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Abalone sperm lysin is a 16 kDa acrosomal protein used by sperm to
create a hole in the egg vitelline envelope. Lysins from seven California
abalone exhibit species-speci®city in binding to their egg receptor, and
range in sequence identity from 63 % to 90 %. The crystal structure of the
sperm lysin dimer from Haliotis fulgens (green abalone) has been deter-
mined to 1.71 AÊ by multiple isomorphous replacement. Comparisons
with the structure of the lysin dimer from Haliotis rufescens (red abalone)
reveal a similar overall fold and conservation of features contributing to
lysin's amphipathic character. The two structures do, however, exhibit
differences in surface residues and electrostatics. A large clustering of
non-conserved surface residues around the waist and clefts of the dimer,
and differences in charged residues around these regions, indicate areas
of the molecule which may be involved in species-speci®c egg recog-
nition.
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Introduction

Recognition and binding interactions between
proteins on the surface of the sperm and the egg
are essential for successful fertilization. Events
mediated by gamete recognition proteins include:
adhesion of the sperm to the egg envelope, induc-
tion of the acrosome reaction of sperm, penetration
of the egg envelope by the sperm, attachment of
the sperm to the egg plasma membrane, and fusion
of the sperm and egg cell membranes (Vacquier,
1998). Many of these interactions exhibit species-
speci®city, meaning fertilization between con-
speci®c gametes occurs more readily than between
heterospeci®c gametes. In both mammals and
echinoderms, the greatest barrier to cross-species
fertilization is failure of the sperm to bind to the
egg envelope (O'Rand, 1988; Roldan &
Yanagimachi, 1989; Summers & Hylander, 1975,
1976; Yanagimachi, 1994). Experiments involving
marine invertebrates have led to the hypothesis
that this species-speci®city is due to the rapid
ing author:

serum albumin; VE,
nvelope receptor for
evolution of gamete recognition proteins
(Biermann, 1998; Hellberg & Vacquier, 1999; Lee
et al., 1995; Metz et al., 1998; Palumbi & Metz, 1991;
Vacquier et al., 1995).

Abalone sperm lysin is a 16 kDa protein that
mediates the attachment of the sperm to the egg
vitelline envelope (VE). Lysin is contained in the
sperm acrosomal vesicle and is released during the
acrosome reaction. Upon its release, lysin binds to
the vitelline envelope receptor for lysin (VERL)
and, through a non-enzymatic mechanism, dis-
rupts contacts between the VE ®bers, creating a
hole through which the sperm swims to fuse with
the egg plasma membrane (Lewis et al., 1982;
Swanson & Vacquier, 1997). VERL is a 1000 kDa
gamete recognition glycoprotein which is rich in
hydrophobic and acidic residues. VERL contains
approximately 26 tandem repeats of a 153 amino
acid lysin-binding domain. Roughly two molecules
of lysin bind each VERL repeat, resulting in an
average of about 50 lysins bound per VERL mol-
ecule (Swanson & Vacquier, 1997).

The seven species of abalone which live off the
coast of California have overlapping breeding sea-
sons and habitats, yet hybrids are rare (Lindberg,
1992; Owen et al., 1971). Lysins from these different
abalone exhibit species-speci®city in binding to
and dissolving VEs, and range in sequence identity
# 2000 Academic Press
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from 65 % to 90 % (Lee & Vacquier, 1992; Shaw
et al., 1994; Vacquier & Lee, 1993). The most vari-
able domain in lysin is the N-terminal residues 1-
12 (Figure 1). This domain has been shown to be
important in species-speci®c VE recognition and
dissolution (Lyon & Vacquier, 1999). Analysis of
amino acid substitutions shows most replacements
between any two lysins are non-conservative (Lee
& Vacquier, 1992). A high ratio of non-synon-
ymous to synonymous nucleotide substitutions
indicates there is adaptive value in diversifying the
protein's sequence, and that the lysin sequences
are rapidly diverging due to positive Darwinian
selection (Metz et al., 1998). The selective force for
this diversi®cation of lysin may be concerted evol-
ution in the multi-domain VERL (Swanson &
Vacquier, 1998).

The crystal structure of the monomeric red aba-
lone lysin reveals an amphipathic, a-helical protein
with three distinct features: (1) two parallel tracks
of positively charged residues run the length of
one side of the molecule, 56 % of the amino acids
in this basic track are conserved among the seven
California species; (2) an hydrophobic patch exists
on the molecular face opposite the basic tracks,
63 % of these residues are conserved among the
seven California species; and (3) the species-
speci®c N-terminal domain extends away from the
core of the molecule (Kresge et al., 2000; Shaw et al.,
1993). In solution, lysin exists as a dimer held
together by the surface cluster of hydrophobic resi-
dues, placing the basic tracks on opposite sides of
the dimer (Shaw et al., 1995). This interaction opti-
mizes the packing of lysin in the acrosome, allows
delivery into an aqueous environment, and pre-
vents non-speci®c association of the hydrophobic
patch with the VE. Once the dimer contacts the
Figure 1. Sequence alignment for red and green aba-
lone lysins. Basic track residues for each species are
highlighted in blue, and hydrophobic patch residues are
highlighted in yellow. Green bars indicate residues that
differ between red and green lysins while residues out-
lined in green are contained in the waist or cleft regions.
VE, it binds to VERL and monomerizes (Kresge
et al., 2000; Shaw et al., l995). The exposed hydro-
phobic patch and basic tracks are expected to bind
irreversibly to the VE glycoproteins and acidic resi-
dues, causing the VE ®bers to unravel and remain
separated by hydrophilic regions of lysin (Kresge
et al., 2000; Swanson & Vacquier, 1997).

To demonstrate the species-speci®city of lysin-
VE interactions, we quantitatively assayed the abil-
ity of red and green lysins to solubilize VEs from
red and green abalone eggs. In order to investigate
the relationship between lysin structure and
species-speci®city, we determined the three-dimen-
sional structure of the lysin dimer from green aba-
lone to 1.71 AÊ . We then compared this structure to
the 2.07 AÊ crystal structure of the red abalone lysin
dimer (Kresge et al., 2000). Green abalone lysin is
the most divergent from red abalone lysin, with
only 65 % sequence identity. Comparison of the
two structures establishes for the ®rst time the
molecular details of species-speci®c interactions
between gamete recognition proteins.

Results

Species-specific VE dissolution

Although both red and green lysins are able to
dissolve red abalone VE, the red lysin is much
more effective (Figure 2(a)). Some 50 % dissolution
of the red abalone VE occurred after exposure to
red lysin for eight minutes, while it took 18.2 min-
utes of exposure to an equivalent amount of green
lysin to achieve 50 % dissolution. With green
abalone VE, eight times as much lysin was needed
to achieve dissolution. Green lysin dissolved 50 %
of green abalone VE by 12.8 minutes, while red
lysin was inactive at equivalent concentrations
(Figure 2(b)).

Final model

Crystallography statistics for the green abalone
lysin dimer structure are summarized in Tables 1
and 2. The structure is comprised of two mono-
meric subunits: subunit A contains residues 11-132,
while subunit B contains residues 11-134. There
was no density present for residues 1-10 in sub-
units A and B and residues 133-134 in subunit A.
Coordinates and structure factors for the dimer
re®ned at 1.71 AÊ resolution have been deposited
into the PDB with accession codes 3lyn and
r3lynsf.

Overall fold description and comparison to red
abalone sperm lysin structure

Despite the difference in sequence between the
red and green abalone lysin dimers, their overall
size and solvent accessible surfaces are very simi-
lar, with the green abalone lysin being only slightly
smaller than the red (Table 3). This size discre-
pancy is due in part to the fact that the N-terminal



Figure 2. Time course of red and green abalone VE
dissolution by green and red abalone lysins. (a) Red
abalone VE with 2.15 mg of red (*) and green (&) aba-
lone lysin added at two minute intervals. (b) Green aba-
lone VE with 17.5 mg of red (*) and green (&) abalone
lysin added at two minute intervals.
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residues 1-10 are missing in the green abalone
lysin structure but are present to some extent in
the red abalone lysin structure. The overall folds of
the lysin monomers from both species are very
similar. Both contain ®ve a-helices which form an
up-down helical bundle with a right-handed twist
(Figure 3). In both species the dimer assumes an
extended S-shape with two clefts on either side of
the 2-fold axis which relates the monomeric sub-
units (see Figure 5). Dimerization causes approxi-
mately 12 % of each green abalone lysin monomer
to be buried, while only 9 % of each red abalone
lysin monomer is buried (Table 3).

Superpositions of red and green abalone lysin
monomer subunits have an average rms deviation
of 1.14 AÊ for Ca atoms and 1.74 AÊ for all atoms
(Table 4A). The rms deviation for the Ca atom
superposition of the two dimers is larger (2.03 AÊ

on average) (Table 4B), due to a slight shift in
monomer association. The termini and turns show
the most variability in main-chain and side-chain
position when the molecules are compared
(Figure 3). Although all positionally variable resi-
dues occur on the surface, there is no concentration
of these residues in any one particular area.

The hydrophobic patch

Both the red and green abalone lysin monomers
contain a patch of solvent-exposed hydrophobic
residues that extends the length of the molecule
(Figure 4(a)). This patch is much larger on red aba-
lone lysin than on green abalone lysin (Table 3).
The patches are, however, similar in shape and
location in both species. Nine of these hydrophobic
residues are conserved between the two species,
while three others have undergone conservative
substitutions (Figure 1).

The basic tracks

Red abalone contains 24 arginine and lysine resi-
dues comprising 18 % of its total residues, while
green abalone lysin has 26 arginine and lysine resi-
dues that make up 19 % of its total residues
(Figure 1). On the face opposite the hydrophobic
patch on both the red and green abalone lysins are
two parallel tracks of basic residues (Figure 4(b)).
Track 1 occurs in approximately the same position
in both lysins and is similar in size in both species
(Table 3). However, track 2 differs in shape when
the monomers are compared (Table 3). Although
the total number of residues and surface areas are
similar (Table 3), track 2 is more scattered in green
abalone lysin, and there are many small differences
that cause the overall morphology of track 2 to
differ between the two species.

The dimer interface

The monomeric subunits of the red and green
abalone dimers associate via ®ve intercalating
hydrophobic patch residues (Tyr57, Tyr/Phe100,
Phe101, Phe104, and Met110) and a small number
of charged residues. This association results in the
burying of 38 % of the hydrophobic patch residues
in the green dimer and 30 % in the red dimer.
Other residues involved in stacking interactions
and hydrogen bonds surround these central
stacked residues. Both species' dimers contain a
total of 14 stacking interactions, and similar num-
bers of water molecules in their interfaces, but the
red abalone lysin dimer has fewer hydrogen bonds
between its subunits (Table 3). Overall, there are
more contacts in the green abalone lysin dimer
interface, consistent with the larger solvent accessi-
ble surface that is occluded (Table 3).

The dimer clefts

Dimerization causes the formation of clefts on
opposite sides of the 2-fold axis relating the sub-
units in both the red and green abalone lysin



Table 1. Data collection and phasing statistics (calculated to 3.6 AÊ resolution)

Data set Native 1 Native 2 KAuI4 U(NO3)2

Cell dimensions
a (AÊ ) 119.17 121.37 121.34 121.17
b (AÊ ) 119.17 121.37 121.34 121.17
c (AÊ ) 51.29 52.32 52.27 52.46

Resolution (AÊ ) 1.71 3.53 3.63 3.65
Multiplicitya 4.4(3.2) 9.1(1.7) 13.0(11.5) 11.8(5.1)
I/s(I) 9.7(1.9) 7.1(2.10) 5.6(2.2) 4.5(2.3)
Completeness (%) 97.8(92.1) 94.5(68.5) 97.1(97.0) 94.0(82.5)
Rsymm (%)b 5.1(38.7) 9.2(16.0) 14.2(12.5) 11.6(17.5)
Temperature (K) 100 291 291 291

A. Derivatives
Concentration (mM) - - 1 50
Soak (days) - - 7 4
Number of sites - - 2 3
Riso (%)c - - 19.8 22.5
Rcullis (%)d - - 67.1 60.7
Phasing powere - - 1.80 2.22
Mean figure of merit - - 0.50 0.52

a Values for the highest resolution shell are given in parentheses.
b Rsymm � 100 � �h�jjIhj ÿ Ihj/�h�jIhj, where Ih is the weighted mean intensity of the symmetry related re¯ections Ihj.
c Riso � 100 � �hkljFP ÿ FPHj/�hklFP where FP is the native amplitude and FPH is the derivative amplitude.
d Rcullis � 100 � �hkl j jFP � FPHj ÿ FH,calcj/�hkljFP � FPHj, where FP is the native amplitude, FPH is the derivative amplitude for

centric re¯ections and FH,calc is the calculated heavy atom structure factor.
e Phasing power � FH/E where E is the estimated lack of closure error.
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dimers (Figure 5). A fairly narrow waist region
(30 AÊ wide) connects the clefts (Figure 5). The
clefts in both species consist of 11 residues from
one subunit and eight residues from the other sub-
unit, are of similar size, and have similar solvent
accessible surfaces (Table 3). Of the cleft residues,
37 % differ between the two species (Figures 1 and
5(a)). The cleft residues are also more variable in
position, resulting in different-shaped clefts in the
two species (Figures 3 and 5).
Table 2. Re®nement statistics

R-factor (%)a 21.5
Rfree (%)b 25.9
Number of reflections 44,062
Number of non-hydrogen atoms 2271
Number of water molecules 218
Average B-factor (AÊ 2)c

Protein, overall 28.4
Main-chain 24.4(3.0)
Side-chain 32.0(5.8)
Water 41.2

rms deviations from ideal geometryd

Bond distance (AÊ ) 0.009
Bond angle (deg.) 1.89

Ramachandran statisticse

Most favored regions (%) 96.3
Additionally allowed regions (%) 3.7
Disallowed regions (%) 0.0

a R-factor � �jjFobsj ÿ jFcalcjj/�Fobs, where jFobsj and jFcalcj
are the observed and calculated structure factor amplitudes,
respectively.

b Rfree is the R-factor for a 5 % randomly selected subset of
re¯ections that were not used in re®nement.

c rms deviations in B-values are indicated in parentheses.
d As calculated in the program WHATIF (Hooft et al., 1996).
e As calculated in the program PROCHECK (Laskowski et al.,

1993).
Spatial distribution of non-conserved residues

A total of 48 out of 134 residues are not con-
served between red and green abalone lysins
(Figure 1). Some 96 % of these residues are located
on the surface of the lysin dimer (Figures 3 and
5(b)). Analysis of the locations of non-conserved
residues on the green lysin monomer reveals an
even distribution about the molecule (Figure 3).
However, when the locations of the same residues
are viewed on the green abalone lysin dimer, a
clustering around the waist and cleft of the dimer
becomes visible (Figure 5). Some 38 % of the resi-
dues not conserved between red and green abalone
lysins are located in the waist and cleft regions, an
area which represents only 8-9 % of the total sur-
face area (Table 3). Similarly, residues 103-108,
shown to be important in species-speci®c dissol-
ution of VEs (Lyon & Vacquier, 1999), are located
around the waist of the dimer. Thus, although the
non-conserved residues are scattered throughout
the primary and tertiary structures (Figures 1 and
3), they are clustered in the quaternary structure. A
trend towards a loss of acidic residues in going
from red lysin to green lysin, and also a gain of
polar aromatic residues in green lysin is also
apparent (Figure 1). The effects of this loss of nega-
tively charged residues in green abalone lysin are
seen in the differences between the electrostatic
surfaces of red and green abalone lysins
(Figure 5(b)) versus Figure 6(a) and (b)).

Electrostatics of lysin

The electrostatic surface of green abalone lysin
reveals that it is a very basic molecule with a few
scattered patches of negative and neutral residues



Figure 3. Stereo diagram of the
green and red abalone lysin mono-
mer a-carbon chain superposition.
Green lysin dimer subunit A is
green and red lysin dimer subunit
A is red. Side-chains for the 48
residues not conserved between the
two species are shown in red on
red abalone lysin and in green
on green lysin. Non-conserved
residues contained in the basic
tracks or hydrophobic patch are
labeled. These Figures were created
with MOLSCRIPT (Kraulis, 1991)
and BOBSCRIPT (Esnouf, 1997)
and rendered with RASTER3D
(Merrit & Murphy, 1994).
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(Figure 6(a)). Red lysin, however, is a less basic
molecule with fairly signi®cant patches of negative
potential and several areas of neutral surface
(Figure 6(b)). When viewed along the 2-fold axis
relating the dimer subunits, two small patches of
negative potential are seen adjacent to the waist of
Figure 4. Molecular surface of the green abalone lysin dim
tracks. (a) Surface containing the hydrophobic patch. View
from top to bottom are Ile11, Met66, Leu67, Trp68, Ile92, Ty
(b) 180 � rotation from (a) displaying the surface containing
residues (blue) Arg78, Lys74, Arg71, Lys70, Lys72, Arg87, A
dues long and consists of Lys13, Lys132, Lys20, Arg125, Arg
and Lys109 (in blue). This Figure was created with GRASP (N
the green abalone lysin dimer (Figure 6(a), left-
hand side); these regions are larger in the red aba-
lone lysin dimer (Figure 6(b), left-hand side). When
the molecule is viewed from the opposite side, the
exposed face of the red lysin dimer reveals patches
of neutral residues scattered across the molecular
er subunit A showing the hydrophobic patch and basic
is rotated 180 � from that shown in Figure 3. In yellow
r65, Val96, Tyr57, Phe101, Phe100, Phe104, and Met110.
the basic tracks. The ten residue track 1 (left) contains

rg95, Arg94, Arg29, and Arg36. Track 2 (right) is 13 resi-
55, Arg56, Lys120, Lys48, Lys47, Arg40, Arg41, Arg108,
icholls et al., 1991).



Table 3. Comparisons of features of red and green aba-
lone sperm lysins

Green lysin Red lysina

Overall dimensions (AÊ )
Monomer 42 � 33 � 49 45 � 35 � 55
Dimer 35 � 43 � 77 46 � 50 � 76

Solvent accessible surface (AÊ 2)
Monomer 7585 7860
Dimer 13,342 14,380

Dimer interfaceb

Total protein surface buried
upon dimerization (AÊ 2) 1828 1340

Water molecules 14 15/12
Water-mediated hydrogen

bonds 9 7/3
Stacking interactions 14 14/14
Hydrogen bonds 12 3/5

Cleft solvent accessible surfacea

(AÊ 2) 1245(9 %) 1200(8 %)
Hydrophobic patch

Residues involved 12 16
Solvent accessible surface (AÊ 2) 848(11 %) 1373(17 %)

Basic track 1
Residues involved 10 9
Solvent accessible surface (AÊ 2) 1391(18 %) 1191(15 %)

Basic track 2
Residues involved 13 14
Solvent accessible surface (AÊ 2) 1593(21 %) 1475(%)

a Calculations are an average of two red abalone lysin dimers
AB and CD (Kresge et al., 2000).

b Numbers for red dimer are shown as red dimer AB/red
dimer CD.

c Numbers in parentheses are percentages of total solvent
accessible surface.
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surface (Figure 6(b), right-hand side); in contrast,
the corresponding face of the green abalone lysin
dimer contains signi®cantly smaller patches of neu-
tral residues (Figure 6(a), right-hand side). In both
species there is a signi®cant concentration of basic
residues within the clefts. In the green abalone
lysin, 58 % of the solvent accessible surface of the
cleft consists of basic residues Arg56A, His61A,
Lys132A, His134A, Arg41B, and Lys109B. In the
Table 4. Comparisons of red and green abalone lysin superp

A. rms deviations (AÊ ) for superpositions of green and red abalone lysin sub
Green B Red Aa

Ca atoms
Green A 1.00 0.91
Green B - 1.14

All atoms
Green A 1.69 1.57
Green B - 1.62

B. rms deviations (AÊ ) for superpositions of green and red abalone lysin dim
Red ABc Red CD

Ca atoms
Green AB 1.87 2.19

All atoms
Green AB 2.26 2.44

a Letters refer to the subunits of the red abalone lysin dimer as de
b Comparisons were made using residues 11-132 of chain A and

dimers.
c Letters refer to the subunits of the red abalone lysin dimer as de®
red abalone lysin dimer there are four basic resi-
dues, Arg56A, His61A, Lys132A and Lys106B, in
the cleft.

Discussion

The inability of red lysin to dissolve green aba-
lone VE, and the inef®ciency of green lysin in dis-
solving red abalone VE, demonstrates the species-
speci®c interaction of the two lysins with the VE.
The fact that red abalone VEs are more easily dis-
solved than green abalone VEs is consistent with
observations from hybridization experiments using
freshly spawned abalone sperm and eggs.
Leighton & Lewis (1982) found that homospeci®c
fertilization rates were lower for green abalone
than for red abalone, and that the most successful
heterologous crosses occurred between red abalone
eggs and pink, green, or white abalone sperm.
Thus, different VEs display different degrees of
solubility, with red abalone VEs being extremely
soluble and green abalone VEs insoluble to any
lysins but their own.

Comparisons of the three-dimensional structures
of red and green abalone lysins reveal which fea-
tures of the molecule are structurally conserved
and which are not. Since the species-speci®city of
lysin is a result of differences between lysin mol-
ecules, traits such as electrostatics and residue dis-
tribution must contribute to lysin's species-speci®c
binding to VERL. Shared features such as the
hydrophobic patch and the basic tracks, on the
other hand, are involved in the universal mechan-
ism used by lysins to dissolve VEs.

When the lysin dimer is released from the acro-
somal vesicle, its initial interactions with VERL are
species-speci®c. From the comparisons of red and
green lysin it can be inferred that much of this
initial interaction occurs with the clefts and around
the waist of the lysin dimer where there is a high
concentration of species-speci®c residues. This
species-speci®c interaction may be mediated by
ositions

units
Red B Red C Red D

1.00 1.08 1.06
1.32 1.31 1.42

1.91 1.76 1.76
1.98 1.68 1.73

ersb

®ned by Kresge et al. (2000).
11-134 of chain B for both the red abalone and green abalone

ned by Kresge et al. (2000).



Figure 5. Sequence conservation between red and green abalone lysins. (a) The a-carbon trace showing the orien-
tations of green abalone lysin dimer in (b). The view on the left is rotated about the vertical axis 180 � from the view
on right. Non-conserved cleft and waist residues are labeled. (b) Surface of the green abalone lysin dimer showing
residues (green) which differ between red and green abalone lysin. This Figure was created with AVS (AVS Inc. Wal-
tham, MA).

Crystal Structure of Green Abalone Lysin 1231
attractive forces between the basic residues that
also occupy these regions and acidic residues in
VERL. VERL from red abalone contains 15 gluta-
mic and aspartic acid residues, while VERL from
green abalone contains 17 glutamic and aspartic
acid residues, making green VERL more acidic
than red VERL (Swanson & Vacquier, 1998). Thus,
the more acidic green VERL will interact less favor-
ably with the red lysin dimer, due to its negatively
charged waist area inhibiting species-speci®c con-
tacts (Figure 6(b), left-hand side). On the other
hand, the more basic green lysin dimer can interact
more favorably with the more acidic green VERL,
allowing close interaction and species-speci®c pair-
ings of residues to occur. Consequently, both
attractive and repulsive interactions between lysin
and VERL facilitate or prevent species-speci®c
binding of lysin to VERL (Figure 6). At the same
time, it is important to note that the species-speci®c
residues overlap in the cleft and waist regions of
the dimer where the electrostatic differences occur.
Therefore, the electrostatic forces promoting
species-speci®c interaction also promote direct con-
tact of these variable residues with VERL. The high
concentration of variable residues around the clefts
suggests that VERL may bind directly inside a
cleft, and that the different cleft shapes may play a
role in mediating species-speci®c contacts between
lysin and VERL.

After initial species-speci®c binding, lysin mono-
merizes and VE dissolution is initiated (Kresge
et al., 2000; Shaw et al., 1995). This second step of
dissolution is one that is general to all lysins and is
presumed to involve the conserved hydrophobic
patch and basic tracks. Monomerization of the
lysin dimer exposes the hydrophobic patch and
allows it to interact with the VE glycoproteins.
Meanwhile, the basic residues, in part responsible
for the species-speci®c recognition of VERL, remain
bound to the acidic residues on VERL. These coop-
erative interactions cause the repeating subunits of
VERL to separate and the ®bers comprising the VE
to splay apart, forming a hole through which the
sperm swims to fertilize the egg. This general dis-
solution mechanism also explains how exposure to
a large amount of green abalone lysin can result in
the dissolution of red abalone VEs. If enough green
abalone lysin is added, some will monomerize
and bind to red abalone VERL, initiating VE
dissolution.

Methods

VE dissolution assay

Red and green abalone VE were isolated as described
by Lewis et al. (1982) and suspended in seawater
containing 1 mg/ml bovine serum albumin (BSA),
10 mM N3Na, 10 mM Tris (pH 7.8). Red and green aba-
lone lysins were puri®ed by CM-cellulose chromatog-
raphy (Vacquier & Lee, 1993) and dialyzed against
seawater containing 10 mM N3Na, 10 mM Tris (pH 7.8).
For dissolution of red abalone VE, 800 ml of VE suspen-
sion was placed in a 1 ml cuvette and 2.5 ml (2.15 mg pro-
tein) of either lysin was added at two-minute intervals.
For green abalone VE, 20 ml (17.5 mg protein) of either
lysin was added every two minutes and the decrease in
light scattering at 640 nm was followed (Lyon &
Vacquier, 1999).



Figure 6. Electrostatic surfaces of the green and red abalone lysin dimers. The surface is colored according to elec-
trostatic potential. The deepest shades of blue and red correspond to potentials of 5 � 3 kBT/e and 5 ÿ 3 kBT/e,
respectively, where kB is the Boltzmann constant, T is the temperature, and e is the electronic charge. Neutral points
are white. The orientations are the same as described in the legend to Figure 5. (a) Electrostatic surface of the green
abalone lysin dimer. (b) Electrostatic surface of the red abalone lysin dimer. This Figure was created with DELPHI
(Honig & Nicholls, 1995) and AVS (AVS Inc. Waltham, MA).

1232 Crystal Structure of Green Abalone Lysin
Protein preparation and crystallization

Lysin from green abalone was puri®ed by CM cellu-
lose chromatography (Vacquier & Lee, 1993). The protein
was dialyzed against 50 mM sodium acetate (pH 4.9)
and concentrated to 10 mg/ml. Green abalone lysin crys-
tals were grown at 22 �C using the sitting drop vapor dif-
fusion technique and a reservoir solution of 1.26 M
ammonium sulfate, 100 mM sodium acetate (pH 4.0),
200 mM sodium chloride, and 0.01 % (w/v) sodium
azide. Drops contained 4.0 ml of protein solution and
3.0 ml of precipitant, and wells contained 1 ml of reser-
voir solution. The crystals produced contained two mol-
ecules per asymmetric unit and belonged to space group
P61.

Data collection

Native data were collected at the Stanford Synchro-
tron Radiation Laboratory (SSRL) beamline 7-1, using a
MAR image plate and monochromatic radiation of
wavelength 1.08 AÊ . Low-temperature data were collected
by immersing the crystals in mother liquor with 25 %
(v/v) glycerol prior to freezing at 100 K. A 1.9 AÊ resol-
ution data set was collected from the crystals. The data
set was indexed and integrated with MOSFLM (Colla-
borative Computational Project, 1994) and scaled with
the SCALA (Collaborative Computational Project, 1994)
software package. Data collection statistics are shown in
Table 1.

Heavy-atom derivatives of the green abalone lysin
dimer were prepared by soaking the crystals in mother
liquor containing either 1 mM KAuI4 or 50 mM U(NO3)2

(Table 1). Room temperature native and derivative data
sets were collected using CuKa radiation from a Rigaku
RU200 rotating anode X-ray generator operated at 40
kV, 80 mA, and equipped with a graphite monochroma-
tor. The data were recorded with a Siemens X-1000 (Xen-
tronics) multiwire area detector and processed with the
Xengen suite of programs (Howard et al., 1985). Data col-
lection statistics for the room temperature native and
derivative data are shown in Table 1.

Structure solution

The room temperature native and derivative data sets
were used in determining the gold and uranium heavy-
atom sites with the program SOLVE (Terwilliger &
Berendzen, 1996; Terwilliger & Eisenberg, 1983, 1987;
Terwilliger et al., 1987). The gold derivative contained
two sites and the uranium derivative contained three
sites (Table 1). Site re®nement and phase calculation
were done with SHARP (De La Fortelle & Bricogne,
1997). The resulting electron density map was subjected
to solvent ¯attening with the program SOLOMON (Col-
laborative Computational Project, 1994). Phasing stat-
istics are shown in Table 1.

Model building and refinement

Map interpretation and model building were done
with the program X®t (McRee, 1999). The model was
re®ned against the high-resolution low temperature
SSRL data with X-PLOR (BruÈ nger, 1992). To monitor the
progress of re®nement, 5 % of the re¯ections were set
aside for a free R-factor calculation. Four rounds of
model building and re®nement were done with X®t and
X-PLOR. The ®rst round of re®nement included data to
2.3 AÊ . The next two rounds included data to 2.0 AÊ , and
the ®nal round of re®nement was carried out against all
the data. The SHELX-97 package (Sheldrick & Schneider,
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1997) was then used for subsequent re®nement. As with
the X-PLOR re®nement, all rounds of SHELX re®nement
were followed by manual ®tting of 2jFoj ÿ jFcj and sA-
weighted jFoj ÿ jFcj maps using X®t. Distance, planarity,
chiral volume and anti-bumping restraints were applied
from the onset of SHELX re®nement. After the ®rst
round of SHELX re®nement, water molecules were
added using X®t. A total of nine rounds of re®nement
was performed, with the ®nal round including the work-
ing (95 %) as well as the Rfree data (5 %, Table 2).

Structural superposition and analysis

The least-squares ®t option in SHELXPRO (Sheldrick
& Schneider, 1997) was used for structural superposi-
tions and rms deviation calculations. Solvent accessibility
was calculated with AREAIMOL and RESAREA (Colla-
borative Computational Project, 1994), and surface fea-
ture analysis and calculations were done with GRASP
(Nicholls et al., 1991). Contacts were examined with
CONTACT (Collaborative Computational Project, 1994),
and electrostatic calculations were done with DELPHI
(Honig & Nicholls, 1995).
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