tended amino-terminal hypervariable domain that is species-specific. The structure sug- to 98) link between them; the angle be- 
gests possible mechanisms of action. tween their axes is 135". The internal face 

of a5, with just two turns, is in con- 
tact with the NH2-terminal segment of 
a2. The kink in a 2  and the bend between 

Abalone are marine mollusks (genus Hal- As a first step in understanding the mech- a3 and a 4  maximize the contacts among 
iotis) with eight species inhabiting the anism by which egg envelopes are dis- the first four helices to create a helical 
west coast of North America. The species solved, the crystal structure of lysin has bundle. 
have overlapping breeding seasons and been determined. Red abaloqe sperm lysin with 12 arginine 
habitats yet maintain themselves as dis- Abalone sperm lysin is an a-helical and 13 lysine residues has a net charge at 
tinct. Adults spawn gametes into seawater protein with three striking surface features neutral pH of + 13 (discounting histidines). 
where fertilization occurs. Abalone eggs (Table 1 and Fig. 1): (i) Two parallel Figure 2 maps the distribution of these resi- 
are surrounded by a rigid, elevated vi- tracks of positively charged residues line dues in red abalone lysin (Argl and Lys136 
telline envelope (VE) 0.6 pm thick, com- one face of the molecule, (ii) a cluster of are not observed in the crystal). These resi- 
posed of eight glycoprotein subunits of 32 aromatic and aliphatic residues is exposed to dues are arranged in two parallel tracks 
to 44 kD. The glycoproteins form a tight solvent, and (iii) the species-specific hyper- running the length of the molecule. From 
fibrous network of filaments, each 13 nm variable domain of the NH2-terminus ex- top to bottom (Fig. 2), one track comprises 
in diameter (I). Spermatozoa must pene- tends away from the helical bundle but is nine residues from the COOH-terminal ends 
trate the VE in order to reach the egg ordered because of crystal packing contacts. of helices a 1  and a2, all of helix a3, and the 
plasma membrane. The sperm acrosome The overall dimensions are 50 A by 50 A by loop connecting a2 and a3. The other track 
releases a 16-kD protein, lysin, onto the 
VE surface. Lysin disrupts the VE by a 
stoichiometric, nonenzymatic mecha- N Flg. 2. The structure of red 
nism, creating a hole 3 pm in diameter abalone sperm lysin and 

through which the sperm pass (I).  Lysin the side chains of 23 argi- 

dissolution of the VE is species-selective nine and lysine residues in 
the two basic tracks. One 

in vitro and may be responsible for species- track comprises residues 
specific gamete recognition in nature (2). 78, 71, 72, 87, 94, 95, 29, 

33, and 36 (left side, top to 
A. Shaw, D. E. McRee, C. D. Stout, Department of bottom); the other cornpris- 
Molecular Biology, The Scripps Research Institute, La I es residues 9, 13, 132, 20, 
Jolla, CA 92037-1 093. 125, 55, 56, 123, 48, 113, 
V. D. Vacquier, Scripps Institution of Oceanography, I- 106, 108, 47, and 40 (right 
Center for Marine Biomedicine and Biotechnology, 
University of California at San Diego, La Jolla, CA 

side, top to bottom). The 

92O!xa202. residue numbers defining 
I the five a helices are indi- 

7 0  whom correspondence should be addressed. cated. Side chain carbon 
atoms are gray, nitrogen 
atoms cyan (figure created 
with Molscript). 

Fig. 1. A representative portion of the multiple 
isomorphous replacement (MIR) electron den- 
sity map at 3.0 A resolution, contoured at la 
with the model for the refined structure super- 
posed. Oxygen atoms are red and nitrogen 
atoms are blue. 
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comprises 14 residues from the NH,-tenni- 
nal ends of helices a 1  and a2, the O H -  
terminal ends of helices a 4  and d, and 
nonhelical segments adjacent to these heli- 
ces. Measured between a carbons, each 
track is 45 A in length. When viewed from 
the side, the face of the molecule containing 
the two basic tracks is essentially flat. 

The hydrophobic patch is formed by the 
crossing over of the NH,- and COOH- 
terminal segments of helix a2 with helices 

a 4  and a3 (Fig. 3A). It is centered where 
these three helices bend around each other 
at residues 61 and 96 to 98 (Fig. 2). The 
combined solvent-exposed surface area of 
the 11 side chains is 1077 A2, which is 10% 
of the total surface area of the protein (3). 
Although tyrosine and tryptophan occur at 
protein surfaces, it is unusual for leucine, 
isoleucine, and phenylalanine to be sol- 
vent-exposed. The large number of charged 
residues in lysin, as well as the polar and 

Flg. 3. (A) Stereo figure of the solvent-accessible surface (3) of 11 aliphatic and aromatic residues. 
From top to bottom, the side chains shown are for Leuw, T r p ,  TyP, lles2, Iless, TyP7, Metse, TyrlW, 
Pheioi, PhelM, and Metlio. (B) Stereo figure of the interaction of the NH2-terminus (heavy lines) of 
one molecule with the hydrophobic patch of a symmetry-related molecule (thin lines) as observed 
in the crystal. Residues 4 to 12 of the NH2-terminus are shown. View of the hydrophobic patch is the 
same as in (A). Four residues of the NH2-terminus interact with the hydrophobic surface of another 
molecule. The phenyl ring of Pheio fits into a cavity formed by TyriW, Pheiol, and PheiM and stacks 
on PhelM; ProB fits between TyP7, Iless, and TyriW; the aliphatic side chain atoms of Glu7 stack on 
Tyriw; and the side chains of Val6 and lless are in van der Waals contact. Leuw and Metiio from the 
same pair of molecules are also in contact. This extended interaction also involves hydrogen bonds 
between the amide of Val6 and the carbonyl of Argm, the carbonyl of Vale and the amide of Asps7, 
and the carbonyl of His4 and the side chain of Argm. 
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hydrophobic interactions, must provide suf- 
ficient stability to compensate for exposure 
of aliphatic and aromatic residues. 

The NH,-terminus extends out from 
the protein core and is free to interact 
with other molecules. For red abalone 
lysin, the first 12 residues are Arg, Ser, 
Trp, His, Tyr, Val, Glu, Pro, Lys, Phe, 
Leu, and Asn (2). Although the first three 
residues are disordered, the remaining 
amino acids are ordered by contacts with a 
symmetry-related molecule in the crystal 
lattice (Fig. 3B). As a consequence, hy- 
drophobic residues of the NH,-terminus 
and the hydrophobic patch are occluded 
from solvent. In solution, the conforma- 
tion of the NH,-terminal residues may be 
different. For instance, residues 1 through 
12 could fold ,into an a helix contiguous 
with helix al; residues 3, 6, and 10 are 
hydrophobic or aromatic, and residues 1, 
4, and 7 are hydrophilic and charged, 
typical of sequences that form amphipath- 
ic a helices (4). In such a conformation, 
the NH,-terminus would still extend away 
from the core of the protein. 

The presence of an exposed hydropho- 
bic surface is a distinctive feature of the 
structure (Fig. 3A) that accounts for the 
physical properties of the protein. Lysin is 
absorbed to p a r a h  and organosilane- 
treated surfaces (I);  it causes entrapped 
carboxyfluorescein to be released from 
neutral liposomes (5); it fuses negatively 

Flg. 4. Sequence variability and conservation in 
lvsin from seven s~ecies of California abalone. 
on  the basis of thesequence alignment (2, 1 I ) ,  
the protein chain of red abalone lysin is shaded 
by residue in four colors: bright yellow, hyper- 
variable; pale yellow, variable; light gray, con- 
served; and dark gray, strictly conserved. The 
NH2-terminus extends to the upper right and is 
believed to be involved in species recognition. 



Table 1. Structure determinabon. Crystals of red abalone (Haliotis ru- 
fescens) lysin were obtained as previously described (12). The crystals 
belong to space group P2,2,2,, with a = 52.6A, b = 45.9 A, and c = 81.0 
A, and contain one molecule in the asymmetric unit (V, = 3.05 A3 per 
dalton). Complete diffraction data to 1.9 A resolution were collected from 
four crystals of the native protein. Data to 2.7 A resolution were collected 
from one crystal of each of five heavy-atom derivatives. Data were 
collected with CuKa radiation from an Elliot GX-21 x-ray generator 
equipped with focusing mirrors and a Rigaku Ru-200 x-ray generator 
equipped with a graphite monochromator. Data were recorded with 
Siemens area detectors and were indexed, integrated, merged, and 
scaled with the Xengen suite of programs (13). The phase problem was 
solved with multiple isomorphous replacement (MIR) on the basis of four 
independent derivatives and one double derivative. Calculations were 
carried out with the program suite Xtalview (14). Heavy-atom positions 
were located with isomorphous, difference Patterson syntheses and 
cross-phased difference Fourier maps. Refinement of heavy-atom param- 
eters and MIR phase calculations were done with Xheavy (14). The figure 
of merit was 0.66 for all reflections to 3.0A resolution. The electron density 
map was readily interpretable (Fig. I ) ,  and the polypeptide backbone was 
traced with a minimap. Electron density for the NH2-terminus (residues 1 
to 3) and the COOH-terminus (residues 135 and 136) was not seen, and 

that of residue 77 was very weak. Model building and density fitting was 
done with Xfit (14). The initial model was built with overlapping pentamers 
from a database of well-refined structures (14, 15) with the minimap- 
derived a-carbon positions serving as guide coordinates. The structure 
was refined with X-PLOR (16). The Rfactor for the starting model was 0.48 
for all data in the range 8.0 to 3.0A resolution. After refinement with the 3.0 
A resolution data, the resolution was extended to 2.5 A with alternate 
cycles of positional refinement and density fitting to 21F01 - IFcI maps and 
was then extended to 1.9 A with additional cycles of positional and 
Bfactor refinement. The f i t  of the entire model to the density was 
confirmed by simulated-annealing omit maps in which 10-residue seg- 
ments were removed from the refinement and map calculations. The final 
1.9 A resolution 21F01 - lFcl map showed no electron density for residues 1 
to 3 and 135 and 136; these residues are not included in the model. 
Residues His4 and Met134 are modeled as alanine because no density was 
present for the side chains beyond @-carbon atoms. Ordered water 
molecules (74 with B < 50 A2) were identified in IFoI - I FcI difference Fourier 
maps contoured at 3a. The final model contains 11 81 atoms and has an R 
factor of 0.1 87 for 14,806 reflections with lFoI r 0 in the resolution range 6.0 
to 1.9 A. The root-mean-square deviations from ideality of bonds and 
angles are 0.016 A and 2.85", respectively. The average B factor for all 
atoms is 21.9 A2. There are no outliers in the Ramachandran plot. 

Data set 
Reso- Corn- Unique 
lution pleteness Redun- reflections dancy Sites Phasing 

(4 
Rsymm* Rrnerget 

("A) (no.) (no.) power$ 
- - - - --- 

Native 1.9 100 15,624 6.4 0.070 - - - 
K,4-J(CN)2 2.7 85 5,028 2.8 0.055 0.167 1 1.41 
K,Pt(SCN), 2.7 88 5,155 4.0 0.051 0.236 2 1.90 
KAu(CN), and K,Pt(SCN), 2.7 85 4,927 4.4 0.066 0.252 5 1.76 
KzPt(CN)4 2.7 81 4,687 3.6 0.055 0.387 1 1.31 
(CH),PbCI 2.7 88 5,168 2.3 0.049 0.325 3 1.24 

~ - -- - 

*R,,,, is the unweighted Rfactor on intensities for multiple observations of symmetry-related reflections. TR,,,,,,, is the unweighted Rfactor on structure amplitudes for 
all reflections in common with the native data. SPhaslng power is the ratio of the rms calculated heavy-atom structure amplitude to the rms lack of closure. 

charged liposomes (5) ; and residues within 
the hydrophobic patch associate with ali- 
phatic and aromatic amino acids (Fig. 
3B). Although lysin interacts with lipid 
vesicles (5), it is important to note that in 
vivo it binds to a filamentous glycoprotein 
matrix, not a lipid bilayer. Lipid is not 
detected in isolated VEs (1). The function 
of the hydrophobic patch in VE dissolu- 
tion remains unknown. 

There is precedent for proteins having 
surface features similar to lysin. The apolipo- 
protein E receptor binding domain is a heli- 
cal protein with a surface cluster of nine 
basic amino acids; this region is predicted to 
be the binding site for the low-density lipo- 
protein receptor (6). Colicin A exhibits a 
ring of basic residues expected to orient the 
protein on the lipid bilayer (7). Defensin is a 
cationic, arnphipathic protein able to insert 
into lipid bilayers that also has solvent- 
exposed hydrophobic residues (8). The 
structure of Limulus antilipopolysaccharide 
factor possesses both an exposed hydropho- 
bic surface and a marked clustering of basic 
residues (9). Tyrosine and tryptophan are 
found in abundance in antibody combining 
sites (10); in lysin, the hydrophobic patch 
contains three tyrosine and one tryptophan 
residues, consistent with the possibility that 
it is a biologically active surface. 

Lysin is required for sperm to penetrate 

the egg envelope. It also defines the species 
specificity of fertilization. For example, 
black abalone lysin is poor at dissolving red 
abalone VEs, and the reciprocal cross mix- 
ture yields similar results (2). Red abalone 
lysin is poor at dissolving pink abalone VEs 
(2). The NH,-terminal domain of residues 
2 through 12 is strictly species-specific (2, 
1 1 ) . The COOH-terminal domain of resi- 
dues 132 through 136, though not species- 
specific, is variable. These two most vari- 
able domains of lysin are adjacent in the 
structure (Fig. 2). Figure 4 depicts the 
hypervariable, variable, conserved, and 
strictly conserved amino acid positions of 
lysins from seven species (2, 11) in relation 
to the three-dimensional structure. The 
distribution of conserved residues within 
the molecule suggests that lysins of other 
abalone species have the same structure. 
The hypervariable positions may be those 
mediating species recognition between lysin 
and the VE. 

Lysin disrupts the structural integrity of 
the egg VE by a binding interaction (1). 
Although detailed data do not exist on the 
structure of the VE glycoprotein matrix, 
the crystal structure of lysin suggests pos- 
sible mechanisms of action. After species 
recognition, positive charges in the basic 
tracks may promote binding to the VE, 
allowing the hydrophobic patch to unfold 

VE glycoproteins. Alternatively, lysin 
binding may disrupt hydrogen bonding or 
induce allosteric changes in VE molecules, 
causing their dissociation. Although the 
mechanism by which sperm penetrate egg 
envelopes remains unknown in higher spe- 
cies, the dissolution of egg envelopes by 
surface-active sperm proteins may be a 
more general phenomenon of fertilization. 
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chains (7). A similarity between the chick- 
en and Dictyostelium sequences allowed us 
to identify a region of the Dictyostelium 
heavy chain that is likely to bind RLC (Fig. 
1A). The nucleotide sequence that corre- 
sponds to this region was deleted from the 
wild-type gene for myosin I1 heavy chain 
(mhcA) with polymerase chain reaction 
(PCR) technology. This mutant gene was 
cloned into a self-replicating vector (8) and 
used for transformation of an mhcA- Dicty- 
ostelium cell line (9).  We used the trans- ~, 

A Functional Recombinant Myosin 11 Lacking a formants to study the mutant phenotype 

Regulatory Light Chain-Binding Site 
and to purify the mutant myosin 
MyARLCBS (Fig. 1C). 

Wild-type Dictyostelium cells are mostly 

Taro Q. P. Uyeda* and James A. Spudicht mononucleate and grow by binary fission in 
suspension culture with a doubling time of 

Myosin II, which converts the energy of adenosine triphosphate hydrolysis into the 5.1 2 0.1 hours (n = 3; mean + SEM) 
movement of actin filaments, is a hexamer of two heavy chains, two essential light (10). When starved, they differentiate to 
chains, and two regulatory light chains (RLCs). Dictyostelium myosin II is known to be form fruiting bodies (Fig. 2A). Both of 
regulated in vitro by phosphorylation of the RLC. Cells in which the wild-type myosin II these processes require functional myosin I1 
heavy chain was replaced with a recombinant form that lacks the binding site for RLC (1 1). The mhcA- cells, which cannot per- 
carried out cytokinesis and almost normal development, processes known to be de- form cytokinesis, become multinucleated in 
pendent on functional myosin II. Characterization of the purified recombinant protein suspension culture and eventually lyse. 
suggests that a complex of RLC and the RLC binding site of the heavy chain plays an During the development of fruiting bodies, 
inhibitory role for adenosine triphosphatase activity and a structural role for the move- these cells are unable to proceed beyond the 
ment of myosin along actin. "mound" stage (Fig. 2B). The transformed 

cells that expressed the MyARLCBS mhcA 
gene in place of the native mhcA gene 
regained the ability to divide and grow in 

T h e  enzymatic and motile activities of (Fig. 1B) (6). Crystallographic analysis of suspension culture with a doubling time of 
nonmuscle myosin I1 from many cell types, S1 from chicken skeletal muscle has iden- 5.5 + 0.2 hours (n = 3; mean + SEM) and 
including Dictyostelium and various animal tified amino acid residues of the heavy stayed mostly mononucleate. Thus, the 
cells, are regulated by phosphorylation of chain that interact with RLC (5). This MyARLCBS cells undergo cytokinesis in 
RLC in vitro in a manner similar to smooth region contains the "IQ" motif, which is suspension, unlike mhcA- cells. Expression 
muscle myosin (1). Fluctuations in vivo of found in sites that bind calmodulin and of MyARLCBS also restored the ability of 
either the phosphorylation levels of RLC or related polypeptides such as myosin light the cells to form fruiting bodies, but the 
that of the RLC-kinase have been demon- 
strated (2), and these observations have led 
to the hypothesis that RLC phosphoryla- '. (A) The A 

acid sequences of the 803 tion plays a crucial role in myosin-depen- 
carboxyl portion of the Chicken YRRMVERRESIFC;~&S&WMKLFFKIKPL~SA 

dent motile activities in nonmuscle cells (1, 7 8 2  
fleck region of S1 for Dictyostelium YKQAREHTVAARIIQQNLRAYIDFKSWP-FSKARPLLKRR 

2). We tested this hypothesis here by ex- chicken skeletal muscle 
pressing a mutant Dictyostelium discoideum (30) and Djctyostelium 
myosin I1 heavy chain with an internal myosin 1 1  (31). The un- 
deletion that removes the binding site for derlined residues of the 
RLC. chicken sequence inter- 

The NH,-terminal half of myosin I1 is act with RLC in the cr's- 

called subfragment 1 (Sl), and S1 alone is tal Structure (5). The tor- 

sufficient to hydrolyze adenosine triphos- respo"i" region i' the 
Dictyostelium sequence phate (ATP) and move actin filaments in (underlined) was delet- 

vitro (3). The S1 molecule has a globular ed from the wild-type 
catalytic portion, which contains ATP- and ,,,hc~ gene, resulting in 
actin-binding sites, and a neck region, the MYARLCBS mhcA 
which connects the catalytic domain to the gene. Asterisks indicate 
a-helical coiled-coil tail of the myosin mol- conserved residues of 
ecule (1, 4, 5). Other studies have localized the "IQ" motif (7) .  (Band 
the light chains to the neck region of S1 C) Schematic represen- Tail 

tations of the wild-type 
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