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ABSTRACT

This thesis consists primarily of investigations of lytic agents
and related svbstances that are extracted from sperm of echinoderms,
molluscs and mampals.

Sea~urchin fertilizin is found to give a mucin clot reaction with
serunprotein to give a stable turbidity. Hyaluronidase, from mammal-
ian sperm, has no dissolving action on sea-urchin egg jelly, nor could
a hyaluronidase-like substance, capable of dissolving sea-urchin jelly,
acting on purified fertilizin preparations or on hyaluronic acid, be
extracted from sea-urchin sperm.

The presence in sea-urchin sperm extracts of egg surface lysin
acfiviey is confirmed.

The egg membrezne lysin of sperm of the gient keyhcle limpet is
found to be separable from antife#tilizin. Lysin is released from liv-
ing sperm in sea water at neutral and alkalinc pH. Antifertilizin does
not appear to be released under these conditions. Releases of lysin seems
to be. indepenlient of metabolic activity. The lysin does not seem to act
catalytically. It is inacti&ated by treatments that densture proteins,
and by proteolytic enzymes. The egg membrane is dissolved by SH com=
pounds and is slightly digested by trypsin. It is thought to be of
keratin-like nature. It is shown that complete dissolution of the egg
membrane is not necessary for fertilization.

An egg membrane lysin is demonstrated in sea-urchin sperm extracts.
It dissolves the keyhole liupet egg membrane.

Cross reactions are shown to cccur between sperm extracts and egg

membranes of the keyhole limpet, abalone and mussel.
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LYTIC AGENTS OF TEE SPERK OF SCME MARINE ANIMALS

INTRODUCTION

Interest in problems of fertilization has acquired a fresh impetus
in recent years as a result of work which has shown that a number of
interacting substances can be extracted from the sperm and eggs of va-
rious animals. These are fertilizins of eggs, antifertilizins of eggs
and of sperm, and lytic agents of sperm. Of the fertilizins and anti-
fertilizins, fertilizin of echinoderm eggs has been most thoroughly
investigated with respect to its action and physico-chemical properties.
In the sea-urchin, fertilizin is the chief constituent of the jelly coat
of the eggs, and has been characterized as a high molecular weight gly-
coprotein (¢f. Tyler, 1948). Antifertilizin from sperm has been shown
to be an acidic protein of relatively low molecular weight (ca. 10,000)
and may be localized on the surface of the head of the spermatozoa.
Antifertilizin from eggs also appears to be a protein, similar, with
respect to those of its properties that have been investigated, to
antifertilizin from sperm. It occurs in the interior of the sea-urchin
egg. Several different lytic agents from the sperm of various animals
have been described. At least one of these (hyaluronidase) has been
characterized as an enzyme. Others also appear to be proteins, but
their enzymatic nature has not been established. One, the egg surface
lysin of sea-urchins and fish (sperm lysin) is described by Runnstrom
as a surface active substance with detergent-like properties.

A promising approach toward resolving some of the problems presented
by the reactions of fertilization is that of Tyler and his collaborators,
who hgve correlated many of the reactions involved with those of immu-

nological processes (gf. Tyler, 1948). The first serious attempt to
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describe the fertilization process in immunological terms was made by
F.R. Lillie (1913, 1914) who introduced the fertilizin terminology. It
has not been until recently, however, that adequate experimental evi-
dence has established more than a superficial resemblance.

In a recent review, Tyler (1948) has summarized in considerable
detail the evidence correlating fertilization and immunological reac-
tions. Much of this relates to reactions involving fertilizin and anti-
fertilizin. In connection with the present discussion it seems pertinent
to present a brief resumé of certain features of this evidence that in-
dicate the possible role of these substances in fertilization.,

The agglutination of sperm of various species of animals by egg
water is the most striking effect of the reaction between fertilizin
in solution and sperm antifertilizin., In a number of specles the agglu-
tination reaction normally does not occur, but it has been shown by Metz
(1942, 1944, 1945) that after treatment with an adjuvant, such as hen's
egg white, sperm of certain of these species are agglutinated by homo-
logous egg water,

Antifertilizin in solution reacts with the intact jelly hull (fer-
tilizin) of the egg in a number of species with the formation of a
precipitation membrane of the jelly surface. The eggs may also be
agglutinated.

It has been established that fertilizin in solution acts as a
barrier to fertilization, but that when present as the jelly hull it
serves as an aid to fertilization. Jellyless eggs must be inseminated
with significantly higher concentrations of sperm than eggs with the
jelly coat present.

In species in which the unfertilized eggs show no distinct gela-
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tinous coat the surface of the eggs may contain a fertilizin which
reacts with antifertilizin of the sperm. Zvidence for the view that
a surface layer of fertilizin may be essential for fertilization is
provided by the observations of Chambers (1921) and Just (1923) that
sea-urchin egg fragments devoid of original surface material are un-
fertilizable., In this connection it should be noted that in the sea-
urchin egg a layer of fertilizin remains intimately bound to the surface
even after the jelly hull has been removed, and the presence of this
surface layer may account for the fact that jellyless eggs are still
fertilizable. Fertilizin, then, as a constituent of the egg surface
may be an important factor in specific attachment of sperm to the egg.
The presence of antifertilizin in the interior of the egg suggests
that it may here be involved in reactions occurring subsequent to
sperm entry. There is, however, no experimental evidence concerning
this possibility.

Lytic agents of sperm that have been described, include the enzyme
hyaluronidase in various species of mammals (¢f. Dursn-Reynals, 1942),
an egg surface lysin (sperm lysin) in sea-urchins and fish (Runnstrom,

and Tiselcvs,
and Lindvall, 1944), and egg membrane lysins in some marine molluscs
(Tyler, 1939). There have becn occasional reports (Hartmann and
Schartau, 1939; Monroy and Ruffo, 1947) in the literature of agents
associated with the sperm of echinoderms that dissolve the egg jelly
of these animals. The existence of jelly-dissolving lysins in echino-
derm sperm, however, is questionable. In general, lytic agents of the
sperm act on extraneous membranes or cell layers associated with eggg,
dissolving or dispersing these. An exception to this seems to be the

egg surface lysin of sea-urchin and fish sperm which acts on the surface



layer of the echinoid egg.

At the present time the best characterized of the lytic agents of
sperm is hyaluronidase. Great interest has been shown in this enzyme
not only because of its presence in the sperm of a number of mammals,
but also because it is found in a variety of substances and organisms
that are characterized by the common property of invasiveness. Hyalur-
onidase has been identified in venoms of reptiles, insects and arach-
nids, in extracts of leeches and in a number of bacteria. It is of
interest that there is no apparent correlation between the presence in
bacteria of hyaluronidase and virulence (¢f. Duran-Reynals, 1942).

Hyaluronidase hydrolyzes an acidic mucopolysaccharide called
hyaluronic acid. This polysaccharide has been demonstrated in a vari-
ety of mammalian body fluids and tissues and appears to be one of the
chief cementing substances in the subcutaneous tissues. Its presence
as a cement substance binding the follicle cells that normally surround
the freshly ovulated eggs of most mammals has been inferred since these
cells are dispersed ip vitro by the action of hyaluronidase. It is
this action of the enzyme that makes its participation in the fertili-
zation process in mammals appear likely. Whether hyaluronidase occurs
in the sperm of animals other than mammals is an open question at this
time. It has been reported to be present in "negligsgble" guantities
in fowl sperm, absent in the sperm of various repﬁiles and present in
echinoderm sperm.

The detergent-like factor extractable from sperm of sea-urchins
and fish, and also from sea-urchin eggs, here called "egg surface lysin"
(cf. Tyler, 1948), was originally termed "Androgamone III" by Runnstrdm

et. al. (1944,1945, etc.) and more recently designated "sperm lysin" by
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these workers (Runnstrém, Monné and Wicklund, 1946). This agent is
reported to have a liquefying action on the cortex of sea-urchin eggs.
It has been proposed by Runnstrom and his group that the lysin partici-
pates in establishing the block to polyspermy and also in activation
of the egg. Because it (or a similar substance) is also obtained from
eggs, and because the agent acts on the surface layer of the egg, the
name "egg surface lysin" seems more appropriate and less ambiguous than
"gperm lysin",

The sperm of several marine molluscs, notably the giant keyhole
limpet (Megathura crenulata), abalone (Haliotis cracherodii) and mussel

(Mytilus californianus) have been found to contain lytic agents that

are able to dissolve the membrane normally present about the unferti-
lized eggs of these animals, It is believed that the egg membrane lysin
of sperm of these animals may serve to facilitate their penetration of
the egg membrane, and in this resvect, at least, be of importance in

the fertilization process.

In considering the possible role in fertilization of lytic agents
of sperm it must be borne in mind that the gross effects revealed by
action of these substances in yitro or in unphysiological concentration,
may not be an adequate basis for drawing conclusions concerning their
action in natural fertilization. Illustrations of this point are pro-
vided by hyaluronidase and the keyhole limpet egg membrane lysin., These
will be discussed in later §§§$¥§§e. It should also be noted that lytic
agents probably ect in conjunction with other sperm and egg substances,
fertilizin and antifertilizin, for example. Caution must be employed

in attributing an observed phenomenon to a lytic egent when it might

as well, or better, be ascribed to interaction of other substances.
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This, it should be pointed out, seems of particular importance with
respect to action of the sea-urchin egg surface lysin, which is assumed
to occur at the egg surface, where fertilizin-antifertilizin reaction
also occurs.

The egg membrane lysins of marine molluscs offer several advantages
for study. Their primary action appears to be on a clearly visible,
distinct membrane surrounding the unfertilized egg. Lysis of the egg
membrane can be observed under physiological conditions, equivalent to

in yvivo observations with higher animals. Their sphere of action may,

to some extent at any rate, be differentiated from that of fertilizin
and antifertilizin., Among certain disadvantages may be mentioned the
difficulty of developing adequate quantitative measures of lytic acti-
vity. However, as further study reveals more information concerning
the mechanism of the action quantitative techniques can be developed.
The major part of this thesis is devoted to presentation of results
obtained in investigations of the egg membrane lysin of the giant key-
hole limpet. Studies of lytic agents in sea-urchin sperm have also
been pursued and these are reported. Iiuch of the work with sea-urchin
sperm was directed toward the possibility of finding a hyaluronidase-
like lysin, capable of dissolving the egg jelly. In the course of this
work a so-called "mucin clot" reaction of sea-urchin fertilizin was
discovered and is included in this thesis in the form of a reprint
of a publication., Some experiments with sea-urchin egg surface lysin

were also carried out, and the results obtained are reported.
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REVIE{ OF THE LITERATURE
Hyeluronidase

General survey. No attempt will be made here to review all of the
literature concerning hyaluronidase, 4 brief resumé of pertinent aspects
of work which has led to present knowledge of this enzyme will be pre-
sented followed by a more detailed review of those papers which relate
more directly to the role of hyaluronidase in fertilization. Two exhaus-
tive reviews concernihg hyaluronidase are available, covering most of the
work prior to 1947 (Duran-Reynals, 1942; Meyer, 1947).

In 1928 Duran-Reynals reported that vaccinial infection of the rab-
bit is enhanced when the virus is injected into the skin along with an
aqueous extract of the testis of one of several animals, including the
rabbit, guinea pig and rat. The effect appeared whether the extract
was given together with vaccinia or had been injected several days ear-
lier, showing that the action of the extract was exerted upon the host
tissues, These observations were duplicated by McClean (1930c). Later
a variety of substances of different origin were found to possess "spread-
ing power"., These were designated "Spreading Factors™ or "Diffusing
Factors", and were obtained from invasive bacteria (Duran-Reynals, 1933),
poisonous insects, snake venoms (Duran-Reynals, 1939), leeches (Claude,
1937) and other sources.

The usual test for spreading power is to inject the substance along
with an indicator such as india ink or Evans blue into the skin of a
rabbit or guinea pig and compare the amount of spread of the indicator
with that of similarly injected dye or ink in saline. Attempts have
been made to develop this kind of test into a quantitative assay method

(Bacharach, Chance and Middleton, 194C; Humphrey, 1943).
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Working along chemical lines Meyer, et al. (1936, 1937, 1938),
showed that an enzyme present in autolysates of pneumococcus, tissue
hash from rabbit iris, ciliary body and spleen hydrolyzed hyaluronic
acid, an acidic mucopolysaccharide that had been isolated by the sama’
group of workers from vitreous hmor, synovial fluid, umbilical cord
and streptococcuse This finding was duplicated in 1940 by Robertson
et al., with preparations from Clostridium welchil acting on synovial
fluide No correlation betweenball these enzymes and spreading factors
was established until 1939 when Chain and Duthie (1939, 1940) identified
some of the spreading factors with mucolytic enzymes (hyaluronidase) and
described the phenomenon of spreading in animal tissues as an enzymatic
effect on hyaluronic acid of connective tissue.

Meyer, et al. (1934, 1936, 1938), worked out the analysis of hyal=-
uronic acid and showed it to be an equimolar combination of glucuronic
acid and N-acetylglucosamine, The basic disaccharide (aldobionic) units
are polymerized to very large molecules - molecular weights of 200,000
to 500,000 have been reported (Meyer, 1947)s The viscosity of the
native fluids from which the polysaccharide is obtained is generally
much greater than that of the purified hyaluronate, but Meyer has recently
(1948) reported the preparation of highly viscous sodium hyaluronate,

In tissues and body fluids hyaluronic acid occurs free, as a salt,or it
msy be bound with protein (Meyer, 1945). In the cornea a sulfuric acid
ester of the polysaccharide is found, It is one of the chief components
of the intercellular ground substance of comnective tissue (Duran-Reynals,
1942).

It has been found (Seastone, 1939; Robertson, Ropes and Bauer, 1940;
McClean, 1943; Kass and Seastone, 1944) that hyaluronic acid co-precipi-

tates with protein to give a mucin clot or turbidity, depending upon the
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conditions of precipitation. This is a property that is shared with
other acidic mucopolysaccharides (nomenclature after Meyer, 1945), e.g.,

Meyer, 1945 '
hopapin—and chondroitinsulfuric acid (eeZ§5§—}9¢ea. In the case of
chondroitinsulfuric acid, the complex formation with protein was found
to be stoichiometric (Meyer, Palmer and Smyth, 1937). Depolymerized
hyaluronic acid does not form a mucin clot (cf. Meyer, 1947).

The action of hyaluronidase on hyaluronic acid consists of an ini-
tial depolymerization of the polysaccharide followed by hydrolysis.
Evidence of depolymerization is obtained by measuring reduction of the
viscosity. Hydrolysis can be determined by measurement of increase in
reducing sugar or of liberated acetylglucosamine,

Assay methods that have been used for testing various preparations
for hyaluronidase activity are of four main types:

1. Mucin clot-prevention test (McClean, 1943). This depends upon
the failure of depolymerized hyaluronic acid to form a mucin clot.
Hyaluronic acid is incubated with various enzyme dilutions and that
dilution which is just effective in preventing the formation of a clot
gives the titer of the enzyme preparation.

2. Turbidity-reduction test (Kass and Seastone, 1944; Leonard,
Perlman and Kurzrok, 1946; Dorfman and Ott, 1948). This test depends
upon the formation of a stable colloidal turbidity when dilute solutions
of hyaluronic acid are combined with acidified serum or serum protein
solutions, and the density of the turbidity can be determined photo-
metrically. After incubation of hyaluronic acid with hyaluronidase,
the amount of turbidity produced by reaction with protein is reduced.

3., Viscosity-lowering method. Decrease in viscosity of hyaluronic
acid solutions as a result of action of hyaluronidase gives a measure

of the activity of different enzyme preparations (Madinaveita and
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Quibell, 1940; McClean and Hale, 1941; Robertson, Ropes and Bauer, 1940;
Swyer and Emmens, 1947; Sherber, Birnberg and Kurzrok, 1948).

4. Reductometric method. Detérmination of the products of hydro-
lysis affords a means of comparing the activity‘of different enzyme
preparations (Meyer, 194%).

Comparison of results obtained with these various assay methods
has shown that there are large discrepancies between those from visco-
simetric and mucin clot prevention assays (McClean, 1943); turbidimetric
and viscosimetric methods have given results showing fair correlation
(Kass and Seastone, 1944; Dorfman, 1948); little correlation has been
observed in some instances between results obtained with viscosimetric
or turbidimetric and reductometric methods - leech enzyme, for example
was found by Meyer (1947) to be equal turbidiﬁetrically to the best
testes preparations but it showed only 40% hydrolysis.

A number of substances that exhibit spreading power do not hydrolyze

hyaluronic acid in vitro. On this basis Duran-Reynals (1942) has pro-

posed a classification of spreading factors. Substances that hydrolyze
this polysaccharide and also show spreading power (hyaluronidases) com-
prise Group A; those which do not hydrolyze hyaluronic acid but do
exhibit some spreading power comprise Group B, and among these are a
number of simple chemical compounds such as arsenious oxide and glycerol;
wintergreen oil, o0il of citronella, olive oil, peptones and lecithins
are also included in Group B, A third group of substances includes
certain compounds that show spreading power and a non-specific viscosity
lowering power but no hydrolytic effect. Among these are ascorbic acid,
which is effective only in the presence of Hy05, and thiclacetic acid,
‘pyrogellol and certain diazo compounds.

The most highly purified hyaluronidase thus far subjected to
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electrophoresis proved not to be homogeneous (Hahn, 194.3). It showed

an isoelectric point at pH 5.7 In distilled water the solution had a

pH of 6.2 to 6,9, In general, it may be said that hyaluronidase is a
heat-labile protein, inactivated by pepsin and trypsin, ultraviolet
irradiation a.nd_mild shakinge It is non-dialyzable. Its pu:ification

is mainly concerned with the elimination of other proteins present in

the cmde extracte Among these, at least in material obtained from tes-
ticular extracts, may be one or more unrehlted enzymes. Thus, & 8 -
acetylglucosaminidase is found associated with crude testicular hyalur-
onidase but it is not involved in hyaluronidase activity S AR ‘
1946}, Hahn (1945) claims to have separated two enzymes from testicular
extracts, one of which hydrolyzes hyaluronic acid to the aldobionic acid
stage_and the other hydrolyzes the disaccharide to monosacchax_'ides.
Ilyaluron:_l.dases fram different sources appear to contain different enzymes,
Thus, for example, it has been observed that testicular and leech enzymes
give only about half the theoretical yield of reducing sugars, while
pneumoccal hyaluronidase gives almost camplete hydrolysis and can supple-
ment the action of the testicular and leech materials (Meyer, et ale,
1941). -

Highly purified hyaluronidase from testicular extracts ha.s been
stated to derolyze two other mucopolysaccharides beside hyaluronic acid,
one the monosulfuric acid ester of hyaluronic acid from cornea (Meyer
and Chaffee, 1940), the other the chondroitin sulfate of hyaline carti-
lage (Meyer, et al., 1941; Madinaveitia and Stacey, 1944)s The evidence,
on the whole, points to the presence of another enzyme present in the
testicular preparations as being responsible for the hydrolysis of chon-
droitin sulfate .(cf. Meyer, 1947)s It is of interest, however, that
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hyaluronidase activity‘ towards hyaluronate runs practically parallel
with the activity towards chondroitin sulfate. Canpm_mds of the general
composition of chondroitin sulfate occur beside hyaluronate im mesodermal
tissue, like umbilical cord and skin in concentrations about equal to
that of hyaluronatee.

The action of hyaluronidase can be blocked by means of specific
antisera. In contrast to the lack of specles-specific action of hyalur-
onidage, the antisera are highly specific. Thus, antiseras against the
hyaluronidases of Clostridiwm welchii g.nd Cl. septicum do not cross-react
(McClean, 1943), and in tests of dispersal of follicle cells of rat ova,
antisera prepared in rats against bull testis hyaluronidase did not cross-
react with the rat testis enzyme (Leonard and Kurzrok, 1946). It may be
concluded that the enzymatically active groups of the hyalurmnidase are
nonantigenic, and neutralization by homologous antibody may be attribnted
to combination with adjacent antigenie groups on the molecule. Hyalur-
onic acid, on the other hand, is not antigenic (Meyer, 1;’47). |

Hyaluronidases and hyaluronic acid have been found in many bacteria.
In ,ganéral » the presence of hyaluronidase in bacteria is correlated with
invasiveness rather than with virulence (¢f. Duran-Reynals, 1942). In
some encapsulated forms hyaluronic acid occurs in the capsule, for
example in Group A and C hemolytic* streptococci, An extensive study
of hyaluronidase production in relation to capsule formation in these
streptococei showed (Crowley, 1944) that all hyaluronidase positive
strains were non-capsulated, although many non-capsulated strains were
hyéluronidase negative, Seastone (1939) and Hirst (1941) have presented
evidence that the hyaluronate caspsule in Group C streptococci is respon-
sible for viruience, Protection against fatal infection in mice was
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obtained by the injection of leech and testicular hyaluronidase. Accord-
ing to McClean (1941 a,b) organisms which have hyalurpnate apéear to
produce it defensively in amounts sufficient to offset the available
hyaluronidase.

A hyaluronidase inhibitor (antihyaluronidase) is present in normal
serun of various animals, This has been reported to be an enzyme or a
system of enzymes (Haas, 1946 a,b,c). More recently, evidence has been
presented by Dorfman, Ott and Whitney (1948) that inactivation of hyal=-
uronidase in human blood is not enzymatic. These workers suggest that
the inhibitory action may be due to a polysaccharide prosthetic group
bound to a protein carrier,

Hyaluronidase in fertilization. It was observed by Long (1912)
that when unfertilized tubal eggs of rats and mice are inseminated in
vitro, the follicle cells, comprising the cumulus oophorus, are quickly
disperseds According to Long's account, it appears that this was thought
to be due to mechanical agitation by the spermatozoa. Iater, it was
shown by a number of workers (Pincus, 1930; Yamane, 1930, 1935; Pincus
and Enzmann, 1932; Gilchrist and Pincus, 1932; Pincus, 1936 - for review
of this early work) that dispersel of the follicle cells surrounding
unfertilized tubal eggs of the rebbit, rat and mouse is caused, in vitro
by sperm suspensions, and also by spermm=free fluid from the vas deferens
and from sperm suspensions.

In 1942 McClean and Rowlands found that dispersal of the follicle
cells, jn vitro, of rat ova is caused by hyaluronidé,se from various
gources. Confirmation of this finding wes provided by Fekete and Durane
Reynals (1943) and Leonard and Kurzrok (1945) with eggs of rats and mice,
using hyaluronidese from different sources. The active agent was found
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roughly to parallel the hyaluronidase in enzymatic and spreading action
and in physico-chemical properties.

The complete cell dispersal seen when mammalian ova are denuded by
hyaluronidase in yitro led McClean and Rowlands (1942), Fekete and Duran-
Reynals (1943) and Leonard and Kurzrok (1945) to suggest that hyaluroni-
dase may participate in the fertilization process by denuding the egg of
its follicle cells. This hypothesis would explain the requirement of
large numbers of supernumerary sperm commonly present in ejaculates of
mammals on the gound that the extra spermatozos provide sufficient hya-
luronidase to demude the ove and thus allow fertilization to be effected.

McClean and Rowlands (1942) suggested that sterility in humans may
in some cases be due to deficiency in hyaluronidase production,

In order to test the hypothesis that hyaluronidase may be an important
fector in reproductive fertility in mammals, Rowlands (1944) performed
a series of seven experiments with rabbits in which heated seminal fluid
(presumably containing hyaluronidase) was injected with spermatozoa into
superovulated females. It was found that the number of fertilized eggs
obtained was increased in the presénce of the seminal fluid, the average
increase in fertility being such that only one-sixth the normal amount
of sperm was needed,s Rowlands concluded that this result was due to
hyaluronidase in the seminal fluid,

In an experiment with humans, Kurzrok, Leonard and Conrad (1946)
reported that fertilization was obtained in six women, with & history
of sterile marriage, when bull testis hyaluronidase was added to the
semen specimen used for artificial insemination or placed in the genital
tract prior to coituse

In two papers, Swyer (1947 a,b) reported the results of observations
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on the hyaluronidase content of semen and the release of hyaluronidase
from spermatozoa. He found that there is a close correlation between
hyaluronidase content of the semen and sperm density in men, rabbits,
bulls and boars. In dogs and fowls no such correlation was found.
Swyer also determined that the majority of the total hyaluronidase con-
tent of semen is associated with the spermatozoa, and that they do not
appear actively to produce the enzyme but merely liberate the preformed
substance, In a third paper, Swyer (1947¢) reported that hyaluronidase
could not be detected in testicular extracts of various reptiles. This
is of interest since reptilian ova are devoid of cumuli when ovulated.

Swyer interpreted his findings as lending support to the supposition
that hyaluronidase may act in yivo to denmude the egg of its follicle
cells, for, as it is associated with the spermatozoa and liberated pre-
formed from them, it would presumably be available at the site of
fertilization.

Chang (1947) attempted to repeat the experiments of Rowlands (1944),
using a larger mmber of rabbits (thirty-two) and purified testis hyalur-
onidase, under strictly controlled conditions. It was found that where
insemination was performed with a minimal effective nmumber of spermatozoa
the fertilizing capacity of the spermatozoa was increased by heated se=
minel fluid but not by hyaluronidase. In another paper, Chang (1947)
reported that the percent of fertilized ova in the rabbit depends upon
the ratio of spermato.zoa to seminal fluid, significantly higher percent-
ages being obtained when spermatozoa are suspended in a small volume of
fluid. The experiments of Chang revealed great variation in the percent-
age of fertilized ova per doe under strictly controlled conditions and

for this rea.son'positive conclusions concerning fertilizability based
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upon only a few clinical cases are considered to be of little wvalue.

Direct evidence has been presented by severzl workers, that shows
that, in at least one animal = the rat « no mass removal of the follicle
cells prior to fertilization occurs in yjvo. Leonard, Perlman and
Kurzrok (1947) obtained tubal eggs from rats after the animals were bred
and found fertilized eggs with the cumulus ogphorus intact, These workers
also found that after introduction of hyaluronidase into both uterine
horns of a number of rats in heat masses of ova that were recovered 18
to 24 hours later did not contain any denuded eggs. With the use of
phase contrast microscopy, Austin (1948), observed male and female pro-
nucleli in eggs of the rat still surrounded bi the follicle cells. This
éuthor also called attention to the earlier report of ILewis and Wright
(1935) who had found fertilized eggs of the rat with the cumlus intact.
Blandau and Odor (1949) have made similar observations with fertilized
rat eggs. These workers also report that in the rat a very small number
of spermatozoa actually arrive at the site of fertilization, This in-
formation was obtained by making sperm counts in various parts of the
female genital tract at different periods after copulation had occurreds
In this manner it was found that 12 hours after insemination an average
number of 10 spermatozoa were in that part of the oviduct (ampullae) con-
taining the egg, and within this time a high percentage of the eggs had
been fertilized.

At the present time the available evidence indicates that, although
hyaluronidase may function in the fertilization process in mammals, it
it not essential that the follicle éells be dispersed from about the egg
in order that fertilization can occure It appears that each spermatozoSn

is equipped with sufficient of the enzyme to enable it to traverse the



follicle cell mass, and thus individual spermatozoa are potentially
fitted with respect to hyaluronidase, to effect fertilization without
the assistance of others. The observations of Blandau and Odor (1949)
reveal that a high percentage of sperm that are introduced into the
female genital tract in normal copulation fails to arrive at the site of
fertilization, and this indicates that factors other than the amount of
hyaluronidase available in the vicinity of the egg are responsible for
the. success or failure of fertilization.

The possibility that factors other than hyaluronidase may be con-
cerned in sperm penetration through the cumulus ogpho:w.s in the rabblt
is suggested by the observation of Swyer (1947d) that a tubal factor :Ln
this animal disperses the corona radiata - a layer of densely packed
follicle cells which frequently remains intact when the cumuli are placed
in rabbit spem suspensions (Pincus, 1930)s In a series of experiments
Swyer found that the corona radiata was not dispersed in a2 period of 30
hours in solutions of hyaluronidase that were sufficiently active to
cause dispersal of the majority of the cumulus cells in about 25 minutes.
In another series of experiments, it was found that eggs treated in hya-
luronidaese and then inserted into the fimbriated end of the fallopian
tube were devoid of the corona radiata when recovered three hours later,
Eggs that had not previously been treated with hyaluronidase were re-
covered intact after being left in the fallopian tube for the same period.
The nature of the tubal factor could not be ascertained - tubal extracts
were without action on the corona or the cumulus. It was suggested that
mechanical factors may be responsible for removal of the corona radiatae

The presence of hyaluronidase in the sperm of animals other than

mammals has not been unequivocally demonstrated. As mentioned above it
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is absent in reptilian sperm and it is presenf, if at all, in very small
amount in fowl sperm (Swyer, 1947%). Hyaluronidase , Oor & hyaluronidase-
like factor has been reported in the sperm of the Mediterranean species
of sea-urchin, Arbacia lixula and Spharechinus granulosa, by Ruffo and
Monroy (1946) and Monroy and Ruffo (1947). These authors claim that
extracts prepared from sperm of these animals, in the manher employed
for extraction of hyaluronidase from bull testis, dissolve the jelly coat
of eggs of the same species and also of Psammechinus microtyberculatus

and Pargcentrotus lividugs. They also report that the sea-urchin sperm
extracts lower the viscosity of a mucin solution (hyaluronic acid?) and
that bull testis hyaluronidase softenj, but do, not dissolve the jelly
coat of the eggs. Egg water is claimed not to inactivate the lytic fac-
tor in sea-urchin sperm extracts., Earlier, Runnstr&n, Monne and Broman
(1943) had reported that the jelly of sea-urchin eggs is not attacked by
hyaluronidase from bull testicle. In various concentrations of the
enzyme in sea-water it was found not only that the jelly was not attacked
but that fertilization was not disturbed and cleavage occurred normally,
In this laboratory, Tyler (unpub.) has been unable to observe any jelly-
dissolving effect of sea-urchin sperm extracts, nor has he found such
extracts to possess spreading powers
E fa erm i

A methanol-soluble factor, extractable from sperm of various species
of sea-urchin was found by Runnstrim jand- Lindjrflg.;;((/{;M) to be active
on the surface of the egge Its activity was demonstrated by subjecting
unfertilized eggs, which had been treated with the extract, to hyper-
tonic sea water. As the eggs shrink the surface remains smooth, in con-

trast to controi eggs in which the surface becomes thrown into wrinkles
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or folds, Maintenance of a smooth surface during shrinkage of the egg
is indicative of a liquefaction of the egg cortex (Runnstrgm, Monne

and Broman, 1943). The active factor in the methanol extracts was found
to be dialyzable, not attacked by trypsin, slightly inactivated by treat-
ment with N HC1 at 100° for 30 minutes, and capable of causing sphering
of mammalian erythrocytese The latter property was shared by é. methanol-
soluble factor from salmon sperme. In a later communication Runn’str&,
Monné and Wicklund (1944) reported that the methanol-soluble factor from
sea-urchin sperm interfered with normal fertilization membrane formation
in varying degrees depending on the concentration of the extract, without
inhibiting the entrance of the sperm or fusion of pronuclei, Cleavage
(but not nuclear division) was more or less inhibiteds Further inves-
tigations of the action of the egg surface lysin were reported by Runn-
strdm, Tiselius and Lindvall in 1945, The presence of this agent was
claimed to have the following effects on eggs: (1) it prevents penetra=
tion of sperm into the egg without injury to the sperm and the reaction
of odeytes (immature eggs) to insemination is inhibited; (2) it causes
wfertilized, mature eggs to shrink with a smooth surface in hypertonic
sea water, and a similar effect is exerted on fertilized, uncleaved eggs;
(3) it enhances cytolysis of eggs exposed to hypertonic sea water and
favors the formation of surface blisters of lipid nature; (4) it makes
eggs more sensitive to cytolysis by hypotonic sea water; (5) it causes
eggs to fragment more readily upon centrifugation; (6) it inhibits the
usual change in form of ogcytes immersed in hypertonic sea water;

(7) it prevents gastrulation more or less completely, but promotes the
animalization of isolated animal halves. Two detergents, Duponol and

Dupont QB, and honey bee venom in appropriate concentrations, were found
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to imitate the action of the spemm factor., An extract with similar ef-
fects was obtained from sea-urchin eggs. It was suggested that the
changes conferred upon the egg surface by the lysin indicate that it is
in some manner involved in the natural mechanism which prevents poly-
spermyes Support for this hypothesis was claimed on the basis that ef-
fects similar to those produced by the methanol extracts were obtained
with seminal fluid obtained by centrifugation of concentrated sperm sus-
pensions and that an analogous factor is extractable from the eggs.
Another report published by Runnstrom and Monne (1945) describes
in considerable detail the influence of various conditions on the rate
of smoothing of mature unfertilized sea-urchin eggs, and a theoretical
discussion of the possible role of the egg surface lysin in fertilization
is presented, With respect to factors influeneing smoothing of the egg
surface in hypertonic medium, it was found that this reaction is favored
by elevated pH, sheep serum, KCN, sodium azide, absence of both Ca and
Mg (but not of either alone), and the egg surface lysin., Additionally,
it was claimed that activation of mature unfertilized eggs is accompanied
by the same kind of cortical reaction that is observed as a result of
treatment with the egg surface lysin, As mentioned above, this reaction
is interpreted by these workers as a liquefaction of the cortex. They
suggest that surface liquefaction may correépond to a first step in acti-
vation that involves the release of a surface-liquefying egg-factor
(egg surface lysin of the egg)e. The egg factor is considered to affect
primarily the vitelline membrane, and complete activation may involve
a spreading of the factor to the underlying plasma membrane., In a later
paper (1946) Runnstrim and Lindvall present evidence to show that the

methanol-soluble egg surface lysin inhibits sperm agglutination by egg
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watere On the basis of this, and the earlier evidence cited above -
principally the promotion of smooth shrinkage in lysin-treated eggs sub- .
sequently exposed to hypertonic medium, and inhibition of fertilization
by treatment of eggs with the lysin - these authors suggest that the
mechanism of the block to polyspermy may consist of cortical liquefaction
induced by release of egg surface lysin by attachment of the (first)
spermatozoon. Other spermatozoa are thereby prevented from becoming at-
tached to the egg surface. This hypothesis has been criticized by Tyler
(1948), who points out that supernumerary spermatozoa do attach to the
egg surface and remain attached (?) after fertilization.

Some inferences concerning the mechanism of the cortical liquefaction
induced by egg surface lysin, bee venom and detergents, have been made
by Runnstrdm and his co-workers, The surface of the egg was shown by
Runnstrom (1923, 1924, 1928) to contain a lipid layer., Danielli and
Harvey (1938) proposed that the plasma membrane consists of a film of
1lipid molecules with protein molecules adsorbed at the interfaces. Olman
(1944) suggests that in the lipo-protein film (plasma membrane) the pep=
tide chains of the protein constituents are oriented parallel to the
egg surface, with polar side chains directed toward the water and lipo-
philic side chains directed inward and imbedded among the hydrocarbon
chains of the lipid molecules. Unpublished experiments of Cheesman
(cited by Runnstrém and Lindvall, 1946) showed that the egg surface lysin
penetrates lipo-protein films, causing an expulsion of part of the protein
molecules and in this process liquefying the film. Bee venom, owing to
its content of lecithinase attacks the phosphatides of the egg surface
(cfo Runnstrlm, Monne and Wicklund, 1946; Ohman, 1944) causing separation

of lipids from the cell structure, which leave the egg in the form of



hyaline blisters. Egg surface lysin, according to Runnstrgm, Monne and
Wicklund (1946) acts in a manner essentially similar to that of bee venom.
The action of detergents on the egg surface is likewise attributed to
their ability to penetrate lipo-protein films and cause disruption of the
lipo-~protein complex. It is not clear from the published statements of
Runnstrgm and his co-workers whether they consider the action of the egg
surface lysin to be due to the presence in the material of a lecithinase-
like, or of a detergent-like substance. According to the work of Cheesman,
cited above, comparison of liquid-expanded films of the lysin formed at
an alr-water interface and films formed by it at an oil-water interface
suggested that at least two, and sometimes three, surface-active substances
wore present, These had, respectively, the surface properties of a phos-
phatide, a long-chain detergent and a fatty acid.

It is of interest that Runnstrim has recently (1947) reported that
in order to obtain sufficient quantities of the egg surface lysin it has
been necessary to resort to fish spermatozoa, Mackerel sperm was used
as the source material., The lysin extracted from fish sperm is considered
identical with the methanol-soluble factor obtained from sea-urchin sperm
and eggs. It appears, theréfore , that this agent is not species-specific,

Egg mepbrane lysin of marine molluscs
In 1939, Tyler reported that extracts of sperm of the giant keyhole

limpet, Megathura cremylats, contain a lytic agent which dissolves the
membrane that is normally present about the unfertilized egg of this
animal., Abalone (Haliotis cracherodii) sperm was also found to yield

& lysin which acts on the egg membrane of this species. Cross-lysis
between limpet and abalone was not observed. Von Medem (1942) confirmed

the presence of an egg membrane lysin in sperm extracts of other species
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of keyhole limpet and abalone. Berg (1949) has reported that sperm of
the mussel, Mytilus californianus, contain a lytic agent that dissolves
the egg membrane and, additionally, may dissolve material that normally
holds together the blastomeres of the cleaved egg. It was noted by

Berg that if fertilized eggs are allowed to remain in a solution of the
lysin the blastomeres round up and become almost separated. This effect
always parallels the egg membrane lysis. No other reports concerning
the occurrence of egg membrane lysins in molluscs have come to the atten-
tion of the writer. A brief summary of observations concerning the action
and properties of the keyhole limpet egg membrane as reported by Tyler
(1939) will conclude this literature reviews

The eggs of the glant keyhole limpet, when they are shed, are some-
what irregular in shape and have a rather thick membrane closely adherent
to the surface. Outside of the membrane is a jelly layer which slowly
swells in sea water to attain a diameter somewhat greater than the diameter
of the egg. As the unfertilized eggs stand in sea water the membrane
separates from the surface and after about 20 to 30 minutes in sea water
it is fully raised leaving a space equal to about one-tenth of the egg
diameter between it and the surface of the egg (see figure 1lla).

When the eggs are placed in a concentrated sperm suspension the memw
brane is observed to disappear (figure 30). The spermatozoa penetrate
the jelly rapidly and adhere to the membrane., When a sufficient number
have accumulated the membrane begins to get thinner and 1lifts off further
from the surface of the egge It then buckles in, particularly in the
‘region where there is the greatest accumulation of sperm. Presently
is vaniehes in that region while it continues to expand and thin out

elsewhere, Finally it disappears completely.
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Extracts containing an active lytic agent were obtained by freezing
and thawing a suspension of the sperm in sea water. Membrane dissolution
by an extract prepared in this way proceeds in essentially the same
manner as when living spermatozoa are employed (figure 11).

Time required for complete dissolution of the egg membrane provides
the basis for assay of lytic activity of extracts. The rate of dissolu-
tion was found to bear an approximate linear relation to dilution of an
extracts The rate of dissolution was also influenced by the jelly coat
of the eggse In the absence of jelly it was found that membrane dissolu-
tion may occur as much as 7% times faster. The presence of the jelly
layer apparently hinders diffusion of the agent,

Preliminary attempts to characterize the egg membrane lysin showed
that it is non-dialyzable and can be completely precipitated from the
crude extract with ammonium sulfate., Material thus precipitated and
dialyzed was tested by the usual protein tests and, except for the Hopkins-
Cole, all were positive., Incubation with crystalline trypsin and chymo-
trypsin resulted in inactivation of the lysin. It was also found that
alcohol precipitates and at the same time inactivates the lytic agent,
and that in distilled water its activity is soon lost. The egg membrane
lysin was found to be heat-labile - 2 minutes at 60° sufficed to inacti-
vate it.

Associated with the lytic agent in the extrécts of frozen-thawed
sperm was antifertilizin, which was precipitated with the lysin upon
addition of ammonium sulfate, Unlike the lysin, however, the antiferti-
lizin is relatively heat-stable, so that heating an extract to 60° for
2 minutes wes without apparent effect on it. On the basis of this ob-

servation, it was suggested that both antifertilizin and the heat-labile



agent may be concerned in the lytic action, one (heat-labile component)
acting in the manner of complement.

The lytic action of sperm extracts appeared to be confined to the
egg membrane, since no particular effect was noted on the development of
fertilized eggs whose membranes had been dissolved (see figure 5;), and
freshly shed unfertilized eggs whose membranes had been lysed fertilized
as readily as untreated eggs. It was suggested, somewhat indirectly,
that complete dissolution of the membrane is not a necessary prerequisite
to fertilization. It was concluded that the lytic agent appears simply

to be concerned in the penetration part of the fertilization process.



-26 -

EXPERIMENTS WITH HYALURONIDASE AND SEA-URCHIN FERTILIZIN

Reprinted from Brorocicar BurLerin, Vol. 96, No. 1, 74-89, February, 1949
Printed in U. S. A.

A MUCIN CLOT REAC%&UN WITH SEA-URCHIN FERTILIZIN

MAX KRAUSS

bt~ ‘Lf :
Kerckhoff .

';gtories of Biology, California Institute of Technology, Pasadena

P o8



A MUCIN CLOT REACTION WITH SE.

oY

: - KRAUSS
Kerckhoff Laborateries of Biology, California Institute of Technology, Pasadena

INTRODUCTION

Recent work on the fertilizins (the sperm-agglutinating constituents of egg
water) of the eggs of sea-urchins and other animals has shown them to be of the
nature of mucoproteins. Tyler and Fox (1939, 1940) showed that the fertilizins
of Strongylocentrotus and of Megathura possess protein characteristics, but are of
low nitrogen content. Similar evidence has been obtained with Arbacia fertilizin
by Kuhn and Wallenfels (1940) and with Psammechinus fertilizin by Runnstrom,
Tiselius, and Vasseur (1942). The latter workers also obtained a positive carbo-
hydrate test. Tyler (1948) reported the presence of reducing sugars to the
extent of about 15 per cent in hydrolyzed, gurlﬁed preparations of Strongylocen-
trotus fertilizin and identified ctose as one of the constituents. As will be
shown later in this paper, the present author has found hexosamine to be present
in amounts equivalent to about 2 per cent of the original material. According to
Runnstrom, Tiselius, and Vasseur (1942) and Tyler (1946) the sea-urchin
fertilizins are of pronounced acidic character.

Acidic mucopolysaccharides are known (cf. Meyer, 1945 and Stacey, 1946)
to' co-precipitate with proteins upon acidification of the native fluid or of the
neutral extracts in the form of “mucin clots,” stringy or granular recipitates,
depending upon the condlthﬁ of precipitation. This reaction is given, for ex-
ample, by hyalurdmc acid (Meyer and Palmer, 1936) and has been used in the
assay of the enzyme hyaluronidase (McClean, 1943). It was of interest to deter-
mine whether or not fertilizin preparat 1 would give thé mucin qglot reaction.
As the work reported here shows, fertilizin preparations do give such a mucin clot
reaction. A titration method, based upon this, was developed for these prepara-
tions, and comparisons made with their sperm-agglutinating activity in untreated
condition, after dialysis, and g,iter exposure to heat and to ultra-violet irradiation.

b5
MATERIALS AND METHODS

The sea-urchins Lytechinus pictus, Strongylocentrotus purpuratus and S.
franciscanus were used in these experiments. Most of the work was done with
S. purpuratus.

Two kinds of fertilizin preparations were employed. One, which will be
termed “crude fertilizin,” was prepared by acidifying a 20 per cent suspension of
washed eggs to pH 3-3.5, removing the supernatant fluid after five or ten minutes
and readjusting the pH of this solution to 7-7.5. The other, which will be termed
“purified fertilizin,” was further subjected to alkali precipitation, dialysis against
3.3 per cent acid saline (pH 3.5-4) and alcohol precipitation according to the
method described by Tyler (1948). Material prepared in this manner has been
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found to be electrophoretically homogeneous (Tyler, unpub.). For the various
tests the solutions were made up in 3.3 per cent NaCl at a pH of about 7.
Sperm-agglutinating titer of the fertilizin preparations was determined using
the drop method of preparing two-fold serial dilutions with sea water in Syracuse
watch glasses. To two drops of each dilution of fertilizin solution one drop of
a uniform sperm suspension, usually 1 per cent (calculated as 1 cc. dry sperm per
100 cc. sea water suspension), was added. The highest dilution in which agglu-
tination is observable under the microscope gives the titer of the preparation.
Tests for univalent fertilizin were made according to the method described by
Tyler (1941) and Metz (1942). Essentially, this method consists of first treating
sperm with the solution containing univalent fertilizin, which does not agglutinate
the sperm, and then adding an equal volume of strong normal fertilizin solution
3 to the suspension of sperm. Failure of the sperm to be agglutinated by the normal
fertilizin presumably indicates that the combining groups on the sperm surface
have been occupied by univalent fertilizin groups and are no longer available to
unite with the normal fertilizin. Univalent fertilizin was obtained by heating and
by irradiation with ultra-violet light of normal fertilizin preparations (cf. Tyler,
1941, and Metz, 1942).

Bovine serum albumin prepared by the Armour laboratories was used in 1 per
cent solution for the co-precipitation tests.

Hyaluronic acid was obtained from human umbilical cords according to the
method described by McClean (1943), whereby the distilled water extract of
- acetone-dried, ground cords, extracted with 90 per cent acetic acid according to
- the method of Meyer and Palmer (1936), was precipitated with 1.25 volumes of
~ cold, potassium acetate-saturated 95 per cent alcohol. The precipitate was washed
with alcohol, acetone, and ether and dried over P,O,. The dry product was dis-
solved in distilled water as required; a solution of 0.1-0.2 per cent of the dry
~ material was clear, viscous and did not form a precipitate upon the addition of
~acetic acid, but co-precipitated with serum albumin in the presence of acetic acid,
forming a stringy clot. In higher dilutions the mixture of serum albumin, acetic
cid and hyaluronic acid solution resulted in the formation of a fine precipitate or
~ turbidity. The highest dilution in two-fold serial dilutions in which turbidity was

perceptible by visual inspection was taken as the titer of the hyaluronic acid
solution.*

EXPERIMENTS AND OBSERVATIONS
Co-precipitation of fertilizin with serum albumin in acid solution

A viscous solution of crude fertilizin of Lytechinus pictus was prepared as
described above and combined with a 1 per cent solution of bovine serum albumin
in 0.9 per cent NaCl and 2 N acetic acid according to the method described by
McClean (1943) in the mucin clot test. With this solution a very large clot was
formed similar in character and appearance to the clot formed by hyaluronic acid.
Purified fertilizin preparations of Strongylocentrotus purpuratus, S. franciscanus,
and L. pictus were tested in the same manner and in each case a clot or precipi-

1 A quantity of pure potassium hyaluronate was later supplied to me by the Schering
Corporation, through the courtesy of Dr. W. Alan Wright and Dr. Erwin Schwenk.
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tate formed, depending upon the concentration of the solution. In Figure 1 a
series of photographs of the mucin clot reaction of S. purpuratus fertilizin is shown,
with the reaction given by hyaluronic acid for comparison.

By taking advantage of the biological activity of fertilizin, i.e., its sperm-
agglutinating activity, a simple test was performed which provided definitive evi-
dence that it is the fertilizin which is co-precipitated with serum albumin and not
some hitherto undetected component of the material.

d

Ficure 1. Mucin clot reactions of Strongylocentrotus purpuratus fertilizin and of hy-
aluronic acid in two-fold dilutions. a. Purified S. purpuratus fertilizin. The first tube contains
fertilizin solution and serum albumin, but distilled water instead of acetic acid. The opacity
of the first tube is due to the opalescence of the mixture. b. Crude S. purpuratus fertilizin.
The first tube contains fertilizin solution and acetic acid but 0.9 per cent saline instead of serum
albumin. c¢. The same as b with the tubes shaken prior to being photegraphed. d. Hyaluronic
acid.

A solution of purified fertilizin in 3.3 per cent saline was mixed with seruh
albumin and the pH brought to about 3.5 with 2 N acetic acid. The resulting
precipitate was thrown down by centrifugation, the supernatant withdrawn and
its pH adjusted to 7. As shown in Table I, the supernatant exhibited no sperm-
agglutinating activity.
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TaBLE 1 e
Sperm-agglutinating activity of the supernatant and of the precipitate rec eparately after the

addition of bovine serum albumin to an acidified solution of purified fertilizin,
and results of control tests

Per cent of
) ) _ sperm-agglutinaf
Reaction mixture activity*

(0.05 ml. distilled H,O
0.2 ml. 0.99% saline

fw 0.05 ml. 2 N acetic acid Supernatant: % 0

rﬁ‘ 0.2 ml. 1% bovine serum albumin in 0.9 saline Dissolved precipitate: 100
' 0.5 ml. fertilizin | 0.0 ml. distilled H,0 ' ¥ 2

in 3.3% saline * | 0.2 ml. 1% bovine serum albumin in 0.9%, saline - it - 100

i A IS ol i .

- 10.05 ml. 2 N acetic acid
0.2 ml. 0.99 saline i 100

¢ T
10.05 ml. distilled HyO %sé
?&0.2 ml. 0.9% saline, acidified and neutralized it 100
", b ’
1 0.05 ml. 2 N acetic acid Gy

2 ml: 1% bovine serum albumin in 0.9% saline ”’" ; 0

!

0.5 ml. 3.3%,
saline

*Sperm—agg!litinating activity of fer";ilizin, distilled water and O.d% saline mixture taken
as 100%. b
i

i - :
id previously been found t& the precipitate formed by the addition of

|

!

bumin to a fertilizin soluti@;&gmdiﬁed to a pH of about 3.5 dissolves com- é‘

f a pH of 5.6 or higher.. After centrifugation and withdrawal of the

atant of the material being tested, the precipitate was resuspended in 3.3 o |

per cent NaCl solution, its pH brought to about 7, and the volume' made equal to ‘&'
:

the original mixture. Upon testing this solution it was found, as is shown
in the table, that the sperm-agglutinating activity was equal to that of the original
fertilizin solution, showing that the activity was recovered quantitatively from
the precipitate. : " 4

A number of control tests were made, the results ofiwhich are summarized in
Table I. These showed that (1) co-precipitation o zin and serum albumin
does not occur in the abfs&ge of acid; (2) it does nof#decur in acidified solution in
the absence of added protein; (3) the presence bumin does not affect the
sperm-agglutinating activity of the fertilizin; (4) perm-agglutinating activity
is not affected by acidification and subsequent neutralization of the solution, and
(5) sperm agglutination does not oceur in saline solution in the absence of fertilizin,
nor is a precipitate formed when albumin and acid are added to saline. #

Quantitative recovery of the sperm-agglutinating activity from co-precipf&{ted
fertilizin and serum albumin, which is achieved by the simple expedient of rafsing
the pH to 5.6 or higher, shows that the specific combining groups of the fertilizin
are not irreversibly altered by its reaction with the albumin. The significance of

this phenomenon cannot be evaluated at the present time, however, since n-
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Titration by the mucin clot method

The method employed for titration was as follows: Two-fold serial dilutions
of fertilizin in 3.3 pe t NaCl at about pH 7 are made in 10 X 75 mm. test
tubes in 0.5 ml. quant To each tube 0.05 ml. of 2 N acetic acid is added and
the contents mixed. e tubes are inclined and 0.2 ml. of 1 per cent bovine
serum albumin in 0.9 per cent saline is slowly pipetted down the side of each tube;
after this the tubes are carefully returned to a vertical position and in most cases
a ring of precipitate forms immediately at the zone of contact between the albumin
solution and the acidified fertilizin solution. The rings are easily detected at high
dilutions in which a diffuse turb!d'ﬁv ‘is difficult to detect and score visually. The
reactions are read at once in good matural light, since the rings tend to disperse
rapidly as the albumin diffuses through the mixture. The highest dilution at
which a ring is observed is taken as the mucin clot titer of the preparation.

Effect of pH, albumin concentration and salt concentration

Numerous titrations with the same stock samples of purified fertilizin using
the method described above have given comsistently identical mucin clot titers in
the course of routine testing. It was th ht advisable, however, to carry out
some controlled tests to determine in a more definitive manner the amount of
variability in titer to be expected within a rather limited range of pH, albumin
concentration, and salt concentration. :

A sample of a purified fertilizin solution from eggs of S. purpuratus was cen-
trifuged at 3000 r.p.m. for five minutes. A slight sediment was thrown down, the
clarified supernatant was drawn off, and the pH adjusted to 7.0 with the glass
electrode. To assure maximum uniformity of different samples of the super-
natant, it was thoroughly mixed before removing an aliquot. Two-fold dilutions
were made in 0.5 ml. quantities with 3.3 per cent NaCl solution. Serum albumin
was made up in 1 per cent solutions, and the same stock solution of 2 N acetic acid
was used throughout. Various amounts of the latter two solutions were added to
different sets of tubes of the fertilizin dilutions. The total albumin and salt con-
centration in the different sets was thus altered, as noted below. The pH was
meastired with a Beckman glass electrode pH meter. After eagh titration the pH
of the final mixtures was measured in the first tube, in the tube giving the end-
point, and in an intermediate tube. The maximum difference in pH observed
within any set was 0.26 unit. The results obtained in a, series of nine titrations
are given in Table II. Each of the pH values listed represents the mean of three
determinations in each set. The total salt concentration is:expressed as per cent
NaCl. The mucin clot titers (last column of table) are the end points of visible
precipitation as determined by the ring method described above, -

As the data in the table show, no marked difference in mucin clot titer occurs,
for the most part, as a result of the differences in pH, total salt and albumin con-
centrations employed. In titration 5, the observable end-point would probably
have been at least one dilution higher had rings formed. The failure of rings to
form is attributable to the relatively large quantity of serum albumin solution used;
as noted above, in high dilutions a diffuse turbidity such as was produced in this
case is more difficult to detect visually than a ring at the same dilution. It has

o
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been found that 0.5 ml. of albumin solution is a ut the 1@ t quantity prac-
ticable for obtaining consistent ring formation. Since there always a tendency
to pipette too rapidly when a large number of tests is b rformed, it has &
proven more convenient to use 0.2 ml. of albumin solution. >

The evidence presented in Table II indicates that pH is not al
respect to observed titer within the range tested. The albumin )
not criﬁcal nor is the total salt concentration of the system in the range from 2.0
per ceift to 3.1 per cent. Below 2.0 per cent the salt concentration may %‘&a more
'1mportant factor, as shown by the hlgher titer 6bta1ned in titration 6. h
‘the total salt concentratl%l in txtréﬁbn 5is the same as that m"humber 6 |

cﬁ&t) “the two sets are no comparable for the reason meﬁgﬁg’g‘md abo ve‘; Bl o

hel 3 ) SLOF 7,

i I . . ;g g‘i‘
w) i "‘,’)‘ TAREE 11 3 ()f‘ 4] it

an fH total albumin concentration, wﬁt salt concentration and mM%t hﬁtm nine titrations
wsmg uniform samples of a homogmeous purified fertilizin prefu?aﬁlm of S. purpuratus

h—‘” INGCI' 151 ..l'.
viley | A% concentratlonT' ¥ Mean - JAEaE Tgﬁ:‘m o Much
seeieacid | Solflon | Shcudn | P fSgmraion eoncenczaon i
: " i
,. 0.05 01 | o009 3.09 - 0.15 2.7 64
.05 0.2 - £ 0.9 $30 Akt 0.2 2.4 645 o
0.05 0.3 R Gy 3.33 M8 935 2.3 64 1
0.05 0.5 0.9 3.54 047 2.0 64 0
1.0 0.9 3.74 Bes b 186 32*
" qg- 00 | 358 047 [ 16 128
A 3.3 3.58 0@7 3.1 64
0 Wy 2.6 64
) - 02" " ) 2.5 64

S

.;it;:;‘s of a fertilizin solutlon are hot] (
distilled water with consequent removal of glt (NaCl). The data to i
indicate that the physical state of the fertilizin is reversibly modified in the absence
of electrolytes, at least under certain conditions of temperature. It seems likely,
therefore, that there may exist some optimum concentration of electrolytes bet een
zero concentration and that represented by 2.0 per cent NaCl (equivalent
ionic strength of 0.34) at which co-precipitation of fertilizin and serum albus
tains a maximum. Further analysis of the effect of salt concentration on
precipitation of fertilizin and serum albumin is under way and will be

in a later communication ‘G
In the system as employed in the routine titration procedure in the present in-
vestigation, however, the mean pH, total albumin and total salt concentration fall -
well within the range for each of these factors in which identical titers are obtamed
using uniform samples of a homogeneous fertilizin preparation.

P
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ot and sperm-agglutinating f1frat1ons of fertilizin in salt- free solution
e <

gnple (1) of a stock preparation of purified fertilizin in 3.3 per cent saline
nade salt-free by dialyzing it distilled water at 1° C. until it no longer
ja precipitate with AgNO,. s found that a white, flocculent material was
in the dialyzed solution, whe

3.3 per cent NaCl solufi
-able reduction i in bot

which was kept.at/1° for the same period. A
‘,"clot and sperm-agglutinating titer of the sa,lt—
h the control was observed. . In the mucin clot tit lop,r
: \qhar%:ter of the pr 1p1t§£€ ?g:med in the salt-free preparatlon upon the a:{g;
of serum albumin in. ‘ of acid differed from that in the control in belrig
of larger particle size and?@sxécwﬁat stringy. Dli;ﬁculty was encountered in mak
sperm- agglutmatmg titrations (.Where the salt content ¢ ,the préeparation was adjustec
just prior to titration | an equal volume either of 66
per cent. NaCl or of dg on) in cases where sus-
pended -material w ed about the parttculate
matter, gn&it wa satisfactorily. Where tests were
‘which the amount of suspended ma-
fesent, both the mucin clot precipitation
anner characteristic of the control solu-
also somewhatshigher, although they d!d«ﬂ@t

g3 hters, were saved, combined, and lyophilized
en up in about 10 cc. of distilled ‘water and

; 1mately isotonic with sea water, as shown by the f&:t
* remained active when placed in it. This “dialysate-

concentrate” was 300
to be negative for b
Sample 1T behave@iﬂn all respects like sample I. ""The results of tests with the two
samples are summarlzed in Table ITI. 3
The ev1dence obtained from the present eif(penme s indicates that at tempera-
‘ tures near the freezing point (1° C.) the physical stpﬁ of fertilizin can be rever51bTy
modified by the removal of electrolytes. Macroscopic aggregates may appear ina
fertilizin preparation under these conditions, and there is a correlated decrease in
the mucin clot and sperm-agglutinating tlters.*m Under the influence of added salt
and elevated temperature (up to 21.5° C.), either separately or combined, there oc-
curs a correlated decrease in the amount of visible macroscopic material and increase
in mucin clot and sperm-agglutinating titers to values approaching those obtained
with control solutions. The negative results of tests with the “dialysate-concen-

i
&
ke
kN
2

trate” show that there was no actual loss of fertilizin during'dialysis. 359G
: ROk 4 by .
Analysis of g’[)uhﬁed fertih;?ﬂ% :‘f’, g olgenn =i gl
i TS Dt Im Lo ‘, { }"‘ ;1

The co-pmta«hén,ﬁ}ferﬂhzm Wlth protf:m in acidic solution in a manner a
ogous to the behavior of acid mucopolysaccharldes suggests affinity of fertllmm w;,th
this class of substances. It has recently been claimed, moreover, that a prepqratlon

ereas no such ﬂocculence was evident in the -

ition

‘more concentrated than the original dialysate, but proved
‘mucin clot formation sperm-agglutinating activity.

“for the control Solution. 4‘ g

txl salt—free ThlS time the first five changes § i
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_ TasrLe III
Results of titrations of salt-free fertilizin preparations of S. purpuratus after various treatments
k "‘%i & " | Sperm- agglutinating Mucin clot,
i Bt 1 Fertilizin Treatment after remmom d'ialysxs ta.tra gen figl ttration
. preparation : bath at 1° ¢ - e
% LioH Titer ~ pH Titer
11 | None " 52 8
w2 T Salt content ad;usted to 3 3% NaCl. | #Z 64 |
Ak s i pH adjusted : 1l
e, Tf " i Salt content adjusted to 3 3% Na.Cl SeF 5.2 16
2 R TP s at 21.5° C. s 16
Sli s e #9125 hrs. at 21.5° C. pH adjusted) (| el 7.2 16
O1ii6 L Dialyzed vs. 3.3% NaCl at l*fﬁiﬁ 7.0 64 7.0 16
. (fm‘ 2 hrs.;at 21.5° C. pH adjusted ; s 5013
f 17 Dxalyzed &8, 3.3% NaCl at 1° C, 1024 | 745 32
24 hrs. at 8° C. pH adjusted b
I Control. Not dialyzed vs. distilled 512 7.4 64
water. pH adjusted
11 1 hr. at 21.5° C. pH adjusted - 6.9 32
II Salt content adjusted to 3.3% NaCl. | 6.9 512
1% 3 hrs. at 21.5° C. pH adjusted
i 1 Salt content adjusted to 3.3%, NaCl. 6.9 64
e el 1 hr. at 21.5° C. pH adjusted :
12 G A1 Control. Not dialyzed against dis- | 7.3 1024 3 128
'Tf'" ! tilled water. pH adjusted '
“5;.

from buﬂ m&tes, presumably containing the enzyme hyaluronidase, is capable of
causing the feily of intact sea-urchin eggs to swell (Ruffo and Monroy, 1946 ; Mon-
roy and Ruffo, 1947). It was of interest, then, to attempt to determine the extent
to which fertilizin may be chemically ﬁmlar to hyaluronic acid. The few avail-
able data, which have been reviewed brle@"m the introductory section, indicate that
fertilizin is by no means identical with hyaluronic acid. The present investigation
has shown that fertilizin differs from hyaluro id to a marked degree with respect
to t’he two chief constituents of the latter substa ice, hexosamine and glucuronic acid.

' Dt 7'ﬁ<;<j‘;J in preparation in 3.3 per cent NaCl
1In the present instance the supernatant fluid was
' 'ﬁle pH of the filtrate was adjusted to 7 zmd

i

2 i"

Filtrate 2 H Hydrolysate
Dr%t .’{%txﬁ*(f j Glucuronic Hexosamine, a-amino
et LITCE | acid per cent acids
¢ mg./ml. per csn‘;}.w.:
i 3
8.95 4.1 none 1.6 positive
i Ninhydrin

e
S
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mucin clot and sperm-agglutinating titers were obtained. Aliqu oﬁth%ﬁlérate
were taken for the various analyses, wh;chu included determinations f dry weight,
total nitrogen, hexosamine, a-amino acids and. ronic acid. The results of the
analyses are presented in Table IV. Dry weight per ml. was calculated from the
weight of material precipitated from an aliquot of the filtrate with 1.25 volumes of
cold 95 per cent alcohol. According to Tyler (1948), precipitation of fertilizin is
complete under these conditions. The precipitate was washed with alcohol and
dried in an oven at 55° C. to constant weight. Total nitrogen was determined for
duplicate samples of the dried [.T;ecipitate by the micro-Kjeldahl method. Another
portion of the dried material was hydrolyzed by boiling in a sealed tube with 4N
HCI for eight hours. Hexosamine was determined in an aliquot of the hydrolysate
by, the method of Palmer, Smyth and er (1937). Another portion of the
lysate was treated with Ninhydrin re t for the determination of a-amino
. For the determination of glucuronic the colorimetric method recently
ibed by Dische (1947b) was employed, uSing a'_”’%ample of the original filtrate,

v
o
o

1.'90 5 H , .'.‘: .1. ™
: Fertilizin

& {:9f '

' 450 460 470 480 490 500 5I0 520 530 540 -

W 1153 ey CREERR ALY W
WAVE LENGT %, batts

Ficure 2. Absorption curves of reaction mi of ma ,'_“thioglycolic acid-fertilizin
and mannose-thioglycolic acid-hyaluronic acid.

; lengths in mp. Fertilizin AEwGio-ws0 =
—0.097; hyaluronic acid AE io-ss00 = + 0.115. ] i .

3

and for comparative purposes, a selution of pure-potas “hyaluronate (Schering)
was tested at the same time by the same method. According to Dische, the reaction
of carbohvdrates with -SH compounds in H,SO _»vdﬁ‘cirdiﬁerentiates between vari-

ous eclasses of carbohydrates and individual hekosesiand hexuronic acids, is highly
characteristic for glucuronic acid when mannose is yed. This reaction is the
basis of the test. The reaction mixture with glucuronic acid gives a typical absorp= .

tion curve in the range 450-540 my, and it was found by Dische that the curve

_hyaluronic acid is almost identical with that of glucuronic acid. In practice, accord-
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g.to Dische, it is only necessary to measure the intensity of the mzose reaction l;w
0 and 480 mp and subtract the second value from the first. « Thisidifference is 5
e for glucuronic acid and polyglucuronides, and negative for the other he
ids. Figure 2 shows the absorption curves for fertilizin and for
he difference between the intensity of the mannose r
at 510 a@d that at 480 mp is negative, and hence it may be cone
~ does not contain glucuronic acid. This result is in agreement v (
E .~ obtained ‘by Tyler (unpub.) wusing an earlier method ofiDische’s”(1947a). As
; shown in Table % fertilizin does contain hexosamine, but in small amount, which
is in agreement with earlier results obtained by the present author using Kunitz's
(1939) method. The Ninhydrin reaction was very weak but probably positive.
Total nitrogen (4.1 per cent) of this material is somewhat lower than has been re- i
ported previously for S. purpuratus fertilizin by Tyler and Fox (1940), whq&found
an average total nitrogen content of 5.2 per cent with crude preparations. |
These data show that fertilizin differs markedly _
chemical constitution. It is obvious, therefore, that t it i ucin
clot reaction does not by any means md%?e close simﬁaﬂfy between ferti ankgg
hyaluronic acid, even though it may be evidence that the former is relatedito the'
group of acidic mucopolysaccharides. i
At the suggestion of Dr. Albert Tyler, the muecini clot titration proc
used in conjunction with sperm- agglutln&tlng titrations to investigate
of various kinds of treatment on fert;lhzm In the following sections the
parallel titrations of preparations {ai ]ectét# to heat and to ultra-violet -
are presented. o

=

Parallel titrations with heai-treate d fe

riilizin s#wns ﬁi "

According to Tyler and - (1940)," the sperm-agglutinating: actwltg of
Strongylocentrotus purpuratus 111zmg§, rapldly destroy@d atf00°§C. TheFrate
of inactivation, according to these authors, is a function of the pH, the femlmn be-
ing most stable in the range from 4 to 7. Their data show
glutinin is 95-100 per cent 1nact1vated in 20-30 minute
experiments in which S. purpuratus purified fertilizin solui
arations have proven to be considerably more heat-stables
Tyler and Fox. Since the solutions employed by Tyler:
crude fertilizin as defined in this paper, it may well be that
dition of the fertilizin in the present preparations accou

Initial loss of agglutinalg%ctivity does not appear to"
tion of fertilizin. At first the agglutinating fertilizin is converted into a “univalent,”
non-agglutinating form (cf. Tyler, 1941, Metz, 1942). It was of interest, accord-
ingly, to test samples of heat-treated fertilizin for their umvalenﬁg’ (inhibition) titer
as well as for their sperm-agglutinating and mucin clot titers.” The method em-
ployed for detecting univalent fertilizin has been briefly described in an earlier sec-
~ tion of this paper; determination of inhibition titer consists in determining the
: _greatest dilution im which no agglutination occurs upon the addition to the test dilu-
tions of equal amounts of normal (untreated) fertilizin solution (Metz, 1942).

In the first experiments 1.5 ml. samples of the stock purified fertilizin solutions
were placed in 13 X 100 mm. test tubes and immersed in a boiling water bath. The
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exposed p cooled by means of a stream of air saﬁhat heating
could be co dswithout appreciable loss of fluid. *{Since sperm
are quickly® ightly hypertonic medu“ the fact that the sperm

remained active in the solutions that had been heated was assumed to indicate that"
evaporation of water from tliiuruhes during heating was insignificant. A thermom-
eter placed in the water: bathﬁmth the tubes showed that the temperature of the
bath fluctuated between 96° and 98° Ca i

In later experiments a quantity ofﬂfertxhzln solution large enough to permit
the withdrawal of a number of 1.5 ml. sﬁ:ples was placed in a flask with a reflux
condenser attached by means of a ground glass joint. The solution was refluxed
and loss of water was thus kept to a minimum. The temperature of the boiling
fluid in the flask could beiumed to be about 100° C. A considerable excess of
solution was used so that its concentration would not be significantly affected by
- the slight amount of water that failed to. run back down. Before withdrawing s
sample, the neck of the'flask and the lower parw the condenser were cooled with
cold water from a wash bottle. . In all of the exﬂrlments the pH of the fertilizin sol-
utions was adjusted with the glass electrode just before heating was begun; a con-
trol sample was allowed to stand at room temperature throughout the total time of
heating. As each sample was removed from the water bath or from the reflux flask,

8 & 1 b i

: ‘i’ll » f. TABLE Y4 R 3 =
mhons of heat-treated, purified femlum grcpamtwq.s of S. purpumtus

o
¥

.+ Results of pm:a.l :

Titer
- i . Temipera- L . ™
plr:-’ee;:rl;ztxin ! ,;_!In Saple dggrree'es Ttllgnlxersin F;;‘gl. Sperm Muci
g = Cent. agglutina- crotm Inhibition
1 oy : E; i tion
B a 9698 f 05 e | 256 64 o
# % ; 96-98 1.0 - 64 64 —
; & _room 1.0 - 512 64 e
‘ I1* 7.85 196-98 4.5 224 16 64 L=
“"g room 4.5 — 1256 64 o
I | a4 a 9698 | 3.5 = 128 256 | 0
J b 96-98 5.5 — 64 64 32
. Control room 5.5 — 1024 256 —
W | LS al 100 2.0 7.5 4096 512 —
o e 100 3.0 7.2 4096 512 @' | =
. 100 5.0 75l 2048 256 —
d 100 6.0 L. 2048 256 0
e 100 135 7ot 1024- - 256 0
;20‘48*"*
Control | room | 7.5 | 6.8 | 4096 L2, frr
* Individual 1.5 ml. samples heated in water bath. B
** Dashes indicate not tested. Zero 1nh1b1t10n txter lqdmtes testeﬁ:t inhibition not

detected.
*#* Samples (1.5 ml.) withdrawn from refluxed solution,
*k% A {race reaction probably present in the higher dilution.

o



it was placed 1mmed1ate1y in the
heated sample was recorded hefore it w § . A
soon thereafter as possible. The results of the experlments are presented i 11 Table

M
As may be seen from the table, reduction of sperm-agglutinating titer by heating
is not necessarily accompanied by parallel reduction in mucin clot titer. Thus, for
example, samples Ila and IIla, heated for 4.5 and 3.5 hours respectively, showed
no significant reduction in mucin clot titer although the sperm-agglutinating titer
of the former was reduced to about 6 per cent and that of the latter to about 12 per
cent of the original values. Sample I1Ib was heated for 5.5 hours with a reduction
of sperm- agglutinating titer to approximately 6 per cent of its original value. In
%13 case the mucin clot titer was reduced to 25 per cent of the original value.
samples IVa-IVe show a more nearly parallel reduction of sperm-agglutinating
\ gd mucin clot titers than any of the others. Preparation IV was refluxed. After
"-’Q%iling for 7.5 hours the sperm-agglutinating titer was reduced to 25-50 per cent of
~ ‘the original value and the mucin clot titer was reduced to about the same per cent
. of the original value. Sample IIIb was the only one which gave an inhibition
(univalence) titer. In the samples which were tested for mh1b1t10n but in which
none was detected (I1Ia, IVd, IVe), it is probable that insufficient univalentéfertili-
zin was present in the high dilutions to permit detection. The inhibition test is
unambiguous only in dilutions containing sufficient univalent fertilizin to react with
most of the added sperm. In the High dilutions enough sperm remain uncombined
to be agglutinated upon the addition of normal fertilizin and thus obscure the slight
~amount of inhibition that may be present. In the present experiments, sample IIIb
, . was the only one in which sufficient univalent fertilizin was produced in the lower
#  dilutions to give clear-cut evidence of inhibition. Since the inhibition titer of IIIb
f was 32, while the mucin clot titer was 64, it appears that the mucin clot reaction of
- fertilizin does not depend upon maintenance of the multivalent condition. Stronger
~ evidence to support this view was afforded by experiments in which fertilizin was
 irradiated with ultra-violet light.

Parallel titrations with ultm—wolet Wradzated purified fertilizin preparations
ik O o iR .

Metz (1942) showed that univalen ilizin is ‘produced by irradiation of

normal (multivalent) fertlhzm by ultra-violet rays. In the present experlments

ultra-violet irradiation wa carned out in an apparatus consisting of glass tubing,

150 X 35 mm., fitted on mid-section of a 15 watt General Electric “Germicidal”

lamp, the dlameter of which is 25 mm. The major part of the output of tlys lamp

is concentrated in the 2537 A wave-length band. The space between the outer wall

of the lamp and the inner wall of the tubing is the irradiation chamber. The chamber

and lamp assembly is mounted on a motor-driven rocker. An opening in the top

of the chamber, which can be closed with a rubber stopper, permits the introduction g,

and withdrawal of fluid. The chamber is cooled by means of a small electric fa b

mounted on the rocker platform; when the fan is in operation the temperature o

fluid inside the chamber does not rise above 35° C. during irradiation.

E In the first experiment, a purified fertilizin preparation of S. purpuratus, the pH

of which was first adjusted to 7, was irradiated for a total of 2.5 hours. It was
found, as shown in Table VI, that the sperm-agglutinating titer was reduced to
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nivalence present in this sample by inhibition test buﬁiter not obtained.

e
TasLE VI
Results of ultra-violet irradiation of purified fertilizin
Fertilizi s Triti 1 Time c_:f . Spgrm. Mucin P
preparation | mo. | o pH | imediation | Rl agglutination| elot | Intiplien

I Control | 7.0 -4 e . 256 64 -
il 7.0 2% — 4 32 —*

1T Control 7.67 —— 6.60 1024 1024 —

i 7.67 41 0.2 0 1024 128

ik 2 7.67 6 5.49 0 1024 128
g 5 7.67 73 5.49 0 512 4
P A 4 7.67 9 5.49 0 256 4

ut 2 per cent of the original value and the mucin clot titer was decreased to 50

er cent of the original. Tested by the inhibition method, the irradiated prepara- 9
‘tion was found to contain univalent fertilizin. The inhibition titer of this sample

- was not obtained. In a second experiment, a quantity of the fertilizin preparation
‘which was found to be very heat-stable with respect to its sperm-agglutinating activ-
ity (preparation IV of the preceding section) was irradiated. The pH of the solu-
tion was first adjusted to 7.7. Small portions (1.5 ml.) were withdrawn at inter-
vals up to nine hours; the first sample was removed after 4.3 hours of irradiation.
A control sample was allowed to stand in natural light (filtered through window
glass) at room temperature throughout the entire period of irradiation. Immedi-
ately upon the removal of each sample from the irradiation chamber, its pH was
measured with the glass electrode, and then it was placed in the freezer. All of
the samples, including the control, were stored in the freezer until the titrations could
be performed. As shown in T% I, all of the irradiated samples showed com-
plete loss of agglutinating activity. Tested by the inhibition method, all of them
were found to contain univalent fertilizin. The inhibition titers showed a progres-
sive decrease as time of irradiation was increased. The mucin clot titers also
showed a progressive decrease with increased time of irradiation. After nine hours
the mucin clot titer was reduced to 25 per cent of its original value, and the inhibition
titer was reduced to about 6 per cent of the value found after 4.3 hours of irradiation.
The results of these experiments demonstrate conclusively that the mucin clot
reaction of fertilizin does not depend upon maintenance of the multivalent condition.
They also show that ultra-violet irradiation is a more effective agent than heat in
converting multivalent, purified fertilizin to the univalent condition. The progres-
sive decrease in inhibition titer found in the second experiment indicates that degra-
dation of the fertilizin by ultra-violet light proceeds beyond the stage in which it ex-

hibits univalence.

DiscussioNn

In general it may be said that the mucin clot titer of untreated fertilizin prepara-

rations parallels their sperm-agglutinating activity. Sperm agglutination is usually

: detectable in higher dilutions than is the mucin clot reaction where the latter is ob-
‘i served by the ring method used in the present experiments. s

.
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Destruction of the sperm-agglutinating activity of fertilizin is not neeessarily ae-
companied by a reduction of mucin clot m?velseh however, it is clear that
fertilizin which has been subjected to trea t causes a reduction in mucin clot
titer, for example heating or irradiation by ultrﬁ‘iolet light for extended periods,
will invariably show at least a parallel decrease in sperm-agglutinating activity. It
has been shown in the experiments with ultra-violet irradiatien that the capacity of
the fertilizin to agglutinate sperm may be completely destroyed with but little, if
any, loss of its ability to give the mucin clot reaction. The evidence shows that when
the agglutinating (multivalent) form is degraded to the non-agglutinating (uni-
valent) form, the latter continues to co-precipitate with protein in the mucin clot
reaction. If a preparation in which all of the fertilizin has been made univalent is
subjected to continued irradiation by ultra-violet light, a progressive decrease in

The phenomenon of sperm agglutination by fertlizin has been interpreted by
Tyler (1941, 1942, 1947, 1948) as an antigen-antibody type of reaction in which
complementary combining groups of a substance (antifertilizin) on the surface of
the sperm cells unite in “lock and key” fashion with the combining groups of
fertilizin. Where a number of such combining groups are available on the surface of
the fertilizin molecule, agglutination occurs as the result of the building @p of a
lattice, as postulated for analogous immunological reactions by Heidelbergé#® (1938)
and Marrack (1938). The formation of univalent fertilizin is brought about by
various agents—e.g. heat, ultra-violet light, x-rays—which, according to Tyler
(1941), split the molecule into fragments, each of which contains a single combining
group. These fragments are still of large size, since they are non-dialyzable (Tyler,
1941). They are also capable of co- prec1p1tatmg with protein in the presenge of
acid, giving the mucin clot reaction.

.. The ability to give the mucin clot reaction is, at least i the case of hyaluronic
acid, presumably a function of the degree of polymerization of the molecule (Meyer,
'1947 ). Depolymerized molecules are incapable of giving the reaction. Although
jertilizin has been shown to be very different from hyaluronic acid in its chemical
~composition, the fact that it co-precipitates with protein in acid solution in an analo-

§;» both mucin clot and inhibition titers oceurs.

. gous manner suggests that it may be similar in its physical structure. Thus, fertili-

,‘.zm may noﬁ'nally exist in a polymerized condition. Sperm-agglutinating activity
~may, then, a accompany a range of polymer size, and the univalent condition may rep-
resent a state of polymerization with which but a single combining element is as-

ciated. Degradation of multivalent fertilizin to the univalent form would then
enfail a progressive splitting off of relatively stable univalent units. The evidence
from the experiments with ultra-violet irradiation i@ates that the univalent form
is in fact the more stable, since complete conversion £ univalence was observed after
4.3 hours of irradiation, whereas even after nine hours both the inhibition and
mucin clot titers retained significant values.

SUMMARY

15 Preparatlons of fertilizin of three spec1es of sea- drchm have been found to give
a mucin clot reaction similar to that gi )
bovine serum albumin to an acidified solutmn 0f

lizin, a precipitate forms which

dissolVes at a pH of 5.6 or higher. All of the sperm-agglutinating activity accom-

¥ 7

¥

acid. Upon the addition of -
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es the preclpltate ﬁ?ﬂd it is recovered qhantltatlvely when ﬂah precipitate is dis-
L A method for the determmatlon of mucin clot titer of fertilizin is described.
3. At temperatures near the freezing point (1° C.) the physical state of fertilizin
be reversibly modified by the removal of electrolytes by dialysis. Macroscopic
egates appear, accompanied by a parallel decrease in mucin clot and sperm-
glutinating titers. Disappearance of the aggregates is accompanied by an increase
h titers.
Chemical analysis of fertilizin shows that it contains no glucuronic acid, about
ent hexosamine and amino acids. Fertilizin, therefore, differs greatly from
fonic acid, but its ability to give the mucin clot reaction suggests an affinity with
lass of mucopolysaccharldes %
5. In general, mucin clot titer parallels sperm- agglutmatmg titer of the same
untreated fertilizin preparatlon although sperm agglut111at1o1r is detectable in hlgher
dilutions than is the mucin clot reaction where ygxe latter is observed by the ring
method used in the present experiments. " ,
6. Parallel mucin clot and sperm- agglutmatmg titrations were made with fertili-
zin preparations in untreated condition and after exposure to heat and to ultra-
violet irradiation. The purified preparations used in these experiments proved to
be exceptionally heat-stable ; irradiation by ultra-violet light was found to be a%ote R
‘effective treatment in degrading the material.
7. Destruction of the sperm-agglutinating activity of fertilizin by heat and by- -

clot titer. The mucin clot reaction continues to be given by preparations in
which all of the fertilizin has been converted from the normal, agglutinating con-
dition to the non-agglutinating, “univalent” form. Continued irradiation of the
univalent fertilizin is accompanied by a progressive decrease in both inhibition and
mucin ‘clot titer. 2

8. It is suggested that fertilizin may uormally exist in a polyme1 ized gondition an
that the non-agglutinating, “univalent” condition may represent a relatively more"
stable lower polymer of the native, agglutinating form. : g
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2¢ Effect of sea-urchin sperm extracts and hyaluronidase on the

mucin clot reaction of fertilizin
After it was found that fertilizin gives a muein clot reaction, it

was of interest to determine whether this could be prevented by prior
incubation of fertilizin with sea-urchin sperm extracts or hysluronidase.
Several sperm extracts were prepared and their effect on the mucin clot
reaction testeds An active hyaluronidase extract was prepared from

bull testes and this was tested for its effect on the fertilizin muein
clot reaction. The various extracts were also tested with the preparation

of hyaluronic acid, described in the first sections

Breparation of sea-urchin sperm extractg
Sperm of two species of sea-urchin, Strongylocentrotus purpuratus
and Lytechimus pictus were obtained dry by allowing the excised testes

to shed through silk bolting cloth into a dry wvessel.

Three methods were wused for the preparation of the extracts. Each
of these is effective in the extraction of active hyaluronidase from
memmelien testis or sperm.

The first of these procedures was that of Claude and Duran-Reynels
(1937). Dry sperm was combined with an equal volume of M/10 acetic acid
and allowed to stand in the refrigerator overnight. In the morning the
suspension was centrifuged and cold acetone added to the supernstant.
The precipitate was treated with a small quantity of distilled water.
The resulting extract, after removal of the undissolved residue, was
used in the tests,

The second procedure was that deseribed by Hahn (1943). Following
this method, an acetic acid extract of dry sperm was subjected to frac=-
tionation with ammonium sulfates The final preperation corresponded to

Hahnts Solution I,
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The third method used in this investigation was a modifiecation of
the procedure described by Perlman, Leonard and Kurzrok (1948) for the
extraction of hyaluronidase from rat sperme The main feature of this
method was that extraction was accomplished by freezing and thawing
the sperm in a hypotonic medium (sperm suspension diluted with equal
volume of distilled water). The extract so obtained was dialized with
distilled water until it was salt-free,' and then lyophilized. The result-
ing dried powder was treated with sea water overnight and the extract
from this material, after removal of undissolved residue, was used in
the testse

Bull testis extract was prepared from fresh bull testes, obtained
from the Cudahy packing plant, by the method of Hahn (1943) and corres-
ponded to his Solution I. This preparation contained active hyaluronidase
as determined by a mucin clot prevention test with hyaluronic acide It
was also effective in dispersing follicle cells from mouse ova in yitro.

In addition to the sea-urchin sperm extracts whose preparation is
outlined above, & mmber of antifertilizin containing extracts that had
been prepared by Dr. Tyler were tested for mucin clot preventing action.
These extracts had been variously obtained by freeze-thawing and by acid
extraction of sperm suspensions (cf. Tyler, 1939; Tyler and O'Melveney,
1941).

In order to have a check on the possibility that a hyaluronidase-
like agent may be present in the sperm or seminal fluid of sea-urchins,
but inactivated by the various extraction procedures, tests were made
with suspensions of live sperm and with seminal fluid from concentrated
sperm suspensionse

Finally, an extract of whole testes of S. purpuratus prepared by

the method of Claude and Duran-Reynals was tested.
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Mucin clot prevention tests
For the tests with fertilizin, 0.5 ml of a purified fertilizin

solution, 3.3 percent in NaCl at a pH of 7 was combined with an equal
volume of extract, the pH of which had been adjusted to 7. The mixture
was allowed to stand 30 minutes to 1 hour at room temperature. In some
cases the mixtures were placed at 37° for 30 minutes, At the end of the
incubation period 0.5 ml of a 1 percent bovine serum albumin solution

in 0.9 percent saline solution was added and then 0.2 ml 2N acetic acid
for a final pH of 3 to 345 The reaction was scored after 30 minutes.

In these tests no attempt was made to get ring formation such as was done
in the experiments described in section 1. For the tests with hyaluronic
acid, a 0.1 to 0,2 percent solution of hyaluronic acid in distilled water
was used.

Resultse All of the extracts of sea~urchin sperm, as well as of
sea-urchin testis and seminal fluid, and bull testis hyaluronidase, were
found to be ineffective in preventing the mucin clot reaction of the
fertilizine, In none of these tests was it possible to observe any dimine
ution of the clote As a matter of fact, in many cases, including the
tests with seminal fluid and whole sperm, the clot was enhanced rather
than diminished. Similarly, when tested for prevention of the muein clot
reaction of hyaluronic acid, the sea-urchin Sperm extracts again proved
ineffective, and here too, the reaction was often enhanced. Only in the
case of hyaluronic acid and bull testis preparation was clot formation
prevented.

Since other evidence was at hand (cfe section 5) which strongly
suggested that none of the sea-urchin sperm extracts that were tested
for mucin clot-preventing action were capable of dissolving the intact
jelly hull of sea-urchin eggs, it did not appear profitable to continue
this phase of the investigation.
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It did seem important, however, to attempt to obtain more definitive
results with hyaluronidase. For this purpose a purified preparation of
bull testis hyaluronidase was obtained from the Schering Corp. Instead
of using this in further mucin clot prevention tests, however, it was
decided to attempt to develop a test analogous with the turbidity reduc-
ing test used in assay of hyaluronidase activity with hyaluronic acid as
substrate. A quantitative basis for this test is provided by photometric
measurement of the stable colloidal turbidity resulting from reaction of
dilute or purified hyaluronate with acidified protein solution,

From observations made in connection with the mucin clot reaction
of fertilizin it seemed probable that the turbidity produced by reaction
of dilute purified fertilizin and acidified serum albumin solutions was
suffieciently stable to enable reproducible'deteminations of optical den-
sity to be made photometrically. As will be showm in the next section,
this was found to be the case,

3e i a - fe

Preliminary tests with dilute solutions of fertilizin mixed with
acidified bovine serum albumin indicated that reproducible results could
be obtained by photometric measurement of the turbidity using a Beckman
spectrophotometer at 580 mu, An attempt was therefore made to determine
the optimum conditions for turbidity development.

In hyaluronic acid systems, Dorfman and Ott (1948) found that maxi-
mum turbidity of & solution containing 40 micrograms of hyaluronate per
ml was produced at a pH of 3.8 in the presence of an excess of albumin
and with the ionic strength at a minimm consistent with adequate buffer-
ing capacity.

In a series of tests with fertilizin the optimum conditions of pH,

total salt content and albumin concentration were determined for mixtures
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containing up to 40 microgrems of fertilizin per ml. It was found that
with these quantities of fertilizin there is a linear relation between
fertilizin concentration and density of the turbidity.

The methods used and the results obtained are described in the
following sectionse
Optimm pH for the turbidity reaction

A stock solution, 3.3 percent in NaCl, containing 1.75 mg purified
fertilizin per ml was used for all of the tests. For the pH determina-
tions, a portion of this was diluted with 3.3 percent NaCl solution to
e concentration of 0.2 mg per ml,

For the tests, 1 ml aliquots of the fertilizin solution were pipetted
into each of a number of 15 X 125 mm test tubes. To each tube was then
added 4 ml of 1 percent bovine serum albumin in 0.2M acetate buffer,
making a total volume of 5 ml, containing approximately 40 micrograms of
fertilizin per ml, and 8 mg of serum albumin per ml, The pH of the buf-
fer in each of the tubes had been individuelly adjusted so that pH incre-
ments of 0e2 to 0.4 unit were obtained over the range from 3.6 to 52
The final pH of each mixture was checked with the glass electrode. After
the mixtures had stood for 30 mimutes at room temperature, readings were
made with the Beckman spectrophotometer at 580 mu, At least three read-
ings were made with each mixtures Fertilizin (40 y per ml) in 1 percent
albunin solution 0.2M in sodium acetate at pH 7 was used as & blank,

As shown in curve I in figure 3, maximum turbidity is attained at
jo): WANA t0 4+5 when the system contains 25 to 40 micrograms of fertilizin
per ml.

Interesting results were obtained when systems containing smaller
amounts of fertilizin, but otherwise identical with that containing 4O

micrograms per ml, were examined. As shown by curves #II, III, IV and V
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in figure 3, with lower concentrations of fertilizin there is a corres-
ponding broadening of the pH range over which maximm turbidity is
developed. With about 12,5 micrograms per ml, and less, practically
uniform' turbidities are obtained from approximately pH 4.4 to 4.8, the
turbidity decreasing above and below these values,

Another interesting feature of the results of these tests is that
the reaction between fertilizin and serum albumin occurs not only on the
acid side of the isoelectric point of serum albumin (pH 4.8 for bovine
serum albumin, according to Cohn, 1941) but on the alkaline side as well.
In this respect the reaction resembles that in which inorganic and organie
anions are bound by serum albumin on both the alkaline and acid sides of
the isoelectric point of the protein (¢f. Brand and Edsall, 1947).

Evidence from electrophoresis experiments (Runnstrém, Tiselius and
Vasseur, 1942; Tyler, 1948) shows that fertilizin is of pronounced acidic
character and Tyler found that it migrates to the anode with practically
constant velocity from pH 846 to 2. Within the pH range investigated
in the present study then, fertilizin behaves as an anion. In this res-
pect, it is comparable with other organic ions which react with serum
albumin in the manner described.

According to a number of authors (cf. Brand and Edsall, 1947; Teresi
and Luck, 1948, for references), the combination of protein with organic
ions apparently depends upon both electrostatic and Van der Waal's forces,
On the acid side of the protein isoelectric point positively charged
groups in the albumin molecule, belonging, for example, to lysine or ar-
ginine, or any free o -amino groups are especially important. On the
alkaline side of the isoelectric point Van der Waal's forces predominate
until a pH is reached at which repulsion between the protein and anion
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overcomes these forces (Teresi and Luck, 1948)s In the case of the ferti-
lizin-serum albumin complex, it has been found that dissociation is
complete at about pH 5.6 (cfe section 1)e The turbidity curves shown
in figure 3 fall off more or less rapidly above pH 4.8

The decrease in turbidity observed below about pH 4.4, which is
especially marked in systems containing 25 micrograms of fertilizin per
ml and more (to 40 micrograms per ml) is not so readily interpretable.
A possible explanation is that the net negative charge of the fertilizin
molecule may decrease at lower pHe This assumption is not in harmony
with the results of electrophoresis experiments (Tyler, 1948b), but Tyler
has expressed the view (personal communication) that the mobility data
from these experiments may be open to revision, The presence in fertilizin
of amino acid residues (Tyler, 1948b) suggests that these may influence
the reaction with protein,

The data (figure 3) show that development of maximm turbidity at
a more or less sharply defined pH depends upon the concentration of ferti-
lizin, where albumin is present in excess, Thus, for example, with from
about 3 to 6 micrograms of fertilizin per ml, essentially identical tur-
bidity values were observed from about pH 443 to 4.8, decreasing outside
of this range,s This is of interest since it shows that the ratio of the
concentrations of fertilizin and protein must be taken into account in

assessing the significance of the pH effect on the reaction. Further

investigation of this phenomenon was not underteken,

Two sets of determinations of the effect of electrolyte concentra=-
tion of the fertilizin-serum elbumin system on turbidity development were
mades In each of these, the pH was maintained at 4.5 by the use of ace-

tate buffer, For this reason, the minimum salt content was established
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by the minimum concentration of buffer, In each case this was 0,1 molare.
In one set, the salt concentration of the different mixtures was varied
by adding NaCl in appropriate amount; in the other by using various con-
centrations of acetate buffer. The albumin concentration was the same
in all the mixtures - about 8 mg per ml. The fertilizin concentration
in each mixture was approximately 25 micrograms per ml,

For the preparation of the fertilizin solution, a portion of the
stock solution (175 mg per ml in 3.3 percent NaCl) was diluted to 0.5
mg per ml with 0,IM acetate buffer, pH 4.5 The solution was dialyzed
against a large volume of buffer, and made to 4 times the original volume
with buffer. For the tests, 1 ml aliquots, each containing approximately
0.125 mg fertilizin, were mixed in each of several 15 X 125 mm test tubes
with 4 ml quantities of 1 percent serum albumin in pH 4.5 acetate buffers

For the first series of determinations, aliquot portions of a 1 per-
cent solution of serum albumin in 0,1M acetate buffer at pH 4.5 were
combined separately with weighed quantities of NaCl in each of several
5 ml volumetric flasks, After making to volume, 4 ml of each of these
solutions were combined with the 1 ml fertilizin aliquotse The amount
of NaCl in the wvarious albumin solutions was calculated to give the follow=-
ing total salt concentration in the final mixtures (expressed as ionic
strenth): 0.1 (no NaCl), 0.16, 0,22, 0426, 0432, 0.38.

For the second series of determinations, the salt content of the
mixtures was varied by employing 4 ml of 1 percent albumin solution made
up in concentrations of pH 4.5 acetate buffer calculated to give final
concentrations in the different systan'xs of 0.1M, O¢2M, 0.3M, 0.4M, 0.5M.

Readings were made as before, with the Beckman spectrophotometer
at 580 mu, after the reaction in each tube had been allowed to develop

for 30 minutes at room temperature.
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The two curves shown in figure 4 illustrate the results of these
testse It is seen from these curves that maximum turbidity of the fer-
tilizin system is developed at the minimum electrolyte concentration,
and that essentially similar results are obteined whether the salt con-
tent is varied by C1™ of Ac”e This indicates that the effect is not due

to a specific anion, In this respect, then, the turbidity reaction of

fertilizin is similar with that of hyaluronic acid.

In this determination,aliquot portions of the fertilizin solution
in 0,1M acetate buffer at pH 4.5 used in the preceding tests were used.
Serum 2lbumin solutions of varying concentration were made up in 0,IM
acetate buffer, pH 4.5 The mixtures were prepared as before, allowed
to stand 30 minutes at room temperature and readings made with the
spectrophotometer, The concentration of serum albumin in the different
mixtures was (mg per ml): 0,05, 0.15, 0430, 0.50, 0,75, 1.0

The results plotted in figure 5 show that maximm precipitation
occurs at a concentration of about 0,15 mg per ml of serum albumin, and
remgins relatively constant as the concentration of albumin is increased.
This agrees with the observations of Dorfmen and Ott on hyaluronic acid
systems,

It was of interest to determine the ratio of albumin to fertilizin
at which maximm turbidity is developed. For this purpose, several sets
of tests were made using the same procedure as for the initial determine-
ations, except that in the different sets, various fertilizin concentra-
tions were employede It was found that the critical serum albumin -
fertilizin ratio lies somewhere between sbout 7 and 12, Taking the
higher figure, in lieu of more precise determinationms, itv can be said

that for the development of maximum turbidity in the fertilizin reaction
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with serum albumin, the ratio of albumin to fertilizin in the system
should not be less than 12, A large excess of albumin does not seem to
influence the reactione.

d. of t rbid ertilizin-a 8

On several occasions fertilizin-albumin mixtures containing up to
about 40 micrograms fertilizin per ml in acetate buffer at pH 4.5 were
left overnight in the refrigerator, Turbidity values obtained after
overnight storage (about 20 hours) were compared with those obtained 30

minutes after the mixtures had been prepared., Essentially identical

readings were obtained,

Turbidity values were obtained for a number of mixtures differing
only in the concentration of fertilizin, Where the optical density
(negative log of the transmission) is plotted against fertilizin concen-
tration a2 linear relation is observed up to 40 micrograms fertilizin per
ml, as shown in figure 6. Each mixture was buffered at pH 4.5 with 0,24

acetate and contained & mg serum albumin per ml,
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be t _of uronidase on the fe z b t

The turbidity method may be applied to the estimation of hyaluroni-
dase in two wayse The first of these consists in determination of the
reduction in the rate at which turbidity develops. The second consists
of determining the amount of turbidity which remains after some specific
time. The second procedure was used here, since the initial aim wes
to attempt to determine if fertilizin can serve as a substrate for hyal-
uronidase,

Methods and materials

The general procedure described by Leonard, et al. (1946) for the
turbidimetric determination of hyaluronidase in mammalian semen and tissue
extracts was used in the present studyes Appropriate modifications were
introduced in order to aéhieve as nearly as possible the optimm condi-
tions for turbidity development in the fertilizin systeme These have
been described in the preceding section. Another modification was suggested
by the report of Dorfman and Ott (1948) that pH 5.5 is optimum for hyal-
uronidase activity. Leonard et ale. buffered their hyaluronidase solu-
tions at pH 6, According to Meyer (1947) NaCl appears to be necessary
for hyaluronidase activity. For the present tests, hyaluronidase, ferti-
lizin and hyalui'onic acid solutions were made up containing NaCl.

For the tests, a solution containing cae. 0.4 mg purified fertilizin
per ml in 0,1M acetate buffer at pH 5.5, 0¢3M in NaCl was prepared from
the same stock solution of fertilizin that had been used for the earlier
studiess The method used in meking up the fertilizin solution was the
seme as previously described except that the stock solution was diluted
to contain 1 mg fertilizin per ml prior to dialysis with buffer. After
dialysis, the solutions were further diluted to make the concentration

approximately O+4 mg per ml.
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A 1 percent solution of Schering hyaluronidase, made fresh for
each experiment, in 0,1M acetate buffer at pH 5.5, 0¢3M in NaCl, was
used as a stock solution from which desired dilutions were made.

Two serum albumin solutions, each 1 percent, were prepared in 0.2M
acetate buffer, One of these, at pH 4.4 was used in the experiments
with fertilizin; the final pH of the system was about 4.5 The other
albumin solution, pH 3.8, was used with hyaluronic acid, and the final
pH in this system was about 4.

Hyeluronic acid solution was prepared by dissolving hyaluronic acid
(Schering) in 0,IM acetate buffer at pH 5.5, 0.3M in NaCl. The solution
was made to contain 0.4 mg hyaluronic acid per ml.

In the experiments, 1 ml aliquots of each of a number of dilutions
of the stock hyaluronidase solution were mixed with 1 ml portions of
the fertilizin (or hyaluronic acid) solutions in each of a mmber of 3
ml test tubes. The mixtures were incubated 30 minutes in a water bath
at 379, then chilled 5 minutes in ice water. From each tube, 1 ml, con-
taining approximately 0.2 mg substrate was pipetted and mixed with 4 ml
of the appropriate serum albumin solution in each of several 15 X 125 mm
test tubes,s In the final systems the concentration of substrate was
approximately 40 micrograms per ml, and the total salt content equivalent
to an ionic strength of about 0.2, After the mixtures had stood 30 min-
utes at room temperature, readings were made with the Beckman spectro-
photometer at 580 mu.

In order to provide reference points by which to estimate hyaluroni-
dase activity in terms of turbidity reducing units, it was necessary to
provide two standards, One of these contained 40 micrograms substrate
per ml,and the other 20 micrograms per ml, and both were prepared in the

same way as the other mixtures with the exception that hyaluronidase was
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omitted in the incubation mixtures. A single turbidity-reducing unit
is that amount of hyaluronidase required to reduce the turbidity of the
system from that produced by 40 micrograms substrate per ml (0.2 mg) to
that produced by 20 micrograms per ml (0.1 mg) upon 30 minutes incubation.

Results of the testse The results showed hyaluronidase to have no
measurable effect on fertilizin as tested by this method, Data from one
experiment are shown in figure 7. It is seen that with concentrations
of hyaluronidase in the incubation mixtures of about 0.3 mg per ml to
1.25 mg per ml, the final turbidities were not significantly different
from that of the 40 microgram per ml stendardes On the other hand, with
hyaluronic acid as substrate, hysluronidase concentrations of 0,03 mg
per ml to 0,004 mg per ml were effective in reducing the turbidity -
essentially to zero in the higher concentration and well below that of
the 20 microgram per ml standard in the lowest concentration (figure 8).

Discussione The evidence presented here shows that purified ferti-
lizin is not degraded by hyaluronidase = at least not in a manner or to
an extent detectable by the turbidimetric method,

In the next section, the results of direct observations of the
action of hyaluronidase, and also of sea-urchin sperm extracts , on the
intact jelly hull of sea-urchin eggs are presented.
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hull of sea-urchin eggse
The experiments to be reported in this chapter were done in colla-

boration with Dr. Tyler. Most of the tests were made at the Marine
Laboratory at Corona del Mar.

Materialg and methods. The sea-urchin sperm extracts whose prepara-
tion has previously been described (section 2) were used in these tests.
In addition to these, both crude and purified hyaluronidase preparations
were testeds For the tests, all extracts were made isotonic with sea
water, either by dialysis with 3.3 percent NaCl solution, or by addition
of an equal volume of double sea water to the solution, and the pH was,
in every case, adjusted to between 7 and 8.

Eggs of the sea-urchin Lytechinus pictus were used for the most part.
Some tests were made with eggs of S. purpuratus, but no distinction is
made in this reporte. The eggs were obtained by the usual method in which
the entire ovaries are removed from the animal and placed in sea water,
into which the eggé are releaseds From this suspension, a quantity of
eggs was removed, washed twice in fresh sea water and transferred to a
small flask with sufficient sea water to make about a 1 percent suspen-
sion, From this suspension of eggs, approximately uniform quantities
could be removed for testing, Care was observed in handling the eggs in
order to avoid shaking the jelly from them.

A standard procedure was employed in all tests. Using the drop
method, two-fold dilutions in sea water were made with each extract to
be testeds Salt cellars were found to be the most favorable type of
dish, One drop of eggs from the stock suspension was placed in each
dish containing 2 drops of the extract, Controls were placed in sea
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water, After 10 minutes, fhe eggs in each dish were examined in a manner
described below.

To determine the effect on eggs treated in the wvarious extracts,
they were examined with a compound microscope under low power. Presence
or absence of the jelly layer was readily determined by noting whether
the eggs came into direct contact when the dish was gently swirlede If
the eggs could not be caused in this manner to touch each other, it was
either because they were gurrounded by the jelly or else had become stuck
to the bottom of the dish, The absence of a jelly layer as ascertained
by this test, however, did not mean that the jelly had been dissolved,
The basis for this statement will be made clear in the next section.

Some observations of treated eggs in Chinese india ink suspensions
supplemented the usual examinations., The ink particles render the jelly
coat visible, where this is present. In all cases the two methods of
observation gave identical results with respect to showing the presence
or absence of the jelly.

Results of the testse. The effects of the wvarious extracts on the
jelly coat of sea-urchin eggs are summarized in Table VII, In the table
the data refer to effects noted in full-strength extracts, except in
those cases in which the extract was initially salt-free and required
dilutiony with double sea water prior to testinge In the case of the
controls, the data represent the range of variation in results recorded
for all of the control tests made with sea water. It is seen from the
table that many of the extracts were effective in causing disappearance
of the jelly hull, but in most of these cases, a parallel phenomenon
was observede This was the formation of a precipitation membrane on the
jelly surface, which often contracted to the surface of the egg with

concomittant disappearance of the jelly. The two or three instances in
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TABIE VII

Precipitation membranes, percentage of eggs stuck to the dish and
percentage of jellyless eggs observed in suspensions of unfertilized sea-
urchin eggs treated with various sperm extracts. Extracts 1-8, anti-
fertilizin preparations; 9, sea~urchin sperm extract, method of Claude
and Duran-Reynals; 10-11, sea-urchin sperm extracts, method of Hahn;

12, sea-urchin sperm extract, method of Perlman, &t al.; 13, seminal
fluid of sea-urchin sperm, combined with washings; 14-15, bull testis
hyaluronidase.

Precipitation Eggs stuck to Jellyless eggs

Extract membrane dish (percent) (percent

1 + 100 100

2 * 0 0

3 * 100 100

4 % 100 100

5 * 100 100

6 * 10 10

7 * 100 100

8 * 100 100

9 0 0 5

10 0 0 20

11 0 o

12 * 10 0

13 * 5 0

1L 0 0 o)

a0 0 0 0
Controls 0 0 0-70
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which jellyless eggs were found, but in which precipitation membranes
were not observed are not significant in view of the variability shown
by the control eggse The data also show that in most instances in which
precipitation membranes were observed, the eggs were also stuck to the
bottom of the dish., There is evidently a parallelism between the pres-
ence of precipitation membranes and sticking of the eggs. It should
also be mentioned that agglutination of the eggs usually accompanied,
to a greater or lesser degree, the appearance of precipitation membranes.

Of particular interest is the fact that only one of the sea-urchin
sperm extracts prepared according to methods for hyaluronidase extraction
from marmalian tissues (No. 12 in the table) was effective in producing
precipitation membranes on the jellye. Extract No., 13, which also pro-
duced precipitation membranes, was sea-urchin seminal fluid combined
with two sea-water washings of the sperme In neither of these extracts,
however, were jellyless eggs found in the dishes. The precipitation mem-
branes were light, did not contract to the egg surface,and only 5 to 10
percent of the eggs stuck to the dish, Some jellyless eggs were observed
in extracts 9 and 10, but the percentage in each case can hardly be con-
sidered significant, Neither of the bull testis preparations had any
observable effect on the jelly.

In contrast to the slight effects obtained with extracts prepared
by methods for hyaluronidase extraction were those shown by the séries
of preparations obtained from sea-urchin sperm by methods with which
antifertilizin is extracteds Of eight antifertilizin preparations
tested (No. 1 to 8 in Table VII), 100 percent of the eggs treated in
each of six of these were found to be "jellyless" and stuck to the dishes.
Strong precipitation membranes were seen on these eggs, and in most cases

were observed to contract to the egg surface. With the other two anti-
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fertilizin preparations, O and 10 percent "jellyless" eggs were found
and corresponding percentages of eggs stuck to the dishes. Light pre-
cipitation membranes, or none at all, were seen in these.

Of interest in connection with these experiments is the fact that
when isolated jelly hulls are treated in active antifertilizin solutionms,
they shrink to a small size, but do not disappear. In two photomicro-
graphs shown in figure 9 (a,b), an isolated jelly hull is shown in suc-
cessive stages of shrinkage. For comparison, a jelly-coated egg with
precipitation membrane forming (¢, figure 9) and fully contracted to the
egg surface (d, figure 9) is showm.

The presence on the egg surface of a contracted precipitation mem-
brane can be demonstrated by subjecting eggs, treated first in antiferti-
lizin solution, to high-speed centrifugation, Distortion, or fragmenta-
tion of the eggs often reveals the presence of a distinct membrane, as
shown in figure 10a, No such membrane is seen on non-treated centrifuged
eggs (figurey 10b).

Discugsion. The formation of a precipitation membrane on the surface
of the jelly hull of sea-urchin eggs is one of the manifestations that
characterizes the reaction between antifertilizin and fertilizin, where
the latter is present as the jelly hull of the egg (Tyler and O*Melveney,
1941). Substances other than antifertilizin are known to produce preci-
pitation membranes on the jelly of sea-urchin eggs, for example, basic
proteiné (Metz, 1942, 1949; Hultin, 1947 a,b; Borei, 1948)e It is
reasonably certain, however, that antifertilizin is not a basic protein
(Metz, 1949). A significant difference between the action of antiferti-
lizin and basic proteins is that the former is apparently specific for
fertilizin, while the latter is not specifically directed against ferti-

lizine
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.Figure 9. Action of antifertilizin on an isolated jelly
hull of Lytechinug pictus. Two stages of shrinkage shown in
a and b; precipitation membrane developing in ¢, and contracted
~ to the surface in d.
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Figure 10. Eggs subjected to high-speed centrifugation.

" Egg treated in antifertilizin shown in a, with precipitation

menbrane, egg not treated in antlfertillzln shown in b, with no
precipitation membrane.
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The evidence presented here lends no support to the thesis that sea-
urchin sperm extracts are capable of dissolving the egg jelly. On the
contrary, it is clear from the present experiments, as well as from
earlier observations (Tyler and O'Melveney, 1941), that the apparent
dissolution of the jelly of sea-urchin eggs in the presence of sperm ex-
tracts is attributable to the presence of antifertilizin in these extracts,
and that this results from the formation of a precipitation membrane and
incorporation of the jelly in it with consequent contraction of the mem-
brane to the egg surface. The failure of hyaluronidase from bull testis
to effect jelly dissolution, or to have any obserwvable effect of the
jelly, is in agreement with the observations of Rummstrfm, Momné and
Broman (1943) and contrary to the results of Hartmann, Schartau and
Wallenfels (1940), Ruffo and Monroy (1946) and Monroy and Ruffo (1947).
Consistently negative results obtained in fertilizin mucin clot preven-
tion and turbidity reducing tests with spernm extracts and bull testis
hyaluronidase provide additional evidence that fertilizin is not degraded

by these preparations.
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EXPERIMENTS WITH EGG SURFACE LYSIN FROM SEA~URCHIN SPERM

Methanol extracts of sea-urchin sperm
Materials and methodse. Sperm of the purple urchin, S. purpuratus,

was used for the preparation of most of the extracts. In some cases,
sperm of Lytechinus pictus was used. Dry sperm was obtained either by
injection of KCl into the animals, which causes them to shed, or by
collecting sperm shed from excised whole testes. The first method was
used where it was desired to obtain small quantities relatively free of
body fluide. The second method was used for the collection of larger
quantities of sperm.

For extraction of the egg surface lysin, the method described by
Runnstrém and Lindvall (1946) was followed. Dry sperm was lyophilized
and the powder was extracted with 5 to 10 times its volume of hot, abso-
lute, redistilled methanol in a Soxhlet continuous extraction apparatuse
Methanol extraction was continued for 8 to 12 hours. At the end of this
time, the clear, yellow extract was evaporated to dryness in wacuge The
residue was extracted 5 times with 10 ml portions of chloroform, or
petroleum ether, and the combined extracts passed through a column of
ZnCO3 in a chromatograph tube. The column was washed with about 100 ce
of absolute alecohol and the alecohol eluent evaporated in vacuo. The
residue was then taken up in a small volume of sea water. That part
of the residue which failed to go into solution after shaking the sus=-
pension at room temperature at intervals over a period of 2 or 3 hours,
was removed by filtratione. The pH of the filtrate was adjusted to about
8, if this was necessary, and it was then tested with eggs for surface

lysin activitye

For the tests, unfertilized eggs of Lytechinus pictus or S. purpur-
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atus were useds As a rule, jellyless eggs were used, the jelly having
been removed by brief treatment in acid sea watere.

Two kinds of test were used to detect surface lysin activity. These
were the hypertonicity test and the hypotonicity test (Rumnstrim et al.,
1945)s In both tests, treatment of eggs in the various extracts was
done in the same way. A drop of egg suspension containing 50 to 100 eggs
was placed in 2 ml of the extract and left for varying intervals of
time, usually 30 to 50 minutes. For the hypertonicity test, 0.5 ml of
245N NaCl was then added to the suspension and the condition of the eggs
determined at intervals starting about 4 minutes after addition of the
NaCl, For the hypotonicity test distilled water was added to the suspen=-
sion and the time required for 50 percent of the eggs to slow cytolysis
was compared with the time required for 50 percent of the control eggs
to show cytolysis in equally diluted sea water. In both tests, eggs in
2 ml of sea water served as controle.

Results of the testse On the whole, the results of tests with the
methanol extracts were similar to those reported by Runnstrim et ale,
insofar as eggs treated in these extracts showed smooth shrinkage in
hypertonic sea water, and in hypotonic sea water cytolysis of treated
eggs was accelerated as compared with untreated eggs. Furthermore, in
confirmation of the Swedish workers, treated eggs in hypertonic sea
water tended to show varying degrees of surface "blistering" and cyto-
lysis of the dark typee It should be noted, however, that positive
results were not obtained with all extracts, or even consistently with
one extracte No attempt was made to analyse the factors which may have
been responsible for occasional erratic results, but these may have been
related to the condition of the eggs used in testing, or to the influence

of pH, temperature, etc., on the activity of the extracts. With respect
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to pH, there was some indication that lytic activity was enhanced at a
slightly acid pH (ca. pH 6.7) but this was not investigated systemati-
cally. Deta obtained from tests of four different extracts are shown
in Table VIII. In the table, the data refer to results with undiluted
extractse

Lests of seminal fluid

The hypothesis that the egg surface lysin is of physiological sig-
nificance would be considerably strengthened if it can be demonstrated
in seminal fluid, as has been reported by Runnstrom, et al. (1945).

In the present study, several attempts were made to demonstrate surface
lysin activity in sea=urchin seminal fluid by means of the hypertonicity
test. In only one test were unequivocally positive results obtained.
This is described below,

Experimentse A concentrated (25%) suspension of Lytechinus sperm
was centrifuged 30 minutes at 3500 rpm. The supernatant was diluted
with an equal volume of sea water (¢f. Runnstrbm et al., 1945) and frozen
overnights After thawing, portions of the solutions were diluted 1:1
and 1:3 respectively with sea water and these were tested with Lytechinus
eggse In each dilution, the eggs were agglutinated to some extent,

When examined 4 minutes after addition of NaCl the treated eggs were
smooth, while control eggs in sea water were strongly wrinkled. The
treated eggs also appeared somewhat larger than the control eggs. No
difference between eggs treated in 1:1 and 1:3 solutions was apparent.

The results of this experiment cannot be taken as providing complete
confirmation of the results reported by Runnstrgm, et ale., since in the
present case, antifertilizin was present in the sperm supernatant, as

shown by agglutination of the eggs. The Swedish workers reported that



o Bl 8w

TABLE VIII

Hypertonieity and hypotonicity tests of 4 methanol extracts of
sea-urchin sperme, All extracts adjusted to pH 7-8.

Hypertonicity test

Hypotonicity test

Condition of eggs Time for
Time of 5 min, after ad- Time of cytolysis of
Solution treatment ding NaCl treatment 50 % of eggs
Methanol 45 min, smooth; 10% dark
extract #1 cytolysis
Sea water wrinkled
Methanol
extract #2 50 min, smooth
Sea water wrinkled
Methanol
extract #3 35 min, 100% cytolysis, 40 min, Less than
shrinkage not 1 min, (100%)
observed
No cytolysis,
Sea water wrinkled 7 min,
Methanol
extract #4 40 min, "Angular" shrink- . 40 min, 1% min,
age with smooth
surface
Usual shrinkage,
Sea water wrinkled 7 mine.
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their solutions obtained in a similar mamner did not agglutinate the
eggs, but this does not mean that antifertilizin may not have been
present in t}}eir preparations, particularly since in a recent publica-
tion (Runnstr®m, Monné and Wicklund, 1946) they have reported that anti-
fertilizin preparations show an effect on the egg cortex in dilutions
much greater than those causing appearance of precipitation membranes

on the jelly. Frozen-thawed extracts of sperm were reported by Rtmnstr&n,
et al. (1945) to show both surface lysin and antifertilizin activity.

Experiments to be reported in a later part of this paper show that
a lytic agent can indeed be demonstrated in frozen-thawed extracts of
sea-urchin sperm, which may well be distinct from antifertilizin, This
agent, however, is inactivated by brief heating at 60° and accordingly
is not identical with the heat-stable methanol-soluble egg surface lysin.
On the whole, the available evidence concerning the presence in sea-urchin
seminal fluid of egg surface lysin (i.e., as a distinct agent) is not
very convincinge.

One experiment was performed in which the effect of echinus sem-
inal fluid on the fertilizability of homologous and heterologous eggs
was testeds Dry sperm of Lytechinus was centrifuged at 4500 rpm for 50
minutes.s The supernatant wes diluted with an equal volume of sea water
and frozen., After thawing, the solution was used without further dilu-
tion to treat eggs of Lytechinus and Dendraster excentricus. After 50
minutes treatment the eggs were inseminated with homologous sperm in the
test solutionse It should be mentioned that the jelly hull was present
on the eggs, and the amount of sperm used for insemination was in excess
of that required for 100% fertilization of samples of untreated eggs of
the same lots used in the experiment, Of the treated Lytechinus eggs,

about 10 percent produced fertilization membranes, and of the Dendraster
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eggs, 100 percent of the treated eggs produced fertilization membranes.

Discussione The results of this experiment are of interest insofar
as they indicate the possibility of a species-specific effectes The egg
surface lysin is apparently not species-specific, since its effects are
duplicated by extracts of fish sperm, by detergents and by bee venom.

If, in the experiment cited, the failure of 90 percent of the treated
Lytechimus eggs to produce fertilization membranes is to be attributed
to the action on the egg surface of a detergent-like material of low
molecular weight, it is not readily apparent why the Dendraster eggs
were not also affected.

It is, of course, not surprising that a complex chemical system
such as a sperm cell may contain constituents that, upon extraction, may
exhibit detergent-like properties. With respect to the egg surface lysin,
Runnstrdm (1947) has stated that the substance is probably present within
intact cells in the form of a precursor, What the nature of this pre-
cursor may be is not indicated. Presumebly it may be a lipo-protein
complexe

It appeared to be of some interest to attempt to extract material
from sea-urchin spérm, that would exhibit some of the properties of the
egg surface lysin, by methods other than those employed by Runnstr%m,
et ale Two different procedures were utilized in this study. The
methods used and the results obtained are described in the following
sectione
Total lipid extracts of sperm

Methodse A total lipid extract of S. purpuratus sperm was prepared,
with some modifications, accorﬁing to the method of Bloor (1943). Lyo-
philized sperm was extracted with a mixture of 3 parts methanol and 1

part ether in a Soxhlet apparatus. The extract was evaporated nearly
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to dryness in vacuo at 60°, Evaporation to dryness was completed in a
stream of No, which was passed over hot copper to remove oxygen. The
dried residue was then extracted with several & ml portions of hot petro-
leum ether, which were decanted into a 15 ml centrifuge tube and clarified
by centrifuging, About 3 ml of the clear petroleum ether extract was
saved as the "total lipid" fractions The remainder of the supernatant
was evaporated to about 2 ml. and phospholipid precipitated by the addi-
tion of 12-13 ml acetone with 2-4 drops of a 5 percent alcoholic solution
of magnesium chloride. The precipitated phospholipid was recovered by
centrifugation and dissolved in petroleum ether. The supernatant was
evaporated to dryness, washed with water and finally dissolved in petro-
leum ether. This portion was assumed to contain the bulk of the fatty
acids as well as any sterols present,

Each of the three fractions, total lipid, phospholipid and fatty
acid, was passed through a colum of Zn003 in a chromatograph tube. A
petroleum ether blank was also run through & column of ZnCO3. The columns
were eluted with absolute alcohol, the eluents evaporated to dryness
and each residue taken up in a small volume of sea water. The sea water
suspensions were shaken and allowed to stand for several hours at room
temperature, after which they were filtered. The sea water filtrates
were tested with eggs for surface lysin activity., These comprise the
Extract I fractions of Table IX,

Another total lipid extract of S. purpuratus sperm was prepared from
washed, dry sperm according to the method of Zamecnik, et éﬁ;d)About 100 cc
of dry sperm were combined.with an equal volume of distilled water,
frozen and thawed. The thawed mass was combined with approximately 9
volumes of a mixture of 1 part ethanol and 1 part ether and allowed to

stand overnight at room temperature. The suspension was then reduced



- 68 -

to a smaller volume by evaporation over a steam bath and dialyzed against
several changes of distilled water for 4 days at 1° C. The dialyzed
material was lyophilized. The residue, consisting of about 450 mg of
material, was taken up in 50 ml of sea water. This suspension was
blended on a Waring blender for 30 seconds and then centrifuged at 3500
rpm for 10 minutese Insoluble material was discarded. The supernatant
was saved for testinge This is Extract II of Table IX,

The various fractions of Extract I were tested by means of the
hypertonicity test, and they were also tested for their effect, combined
with hypertonic treatment, on fertilizability of eggs. Extract II was
tested by the hypertonicity and hypotonicity tests. In general, it
appears that the hypotonicity test is more suited for quantitative deter-
minations of surface effects, where these accelerate the rate of cytolysis
in diluted sea water. Cytolysis of eggs in hypotonic medium is an all
or none phenomenon that occurs with sufficient rapidity so that there
is never any serious question as to whether an egg is cytolyzed. In
the hypertonicity test, on the other hand, there may be warious degrees
of wrinkling of eggs, so that a clear-cut distinction between affected
and unaffected eggs is sometimes difficult to make,

Resultse The results of the tests are summarized in Table IX,

It is seen from the table that, of the various fractions of Extract I,
the most active, as judged by the two kinds of tests employed, was the
total 1lipid fraction. The phospholipid fraction showed somewhat less
activity than the total lipid fraction and the fatty acid fraction
showed less effect than the phospholipid fraction. In the case of Ex-
tract II, it is of interest that cytolysis of most of the treated eggs

occurred very rapidly in hypertonic mediume In two hypotonicity tests



TABIE IX

Hypertonicity and hypotonicity tests of 2 lipid extracts of

sea-urchin sperm,

Hypertonicity test

A1l extracts adjusted to pH 7-8,

Hypotonicity test

Condition of eggs Time for
Time of 5 min, after ad- Time of cytolysis of
Extract Fraction treatment ding NaCl treatment 50% of eggs
Total 70-80% dark cytol- Not tested
lipid 40 min., ysis; surface blis-
tering without
wrinkling
Phospho-
lipid " 50% dark cytolysis; "
surface blistering
without wrinkling
I
Fatty acid " 10-20% dark cytol- "
ysis; surface blis-
tering with pos=-
sible wrinkling
Blank " 5% dark cytolysis; "
wrinkled
Ses. water 5-10% dark cytol-
control ysis; wrinkled
II Totel 30-40 min, 100% cytolyzed. 40 min, Less than 1
lipid Shrinkage not min, (100%)
observed,
Sea water wrinkled 7 min,




- 69 -

of this extract, a marked acceleration of cytolysis of the treated eggs
was observed,

Discussione In attempting to assess the significance of these ie-
sults at least three points seem clear., The first of these is that total
lipid extracts of éea-urchin sperm yield material that is soluble in
sea water which shows, when tested with eggs, certain effects that are
similar to those ascribed to the egg surface lysin. The second point is
that more of the surface active material may be associated with one come
ponent of the total 1lipid extract than with otherss. It is impossible to
say, on the basis of this experiment, that a significant fraction of
activity resembling that of the egg surface lysin is concentrated in the
phospholipid fraction. It does, however, seem reasonable to suggest that
by using standard procedures for the fractionation of lipid extracts, it
might be possible to identify by chemical means, the kind of substance,
or substances that show significant surface effects on eggs. Finally,
activity resembling that of the egg surface lysin has been demonstrated
in association with non-dialyzable material. This probably indicates
that the active substance is combined with water-insoluble material rather
than that it is non-dialyzable. In the Runnstrom procedure adsorption
on ZnCO3 and alcohol elution may effect the splitting off of the alcohol-
water-soluble constituent(s)e The point of interest here is that extrac-
tion of lyophilized total lipid material with sea water yields a solution
that has marked effects on eggs. It appears from this that the active
constituent(s) may be loosely bound to water-insoluble components,

With respect to the general question of the physiological signifi-
cance of egg surface lysin in fertilization of sea-urchin eggs, it seems
premature to assign this a definitive roles There is no doubt that mater-

ial can be extracted from sea-urchin sperm which may affect the egg surface
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in various wayse. The effects may even all be attributable to one general
kind of action - liquefaction of the cortex,as Runnstrbm claimse. At
least two points require clarification: (1) the availability of sperm
egg surface lysin under physiological conditions; (2) the relation of

this substance to the wvarious processes of fertilization.
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EGG MEMBRANE LYSIN OF THE GIANT KEYHOLE LIMPET (Megathura crenulata)

ri d z)

Keyhole limpets were collected from the breakwaters at the entrance
to Newport Bay. Some were obtained from the Santa Monica breakwateri,

Some of the experiments were performed at the Marine Laboratory at
Corona del Mar, but most of the experiments and processing of materials
were done in Pasadena. For the latter purpose, either live animals were
transported, or the eggs and sperm were removed at the Marine ILaboratory
and brought to Pasadena in iced containerse. Routine methods employed in
securing sperm and eggs and in their subsequent preliminary processing
-are briefly described below.

Removal of sperm and eggs. Animals are opened by cutting through
the mantle and body wall with a knife, starting at the radula and contin-
uing around the body just under the shell. The cut portions of the body
are separated, exposing the body cavity. The gonads are freed from the
gut and body wall with sharp-pointed forceps, and removed in toto. Testes
are placed in a dry vessel and ovaries into sea water.

Preliminary processing of sperxme. The purpose of preliminary proces-
sing of sperm is to free it from foreign material, body fluid and testis
tissue.s This is best accomplished by first mincing the whole testes
with scissors and washing out as much sperm as possible with sea water,
straining the suspension through silk bolting cloth in order to separate

testis fragments. Sperm obtained in this manner are then washed several

¥Animals provided through the courtesy of Dre. Theodore Bullock of U.C.Lels



times by centrifuging with sea water in a refrigerated centrifuge. In
the final washing, the sperm are packed by hard centrifuging, the super-
natant poured off and the volume of packed sperm estimated.

Preliminary processing of eggse Eggs are released from ovaries after
these have been put into sea waters The eggs are strained through bolt-
ing clothe To remove the jelly,a suspension of eggs is acidified to pH
3 to 3¢5 and centrifuged.s It may be necessary to repeat the acid treat-
ment two or three times. This is followed by two or three washings with
normal sea waters, To preserve eggs with the membrane intact, formalin
is added to a suspension in sea water to make a 1 or 2 percent solutione

For experiments in which it is desired to leave the jelly hull intact,

eggs are washed in several changes of normal sea water.

n of e e xtract
The egg and its membrane. When shed, the keyhol;et’ linpet eggs are

irregular in shape, and have a thick membrane closely adherent to the
surface, As the unfertilized eggs stand in sea water, they gradually
round out and the membrane lifts from the surface. The average diameter
of many eggs measured is 165 u, and that of the fully elevated membrane
is 185 ue The jelly layer surrounds the membrane,

The egg lies eccentrically within the membranes There is a micropyle
in the membrane, as shown in figure 34. Other points concerning the egg
and its membrane will be presented later.

Standard techniques for assgy of spemm extracts. A stock supply of
jellyless eggs preserved in 2 percent formalin in sea water was kept in
the refrigeratore. For each day's tests, a small number of eggs was re=-
moved from the stock sﬁpply, washed 3 times in sea water and placed in
fresh sea water in a Syracuse dish,

For assays, eggs are transferred individually with a fine dropping
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pipet, each to a separate salt cellar containing an aliquot of the solu-
tion being tested. Each egg is pipetted into the test solution in a
single drope The same pipet is used for all transfers so that the size
of the drop is constante A uniform quantity of test solution is used.
Approximately 0.5 ml of solution has been employed, measured, in most
cases from a dropping pipet which delivers approximately 0,05 ml per
drop. For greater precision, the test solution is measured from a mea-
suring or volumetric pipet.

The effect of a test solution on the egg membrane is scored after
5 minutes exposure. To time the tests, a stop watch is started at the
instant the egz is released into the solution. Each dish is gently agi-
tated at intervals until it is placed on the stage of a compound micros-
cope about 4% minutes after start of the test. The membrane is examined
at a magnification of 100X In most cases, it is possible to roll an egg
about sufficiently by gentle agitation of the dish so that enough of the
membrane surface can be brought into view in the course of a few seconds
to permit an evaluation of its condition. With practice, it is possible
to complete the observations within & 10 seconds of the five minute period.

c ion

Tyler (1939) described a method for the assay of egg membrane lysin
(EML) which depends upon the time required for the complete dissolution
of the membrane. With very active preparations the accuracy of this me-
thod is reported to be about & 5 percent for the different eggs in any
test,

In the experience of the writer, this method has proved impractical
for routine assay of moderately active or weak preparations, With very
active preparations in which the membrane is dissolved within one or two

minutes, it is not difficult to determine the end-point - i.es., the instant
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.Figure 11. Action of sperm extract on egg membrane of
Megathura crenulata. Successive stages of dissolution are shown.
From Tyler, 1939.
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at which the last trace of the membrane disappears. The process of mem=
brene dissolution is illustrated in figure 1ll., In less active solutions,
however, in which the rate of dissolution is slower than this, the instent
at which the membrane can be said to have completely disappeared is very
difficult to determine. Depending upon the activity of the solution,
traces of the membrane in the different eggs of a test may be seen to
persist for many minutes or even hourse. An example of results obtained
in attempting to determine the dissolution-time with a moderately active
preparation is presented in Table X.

The data shown in the table were obtained by observing the time re-
quired for apparently complete dissolution of the membrane of each of 10
eggs at room temperature in an extract of frozen-thawed Megathurs spem
diluted 8-fold with sea water buffered at pH 8.1 with 0,024 barbiturate.
It is seen from the table that the average deviation from the mean dis-
solution time is #29 percent. Since assays of preparations containing
but a fraction of this activity were required, some other method of esti-
mating their activity was necessary.

The assay method that was finally adopted depends upon the appear-
ance in the membrane of indentations when eggs are treated with lytic
preparations (see figure 1la)., Indenting of the membrane may be the
first indication of lytic actione This is followed, or accompanied by
thinning and swellinge, Non-lytic agents may effect indenting of the mem-
brane, but this is not accompanied by dissolution or swelling of the mem-
breane. The highest dilution of a lytic preparation which causes the
appeerance of a single indentation in the membrane of at least two out
of three eggs in a period of five minutes is defined as the apparent titer.

The concentration of lysin represented by the apparent titer is defined

as one lysin unit,.



TABLE X

Time required for complete dissolution of the membrane of each
egg in a set of 10 treated in aliquots of a moderately active EML
solution,

Egg
Mean sttd
1 2 3 4 5 6 7 8 9 10 DT dev
DT* 4.5 6.8 6.0 8.8 16 500 805 7.6 708 1205 806 2%

#¥DT = dissolution time in minutes,
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Arbitrary limits of the dimensions of an indentation that would be
scored as "one" indentation had to be established and adhered to. In
optical section, the membrane appears as a circle, hence the size of an
indentation in it can be expressed in terms of degrees of arce To be
scored as one indentation, not less than 30° or more than 90° of arc must
be involved, The diagrams shown in figure 12 illustrate this. In prac—
tise, it was not difficult to observe these limitations,

Because indenting of the membrane is not a specific effect the in-
dentation assay method could be used only after lytic action of a subs-
tance was establisheds For this, the definitive criterion is membrane
dissolution, or obvious swelling and thinning of the membrane., Degree
‘of membrane swelling could be estimated by measuring increase in the dia-
meter with an ocular micrometer,s This method could not be used for assay,
since increase in membrane diameter is usually accompanied by sufficient
distortion to render the membrane no longer sphericale Estimates of
percentage increase in membrane diameter, however, were often used in
conjunction with the indentation method,.

Validity of the indentation assay method
The basic assumption with any assay method for the estimation of

biological activity of a substance is that there is a relation between
the phenomenon measured and the amount or concentration of active mater-
iale In the present case, data have been obtained which indicate that

a direct relation exists between the number of indentations produced

in an egg membrane in five minutes and the concentration of lytic sub-

stance in the test solutione.

Relation between number of indentations and dilution. A number of

experiments was performed in which eggs were treated in each of several

dilutions of different Megathura spemm extracts for a period of five



a b

FIGURE 2. LIMITS OF INDENTATIONS

SCORED AS ONE'.
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minutes, In all the tests, the number of indentations appearing in the
egg membrane in five minutes bears an inverse relation to the dilution
of the extracte The results of these experiments are presented in

Table XI. Each test was made using as diluent, sea water buffered at

pH 841 with 0,02M barbiturate. The presence of barbiturate in this con-
centration appears to have no effect on lytic activity. All tests were
performed at room temperature with 2-fold dilutions of the sperm extracts.
Due to the difficulty of counting accurately the number of indentations
where more than two or three appear in the membrane, only three dilutions
of each extract were testeds A preliminary titration showed the approxi-
mate end-pointe It should be observed here, that in most cases, it is
easy to ascertain the presence or absence of a single indentation in the
membrane., In a few instances where there-#go-doubt concerning the pres=-
ence of an indentation, the practise has been to score these as zero.

It is seen from the data presented in the table that in tests in which
eggs are treated in several 2-fold dilutions of an extract there is a
consistent decrease in the observed number of indentations per membrane
with increasing dilution. There is, furthermore, a pronounced tendency
toward greater consistenecy in the recorded mumber of indentations per
membrane per dilution in dilutions in which the mean number of indenta-
tions per membrane is on the order of one, Where multiple indentations

are produced the scoring method becomes increasingly less accurate.

number of indentationse In another experiment, 2-fold dilutions of an
active extract of frozen-thawed Megathura sperm were made up in sea water
buffered at pH 8.1 with 0,02M glycylglycine. +ive to seven eggs were
tested with each dilutione The data from this experiment are recorded

in Table XII., These show that with inereasing dilution the mean time



TABLE XI

Number of eggs showing 0,1,2,3 and > 3 indentations in each of
3 2-fold dilutions in 5 minutes. Assays of 6 different extracts.
Dilutions are numbered consecutively, no. 1 being the lowest and no. 3
the highest.

Dilution
1 2 3

Noe of o

indente 0 1 2 3 >3 01 2 323|101 2 3 >3
1 0 3 41 2 ]010 0 0 019 1 00 0
2 0 352 01810 0|7 100 0
3 0051 3|07 30 0|4 5 1O 0

Assay

A 0o 4 1 4 0O01/|010 00 09 1 0O 0
5 0 3552 01|17 2 0 0|5 500 0
6 1l 5 5 2 ,!- 21212 1 0 0|12 3 0 O 0
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TABLE XII

Dissolution time, membrane swelling and number of indentations
in 2-fold dilutions of a sperm extracte.

Mean Mean percent in- Mean no,
Dilution D,Te grease in diameter indentations
(mine) 5 hre 1 hre 33 hrs. in 5 min,

1 3
2 8
4 13
8 28
16 80
32 145
6L - 150 3%
128 - 35 100 2
256 - 15 23 35 1
Control - - - - -
(buffered

sea water)
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for complete dissolution increases correspondingly. At a 64~f0ld dilu-
tion, the membranes were not dissolved in 3% hours, but they showed an
average increase in diameter of 150 percent in this timee In this dilu-
tion, 3 to 4 indentations appeared in the membranes in five minutes.
In the next higher dilution (128) the mean nmumber of indentations appear-
ing in the membranes at five minutes was 2, In 3% hours, these eggs
showed a mean increase in membrane diameter of 100 percent., In the high-
est dilution tested (256) the mean number of indentations per membrane
at 5 minutes was one, The mean increase in membrane diameter in 3} hours
wes 35 percente The eggs in this dilution were observed at 20 hours.
The membranes were still present, but now showed an average increase in
diameter of 90 percent. These data are representative of numerous ob-
servations, all of which have shown that in time a significant increase
in membrane diameter is produced by EML solutions whose activity is suffi-
cient to cause but one indentation in five minutes, Membranes of eggs
in buffered, or unbuffered sea water show neither indentations nor swell-
ing in periods up to 24 hours,

It is apparent from a consideration of these data that activity
equivalent to one lysin unit is not the least that can be determined,
It is, however, an amount that can be conveniently determined in a time
which makes practicable routine applicetion of the indentation method.

Correlstion between total nitrogen per lysin unit in different
EML preparationse Evidence to be presented later indicates that EML
is of protein nature or associated with protein, Iytic extracts prepared
in the same way by essentially identical procedures might be expected
to contain approximately equivalent amounts of total nitrogen per lysin
unite Several extracts were prepgred by similar procedures, titrated by

the standard indentation method, and total N determinations made by the
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TABLE XIII

Total nitrogen per ml per lysin unit for each of 5 EML preparations
after dialysis against sea waters,

Non-dialyzable N Apparent Total N/ml/lysin
Extract mg/ml titer unit, y/ml
1 0,016 2L 0.7
2 04029 32 049
3 0,038 100 0ok
b 0,095 256 Oe4
5 0,050 64 0.8




micro-Kjeldahl procedure. Total nitrogen per lysin unit was obtained by
dividing the total nitrogen per ml of the undiluted extract by the titere
The value so obtained is actually total nitrogen per ml per lysin unit,
but for convenience is expressed simply as nitrogen per lysin unite. As
shown in Table XIII the values for 5 different preparations range from
0e¢4 to 0,9 micrograms N per lysin unite The greatest variation is thus
slightly more than 2-fold. The results suggest, therefore, that within
the limits of the titration method, approximately equivalent amountsof
nitrogen per lysin unit are found in different extracts prepared under
comparable conditionse
Reproducibility of assays the indentation methode For the purpose of
determining the reproducibllity of assays made by the indentation method,
a number of assays of each of several EML preparations were made ﬁsing
from 3 to 10 eggs for eachs Titer was taken as that dilution in which
2/3 or more of the eggs tested showed one indentation in the membrane in
5 minutes. As shown in Table XIV, identical titers were obtained in all
but 2 sets of assayse
Modification of the indentation assay method

In connection with some experiments to be described in a later sec=
tion, it was desirable to attempt to differentiate between smaller then
2-f0ld differences in lytic activity. For this purpose, a preliminary
titration was made by the standard procedure and the aprarent titer de=
termineds Three two-fold dilutions were then prepared, one corresponding
to that giving the titer and the others the next higher and lower dilu=-
tions respectively. Each of these 3 dilutions was tested with 10 to 20
eggs and the number of indentations appearing in each egg in each dilution
recorded, The mean number of indentations per egg per dilution was cal-

culated and the values so obtained were plotted on graph paper with



o Ff‘?f},m

TABIE XIV

Multiple assays of each of several different EML preparationse
The numbers in parentheses indicate the nmumber of assays giving the

indicated titers

Extract

No. of assays

Titer from
assays

1

o Bt~ W

7

o W W W W

128 (5)
128 (2)

64
16
32
256

128 (5)
128 (1)
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dilution as the abscissa and mean number of indentations the ordinatee
The points were connected by straight lines. The titer was taken as
the point of intersection of the line drawn through two of these points
and a line drawn through the ordinate at one (1 indentation per egg).
The point of intersection of these two lines is also referred to as the
"one~intercept®,

Where it was desired to compare the activity of different prepara-
tions by this method, the "one-intercept! walues were plotted with ap-
propriate codrdinates and the points connected by straight lines to give
a curve, Several examples of the application of this method will be
presented in detail later.

Determination of antifertilizin in sperm extracts

One of the problems in this investigation was to attempt to determine
if the presence of antifertilizin is necessary for lytic activity of sperm
extractss In this connection, two methods for the estimation of anti-
fertilizin were used,

Determination of antifertilizin by the inhibition methode The
reaction of Megathura antifertilizin in solution with homologous ferti-
lizin in the jelly hull of eggs does not result in agglutination of the
eggs nor in formation of visible precipitation membranes. Antifertilizin
activity of sperm extracts, therefore, cannot be determined directly by
action on eggs, but it can be determined by means of an inhibition test.

For the test, a drop of a 1 percent suspension of sperm is added
to 2 drops of sperm extract in a Syracuse dish. Two drops of homologous
egg water {fertilizin solution) are then added. If antifertilizin is
present in the sperm extract, it will neutralize some of the added ferti=-
lizin and, as a result, agglutination of the sperm will be delayed in

comparison with agglutination time of an equal volume of sperm in sea
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water, With sufficiently active antifertilizin preparations sperm ag-
glutination may be completely inhibited in the undiluted extract. In
any event, the titer of antifertilizin in the spem extract is given
by the lowest dilution in which agglutination time equals that of the
control within limits set by the scoring system.

Tyler (1940) has described a scoring system for Meggthura spern
agglutination by homologous egg water which depends upon the time for
the appearance of macroscopic agglutinatese In the present study, the
time for appearance of microscopic agglutinates has been taken as the
bagis of the scoring systems If agglutination is visible in 10 seconds
or less, the reaction is scored 4~plus; in 10 to 30 seconds, 3-plus; in
30 to 60 seconds, 2-plus; in 60 to 120 seconds, l-plus; over 120 seconds,
plus-minuse In practise, titrations have not often been performed, since
the significant point was the presence of absence of antifertilizin in
the undiluted extracte In the data presented in connection with extrace-
tion procedures, the presence of antifertilizin in an extract is indicated
by plus and its absence by minuse

Determination of antifertilizin by reaction with sea-urchin egg jellve.
It was found in connection with this study that extracts of frozen-thawed
Megathura sperm cross=-react with sea-urchin fertilizin, Eggs are agglu-
tinated and precipitation membranes are formed on the jelly. These may
contract to the egg surface. Since certain non-specific substances, ee.ge,
basic proteins, agglutinate sea-urchin eggs and produce precipitation
membranes on the jelly (cfe pge 60 ), it was important to obtzin evidence
that the agent in Megathura sperm extracts responsible for these effects
is not such a non-specific agent, A criterion was available by means of
which it could be established whether the Megathura sperm agent is anti-

fertilizin or a non-specific agent, This is the fact that antifertilizin
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does not agglutinate homologous sperm (Metz, 1949).

A frozen-thawed extract of Megathura sperm, which produced strong
precipitation membranes on eggs of S. purpuratugs and also agglutinated
them, was tested with homologous sperm, and also with spem of S. purpur-
atuse In neither case were the sperm agglutinated.

Testing spem extracts, then, with sea-urchin eggs provided a simple
and rapid method for detecting the presence of antifertilizin in Megathura
sperm extractss As in tests with homologous sperm extracts, some, or all
eggs in a test might be stuck to the dish without precipitation membranes
being visibles Antifertilizin was considered to be absent in an extract,
therefore, in case precipitation membranes were not apparent, only if no

treated eggs stuck to the dish.
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2e Extraction of from sperme Separation of lytic and anti-

fertilizin activities.
of EML and antife izin by freezin d thawin

Tyler (1939) showed that an extract obtained by freezing and thawing
a sea water suspension of Megathura sperm exhibits both lytic and anti-
fertilizin activitiese It was found that if such an extract is heated
for 2 minutes at 60° the lytic activity is destroyed, but the antifertilizin
activity is unimpaired,

A preliminary attempt was made to determine whether lytic and anti-
fertilizin activities could be separated from an extract of frozen-~thawed
sperm by isoelectric precipitation.

Method. A 10 percent suspension of washed sperm (gf. Basic Methods)
in sea water was frozen in a mixture of dry ice and acetone, and then al-
lowed to thaw at room temperature. As a result of this treatment, the
sperm were coagulated into a compact jelly-like mass. The supernatant
was recovered by centrifuging in a refrigerated centrifuge.s Its pH was
about 6.5; it was somewhat opalescent, green in color and foamed readily.
In order to remove any remaining sperm fragments, the supernatant was
filtered through a layer of washed asbestos in a sintered glass funnel of
medium porosity.

A 50 cc portion of the filtrate was dialyzed at 1° against 5 changes
of distilled water. Upon removal from the dialysis bath a copious white
precipitate was observed to have appeareds This was removed by centri-
fugation (all centrifugations were performed in a refrigerated centrifuge)
and suspended in 50 cc of sea water, in which it did not immediately dis-
solve, The suspension (Fraction I in Table XV) was allowed to stand over-
night in the refrigerator. In the morning, it was found that the preci-

pitated material had not dissolved appreciablye. The pH of the suspension
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was now 6.5, The pH of the supernatant (Fraction II in table XV), which
had also been left in the refrigerator overnight, was 5.2.

Attempts to dissolve the precipitated material of fraction I by cone
tinuous stirring in the cold for 6 hours, keeping the pH between & and 9
were not obviously successful. Tests were then made to detemine lytie
and antifertilizin activities of fractions I and II. At this time the
indentation assay method had not been developed and tests for EML were
made by estimating membrane dissolution time with a number of eggse.
Antifertilizin was determined by the inhibition test.

For the tests the undissolved material in fraction I was removed
by centrifugation, and the clear supernatant adjusted to pH &, A portion
of fraction II was diluted with an equal volume of double sea watere. This
is designated fraction IIa in Table XV, Both II and IIa were adjusted
to pH 8.

Results of the testse The results of these tests are summarized in
Table XV, From the table, it is seen that neither fraction II nor IIa
showed any detectable lytic activity, whereas fraction I exhibited about
1/12 the activity of the original extract. Antifertilizin activity,
however, was found in both fraction I and IIa (fraction II was not used
for antifertilizin determinations). Comparison of antifertilizin activity
of fractions I and IIa were made by diluting I with an equal volume of
sea waters Although inhibition titers were not obtained, agglutination
of sperm occurred more slowly in I than in II, indicating that more anti-
fertilizin was present in the former fraction.

Extraction of EML and entifertilizin from living sperm
An attempt wes now made to determine if EML could be recovered from

living sperms There was good reason for thinking that antifertilizin

might be extracted by treatment of sperm in acid sea water, since this



TABLE XV

Lytic and antifertilizin activity of a frozen-thawed sperm extract
and of fractions obtained by isoelectric precipitation.

Fraction of Antifertilizin
extract Mean D.T,. activity

Original extract

(pH adje to 8) 1 min, +
Fraction I 12 min, +
Fraetion II - »
Fraction IIa - +

"ot tested



-84 -

method is effective in removing antifertilizin from sea-urchin sperm
(Tyler a.nd O'Melveney, 1941)e. It was of interest, therefore, to see
if EML as well as antifertilizin could be obtained in this way from
Megathure sperme

Methodse A suspension of approximately 5 percent dry, washed sperm
in sea water was adjusted to pH 4.5 and allowed to remain at this pH
at room temperature for 30 minutes. At the end of this time the majori-
ty of the sperm appeared still active, The sperm were removed by centri-
fugation. The supernatant (Fraction I) was adjusted to pH 8,

The sperm residue was resuspended in the original volume of sea water
and the pH adjusted to 8.5. After one hour at room temperature the sus-
pension was centrifugedes The supernatant (Fraction II) was now at pH
7.3¢ This was adjusted to 8, Most of the sperm appeared still to be
alive.

Results. When tested, fraction I (acid extraction) exhibited anti-
fertilizin activity and no EML activity, whereas fraction II (alkaline

extraction) showed EML activity but no antifertilizin activity.

alkaline and acid pi
The results of the preceding experiment suggested that it might be

possible to extract EML and antifertilizin separately from living sperm
by treatment in alkaline and acid sea water respectively. Whether initial
treatment in acid sea water is necessary for recovery of EML was investi-
gated in the following experiment.

Methode A suspension of washed sperm (ga. 5 percent) in sea water
was adjusted to pH 8.2 and left overnight in the refrigerator, In the
morning, the sperm were still alive, as shown by their being activated

by egg waters The suspension was centrifuged, and the supernatant filtered
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through washed asbestos in a sintered glass funnel of medium porosity.
No sperm or sperm fragments could be seen in the filtrate, which was
clear, green-tinged and slightly foamye. The pH of the filtrate was 7.8,
It was tested for EML and antifertilizin,

Resultse Lytic activity was present in the filtrate, but no anti-
fertilizin could be detected by the inhibition test.

The results of this experiment indicated that preliminary treatment
of sperm at acid pH is not necessary for removal of EML in alkaline sea
water,

Severasl experiments were now performed in which the effect of pH on
the extraction of EML and antifertilizin from living sperm was sytemati-
cally investigateds The aim of these experiments was to obtain an EML -
antifertilizin "spectrum" over a wide range of pH.

Methodge In these experiments, difflerent lots of sperm were used at
different times. A standard procedure was followed, however, so that the
results from different experiments are comparable. The only exception
to this was vhere it was desired to extract sperm at pH higher than about
9.5¢ In this case, it was necessary to suspend the sperm in 3.3 percent
saline rather than in sea water, since certain of the sea water salts
precipitate at about pH 10.2.

To determine the effect of pH on extraction of EML and antifertili-
zin over the range from 3 to 9.5, 4 ml aliquot portions of a 5 percent
suspension of washed sperm in sea water were placed in each of a number
of 10 cc beakers. The pH of each sample was adjusted with NaOH or HCl.
Rapid and fairly precise adjustment could be achieved by using 0.5N and
01N reagentse. The beakers were then placed in a 22° water bath. Every
15 to 30 minutes the pH of each sample was checked and readjusted if
necessary. In doing this, the suspensions were thoroughly stirred.

After 4 hours, each sample was poured into a separate graduated 15 ml
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centrifuge tube and made toc a volume of 5 ml with sea water which had
been used to rinse the beaker. The suspensions were centrifuged in a
refrigerated centrifuge for 15 minutes at about 3000 rpm. The super-
natants were filtered through asbestos, equal portions of asbestos being
used for each filtration. The filtrate were adjusted to pH 8, Since
this usually required not more than 4 or 5 drops of reagent, no attempt
was made, as a rule, to equalize the volumes. The filtrates were tested
immediately for EML activity by the indentation assay method., Tests for
antifertilizin were made either by the inhibition method or precipitation
membrane test with sea=-urchin eggs,

The same procedure was used for the determination of the effect of
pH above 9.5 except that the sperm were first washed two or three times
with 3.3 percent saline, and the 5 percent suspension then made up using
saline,

Results of the experiments. The results of the several experiments

are summarized in Table XVI, The EML titers shown in the table represent
average values from the results of 2 to 4 tests, except above pH 9.5.
Only one experiment was done at pH higher than 9.5. In the table, the
presence or absence of antifertilizin is indicated by a plus or a minus
sign.

The data show that up to about pH 6, only antifertilizin is recovered,
while above this, increasing amounts of EML are obtained but no antiferti-
lizin that can be detected by either of the methods used. Later, it was
found that with more concentrated sperm suspensions, e.g., 25 percent,
some antifertilizin may be obtainéd up to pH 6.5. Even with these con-
centrated suspension, however, no antifertilizin is detectable in extracts
if the pH is maintained above 6.5.

It is of interest that at pH 9.5 to 10,5, there is a large increment
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TABLE XVI

Effect of pH on release of EML and antifertilizin from living
sperme

EML Antifertilizin
pH Apparent titer activity
2-3 0 -
3=ty 0 *
b5 0 .

56 0 *

6645 1 tr
6e5-745 4 o
7e5-845 8-16 -
8e5=94¢5 32 , -
945=1065 64 *

¥Extract in 3,3% saline dialyzed vs. sea water before testing
for antifertilizin,
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(4=fold or more) in the amount of EML recovered, compared with the amount
recovered at about pH 8, Above pH 10,5, the sperm are disintegrated into
a gel-like mass from which very little fluid can be recovered by moderate
centrifuging,

Effect of temperature on release of EML

It was known that "dry" Megathura sperm remain viable for at least
several days if kept at a low temperature (1°). The possibility was con-
sidered, therefore, that sperm in a sea water suspension might remain alive
.for a relatively extended period if kept at 1°, Since it was desired to
extract living sperm as exhaustively as possible to recover maximal amounts
of EML, an experiment was undertaken to determine the effect of temperature
on the release of EML,

Method. A 5 percent suspension of washed sperm was prepared in sea
water buffered at pH 8.2 with glycylglycine (0.02M). Several aliquots
were removed and each of these allowed to stand for 1 hour in a water bath
at a given temperature. The temperatures tested were 1°, 5°, 10°, 180, 220,
30°, 40°, At the end of 1 hour, each sample was chilled in ice water,
centrifuged and the supernatants filtered. The pH of each filtrate was
checked with the glass electrode, and in no case was the pH below 7.9 or
above 8.2, EML assays were performed immediately, The sperm from each
sample were tested with egg water,

Regsults of the experiment, As shown in Table XVII, identical titers

were obtained with the samples extracted at 5° to 30°, A significantly
lower titer was shown by the sample extracted at 40°, and a questionably
lower titer by the aliquot extracted at 1°,

When the sperm from each aligquot were treated with egg water, no dif-
ference in activation and agglutinability of the spsrm that had been exposed
to temperatures from 1° to 22° was found, all being 100 percent activated

and agglutinated. On the other hand, aperm that had been treated at 30°
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TABLE XVII

Release of EML at different temperatures.

Aliquot Temperature, °C EML titer
1 1 8-16
2 5 16
3 10 16
4 17 16
5 22 16
6 30 16
i 40 48
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and 400 showed 50 percent and O activation and agglutination respectively.

It is a matter of some interest that approximetely identical titers
were obtained with sperm suspension extracted at temperatures of from 1°
to 30°, A more rapid falling off of the titer might be expected at the
highest temperature (40°) in view of the heat lability of EWL., Inactiva-
tion at this temperature, however, may be halanced by release of lysin,
The fact that lysin release is seemingly independent of temperature from
1° to 30° suggests that EML is not actively secreted by sperm,

The extracts were not tested for antifertilizin, so it is not known
whether this was released from sperm treated at the higher temperatures.
The progressive impairment of the capacity of these sperm to be activated
and agglutinated by egg water may mean that antifertilizin had been extracted
from them,or it may reflect impairment of their wviability.

Longevity of sperm at different temperatures.

Sperm have been kept at 1° in a viable condition, as shown by activa-
tion when treated with egg water, for as long as 5 days in 5 percent suspen=—
sion and 12 days in 20 percent suspension., In both cases, the experiments
were terminated as a result of considerations other than death of the
majority of the sperm. The author does not doubt that the sperm would have
remained alive longer, On the other hand, fresh sperm in a 5 percent sus-

pension survived less then 24 hours at 18°,



3. Examination of sperm treated in alkaline and acid sea water

through the light microscope and the electron microscope

It was of interest to determine whether any difference could be seen
in the microscopic appearance of sperm treated in sea water at alkaline
end acid pH, Samples of treated sperm, fixed in 10 percent formalin in
sea water, were therefore, examined. Observations were made both with a
light microscope and the electron microscope®*. A number of photomicro-
graphs and electron micrographs were made. OSamples of sperm fixed imme-
diately after removal from the animal were taken as normal specimens.

In order to determine if fixation in formalin might produce artifaéts
in the appearance of the sperm, living and fixed (normal) sperm weré com-
pared under the light microscope at high magnification (to 1800X). So far
as could be ascertained, fresh, untreated sperm fixed in formalin appeared
no different from comparable living sperm.

Appearance of normal sperm. The overall length of a spermatozoon,
exclusive of the tail, is about 4 micra. Of this, the pointed acrosome
accounts for nearly 1/4, the head and midpiece the remainder. The great-
est width is about 1 micron. In figures 13, 14 and 15 are shown a photo-
graph and electron micrographs of normal sperm. It is seen from the
pictures that the outline resembles that of an artillery shell. In the
photograph it is apparent that the acrosome and midpiece are distinguished
from the rest of the head in being of optically different mgferial, thus
appearing darker in unstained preparations. The long tail émerges from
the midpiece. In figure 15 the tail is seen apparently emerging from the
tip of the acrosome. This may represent an agglutination phenomenon, in

which the tail is stuck to the head in the manner shown in the picture.

¥Studies with the electron microscope were made possible by the cooperation

of Mr. Burton L. Henke, who operated the instrument and made the electron
micrographs.
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JFigure 13. Photomicrograph of untreated sperm. X3800.

+Figure 14. Electron micrograph of untreated sperm. X14000.
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JFigure 15. Electron micrograph of an untreated spermatozoon
showing tail stuck to the head. - X14000.

B Figure 16. Photomicrograph of sperm treated at pH 7-8 for
| L days at 1°., X3800.
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This is seen rather frequently.

Appearance of sperm after treatment in moderately alkaline sea

water (pH 7-8). Figure 16 is a photograph of a portion of a sperm sus-

pension that had been extracted in the pH range 7 to 8 with 5 changes of
alkaline see water at 1° over a period of /4 days. The sperm shown in

the picture are representative of the majority of those of this and of
comparable suspensions examined., It can be seen that most of the sperm
appear no different from untreated sperm shown in figure 13, 1In two

sperm shown in figure 16, however, the acrosome is clearly seen to be
displaced. In some sperm, the midpiece as well as the acrosome may be
broken off., This type of fragmentation is seen with higher freguency in
suspensions treated at dow and high pH than in the mildly alkaline range.
Figures 17 and 18 are electron micrographs of sperm from and acid-treated
suspension and show the acrosome and midpiece broken from the head, Frag-
mented sperm are occasionally seen in untreated samples. Less conspicuous
aberrations that are found in all suspensions, but with less frequency in
those exposed to slightly alkaline pH than in those treated at low and
higher pH, are the appearance of light bands demarcating acrosome and mid-
piece from the head, and varying degrees of rounding of the acrosome (figures
19, 20 and 21).

In order to form an estimate of relative damage sustained by sperm
treated at various phH's, counts were made of fragmented sperm (either
acrosome or midpiece or toth broken from head). No attempt was made to
classify the different samples on the basis of smaller alterations in
appearance. In untreated suspensions (normal sperm) not more than about
1 percent appeared fragmented in the samples examined. In suspensions
treated at ph 7-8, 3 to 10 percent of the sperm were fragmented, depending,

apparently upon the conditions of extraction. The higher percentages were
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Figure 17. Electron micro- Figure 18, Electron
graph of acid-treated, fragmented micrograph of acid-treated
apermatozoon. X14000. fragmented spermatozoon. X14000.

.Figure 19. Photomicrograph Pigure 20. Electron
of acid-treated sperm showing rounded micrograph of acid-treated
acrosomes and light bands. X3800. sperm showing rounded acro-

some. X14000.
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Figure 21. Electron micrograph of acid-treated sperm-
atozoon showing displaced, rounded acrosome. X14000.

Figure 22. Photomicrograph of acid-treated sperm. Two
sperm with disintegrated heads are shown. X3800.
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observed in samples taken from suspensions that had been treated for
longer periods. Other factors may influence the relative frequency of
dameged and undamaged sperm in a suspension. Variaticns in pH, the con-
centration of the suspension and temperature, for example. No attempt
was made to analyze the effect of these different factors.

Appearance of sperm_after treatment at low and high pH., Samples of

sperm were fixed after treatment for 1 hour at about pH 4 at lo. The
majority of these exhibited marked morphological changes as compared with
sperm treated for even extended periods at pH 7 to 8, The percentage of
fragmented sperm in acid-treated suspensions was on the order of 25 per-
cent, Perhaps the most striking feature, however, was the tendency of
acid-treated sperm to aggregate in large clumps in formalin-sea water.
Sperm treated at pH 7-8 did not exhibit this tendency. Individual sperm
were difficult to examine in these masses, but the appearance of those on
the periphery and in thinner parts suggested that the majority were not
obviously different from the relatively few scattered individuals found.
Occasionally, sperm were seen in which the head had undergone disintegra-
tion, as shown in figure 22. These were comparatively rare., lMany of the
non-fragmented sperm showed light bands separating the head from the acro-
some and midpiece (figure 20). Also common among the non-fragmented acid-
treated sperm were individuals in which the acrosome was conspicuously
rounded, as in figures 19, 20 and 21, These aberrant types were more fre-
quent among acid-treated sperm than among those treated at pH 7 to 8.
Sperm fixed after 4 hours treatment at pH 9.5 to about 10.5 (in 3.3
percent NaCl solution) at 22° showed, on the whole, rather striking simi-
larity to acid-treated sperm. The percentage of fragmented sperm in these
suspensions ranged from about 30 percent at pH 9.5 to about 75 percent at

the higher pH. Here again, the sperm were aggregated into large masses in
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formalin sea water and many small aberrations were seen., Sperm treated
at the higher pH appeared, in general, to be more severely damaged than
those treated at pH 9.5. In the former case, the nuclear region of the
head of the majority of the sperm seemed qualitatively different from
sperm heads exposed to lower pH's, After treatment at the high pH, the
head appeared less dense and of a more granular nature. No satisfactory
photographs were obtained of these specimens. In suspensions exposed to
pH 10.5, many disintegrated sperm heads were seen., At still higher pH
(about 11), sperm were completely disintegrated into a jelly-like mass,

Discussion. The observations presented here show that extraction
in sea water at low temperature, even for comparatively long periods of
time, at mildly alkaline pH, does not result in extensive visible damage
to the majority of Megathura sperm. Treatment in both acid sea water
(pH 4) and more strongly alkaline solution (pH 9.5 to 10.5) results in
visible damage to a much greater percentage of the sperm. The percentage
estimates of damaged sperm were based on counts made of fragmented speci-
mens in different samples. If smaller aberrations were taken into account,
the percentage of damaged sperm in these supensions would be higher.

There appeared to be no significant difference in percent of fragmented
sperm in suspension treated at pH 4 and in those treated at pH 9.5. These,
however, were not entirely comparable, since treatment at acid pH was at
1° for 1 hour, while at the alkaline pH treatment was at 22° for 4 hours,
It is not improbable that at higher temperature and with longer treatment,
the proportion of sperm damaged (fragmented) at pH 4 would have approached
more nearly that seen in the suspension treated at pH 10.5 (75 percent),

The relative frequency of smaller aberrations shown by treated sperm,
€.8., rounded acrosomes, appearance of light bands in the regions where

the head joinds the acrosome and midpiece, was not estimated.
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Of interest is the fact that sperm treated at both low and high pH
exhibited a tendency to aggregate in large masses, as though their surface
had become sticky., OSperm from suspensions treated at neutral and mildly
alkaline pH did not form such clumps. The masses showed no ordered ar—
rangement - the sperm were seemingly disposed at random.

The qualitative difference observed in the head of sperm treated at
pH 10.5 suggested that the sperm were near the threshold of disintegration.
Treatment at + pH unit higher, as a matter of fact, did result in disin-
tegration.

With respect to release of EML, it can be said that at neutral and
mildly alkaline pH - in a range in which EML is known to be released from
sperm in sea water - the majority of individuals show no extensive visible
damage. A small percentage, however, do exhibit some damage, and the
frequency of damaged sperm increases with increasing pH in a manner which
suggests a correlation with increased release of EML at high pH. 4t neu-
tral and mildly ealkaline pH, EML may be released mainly by the small frac=-
tion of visibly damaged and aberrant sperm. On the other hand, it might
(also) be released from the surface of apparently undamaged sperm. Other
evidence suggests that release of ENL under mild pH conditions is not
accompanied by death of many spermatozoa, since sperm have been extracted
in sea water many days at low temperature, and the majority still respond
to the stimulus of added egg water. It is #mlikely that some EML is
located at, or near the surface, and is released without visible change
in the sperm, while more is situated beneath the surface, and release of
this may entail more change in the sperm structure., This interpretation
is supported by the fact that even after exhaustive extraction of sperm
at low temperature in mildly alkaline sea water, significant EML activity

is shown by extracts from the subsequently frozen and thawed sperm.
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The increased frequency of damaged sperm observed at low pH suggests
similar reasoning with respect to correlated EML release., Failure to
detect EML here, may be due to irreversible inactivation of the lysin

upon its release into the acid medium (section 6).
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Lo Release of EML and rate of oxygen uptake of sperm

A number of experiments was undertaken to determine if there is a
correlation between release of EVL and rate of oxygen consumption of the
sperm. For this purpose, measurement of the rate of oxygen uptake was
performed by use of the Warburg-Barcroft manometric method.

General methods

Preparation of sperm suspengion. In order to be able to calculate

rate of oxygen uptake per unit number of cells (202*), it was necessary

to be able to estimate the number of sperm in a suspension. For this pur-
pose, the method employed by Spikes (1948) in a study of the metabolism

of sea-urchin sperm was utilized,

The density of sperm suspensions was determined with a Cenco phote~
lometer, A calibration curve was prepared by measuring the density of
various dilutions of a sperm suspension and plotting the values obtained
(percent transmission) against the number of sperm per cm3 determined by
counting samples with a bright line hemocytometer. In order to utilize
the middle range of the instrument, aliquots of the various suspension
were appropriately diluted. A 20-fold dilution of a 5 percent suspension
showed about 50 percent transmission using a distilled water blank. From
the calibration curve which is shown in figure 23, it is possible to read
directly number of sperm per cm3, provided the percent transmission is
known,

In order to obtain an estimate of the magnitude of error involved
in making readings with the photelometer, several different samples of
a suspension were taken, diluted in the same way, and the percent trans—

mission of each read on the instrument. Each determination was made

%70, - ul gas exchange / 107 cells / hr. Conventional Z0, - rate / 10°
cells, Due to the low respiratory rate of these sperm, 109 is a more
convenient unit,
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rapidly, with no more care than would be used routinely. Table XVIII
shows the results obtained. The average deviation from the mean is %
1 percent.

For the runs, sperm suspensions were made up using artificial, car-
bonate-free sea water (formula devel oped by Tyler on basis of analysis
by Lymen and Fleming, 1940), 0,025 molar in glyclglycine. This dipeptide
is a suitable buffer to use with marine cells, since its pK' is &.1 at
18,5° (Tyler and Horowitz, 1937). According to Tyler and Horowitz, in
concentrations below 0.,C5l, glycylglycine has no particular effect on sea=-
urchin eggs. No data were available concerning its effect on Megathura
sperm, but it was found in the present experiments, that it has no detec-
table effect in the concentration that was used. The most effective
buffering range of glycylglycine is pH 7 to 9. Rather than attempt to
use other buffers outside of this range, pH values lower than 7 and
higher than 9 were attained by addition of sufficient HC1l or NaOH to the
suspensions containing the dipeptide. Variations in the pH of suspensions
so treated were greater than those observed within the optimal buffering
range, but, on the whole, were of small magnitude. This was especially
true at acid pH,

Preparation of flask samples. To prepare the flask samples, 3 ml

portions of a 5 percent sperm suspension were placed in beakers. The pE
of each was adjusted to the desired value. The percent transmission of
each sample was then determined with the photelometer. A 2 ml aliquot of
each sample was placed in each manometer flask, except the thermobarometer,
into which 2 ml of sea water were pipetted¥., The same pipet was used for

each transfer,

®\ different procedure was followed in cyanide experiments (pg./#¢ ).
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TABLE XVIII

Determination of percent transmission of aliquot portions of an
approximately 5 percent sperm suspension, Aliquots diluted 20-fold.
Read on a Cenco photelometer with distilled water blank.

per cent per cent
Sample transmission Sample transmission

1 50 6 49
2 48 7 50
3 50 8 50
4 49 2 50
5 49 10 50
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In the center well of each flask was placed a piece of fluted filter
paper with 0.3 ml of 5 percent KOH, In experiments in which it was de-
sired to add egg water, 1 ml was placed in the side arm. In controls,

1 ml of sea water was placed in the side arm,

A1l runs were made at 22° with constant rate and amplitude of shaking
(86 cycles per min., 3.5 cm.). Readings were taken at 15 minute intervals.
Most runs were of 4 hours duration.

At the conclusion of the run, the contents of each flask was pipetted
into each of several beakers, and the pH determined with the glass elec-
trode. For EML assays, the suspensions were then transferred to each of
several 12 ml centrifuge tubes and centrifuged for 10 minutes at about
3000 rpm. The supernatant from each tube was recovered, and the pH ad-
justed to about 8, The volumes were equalized with that of the supernatant
requiring the greatest amount of acid or base by addition of an appropriate
number of drops of sea water to the other solutions. Any slight inequal-
ities in volume were probably not significant in the EML assays, which
were immediately performed.

Relation of respiratory rate and EML release to pH.

Results. Several runs were made using different lots of sperm at
oH values ranging from about 4 to 9.5. The results with different lots
of sperm were comparable, provided the sperm was used within 48 hours af-
ter removal from the animals and had been stored dry at 1° for this period.
Representative data are presented in figure 24. It is seen that from abcut
pH 6 to 7 there is a slow increase in 20, with a steeper rise in the curve
above pH 7 to a maximum between pH 8 and 9. Above pH 9 the curve drops
sharply. Below pH 6 (to about 4.5) the respiratory rate is very low,

being on the order of 1 to 2 ul of oxygen per lO9 cells per hour,

EML assays of supernatants from the various suspensions used in these
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experiments followed the same trend ae-1n ths pH experiments (section 2).
Comparison of the data presented in this connection in section 2 with the
curve shown in figure 24 indicates that EML release roughly parallels
respiratory rate from pH 6 to about 9., Above pH 9, however, there is a
marked difference. EML activity in extracts obtained above pH 9 shows

a 4=fold or greater increase, whereas the respiratory rate drops sharply.

Discussion. The data from these experiments reveal a parallelism
between respiratory rate and EML release from pH 6 to about 9, but above
this there is a wide divergence, Vhat this may mean with respect to inter-
relations between EML, other sperm constituents and metabolic pathways
is a question, the answer to which is undoubtedly complex.

Nitrogenous materials other than EML are released from sperm under
conditions favorable for EML release (alkaline sea water), The signifi-
cance of these must be taken into consideration in any endeavor to evaluate
the various factors involved in these relationships. The fact that a
majority of sperm exposed to mildly alkaline sea water may show little,
if any, visible structural modification does not mean that the loss of
these substances may not be of significance in the economy of the sperm.
One thinks immediately of the problem of sperm senescence, In connection
with this, several experiments with aged sperm showed a significant dimin-
ution of the respiratory rate at physiological pH in comparison with fresh
sperm, In other respects the data were incomplete and will not be presented
here,

Among several possibilities that are suggested by the respiration-
EML release experiments with respect to relation between the respiratory
rate and release of EML, only one seemed easily susceptible to direct ex-

perimental attack. This was the possibility that release of EML is actually

independent of the respiratory rate. Several experiments were performed
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in order to obtain some evidence bearing on this. These are described
in the following sections.

Two procedures were followed. In one, the respiratory rate of sperm
cells was stimulated by addition of egg water, and EML release compared
with that of non-stimulated sperm. In the other, respiration was inhi-
bited by cyanide and comparison of EML release by treated sperm made with
that by untreated sperm.

In preliminary experiments, it was found that EML activity is apparent-
1y not influenced either by egg water or by cyanide in the concentration
in which this was used (10'4M). It was assumed, therefore, that any sig-
ﬁificant difference in ENL titer of supernatants from egg water or cyanide-
treated suspensions, as compared with non-treated sperm, might be attri-
buted to increased or decreased producti on related to metabolic activity
of the cells.,

Respiratory rate and EML release in the presence of egg water.

In two experiments, egg water was added to sperm suspensions in the
manometer flasks, In one of these, the effect of egg water in the pH
range 6 to 9.3 was investigated. In the second experiment samples were
run only at pH 8, In each experiment; 1 ml of egg water at appropriate
pH was tipped into the sperm suspension from the side arm of the flask
one hour after the run was started. In controls, 1 ml of sea water was
tipped into the sperm suspension.

The curves shown in figure 25 present the data concerning respiratory
rate frm the first experiment, It is seen that the rate was greatly in-
creased over nearly the entire pH range in the presence of egg water,
From pH 7 to 8 the increase was approximately 4-fold. Fresh sperm were

uged for these experiments,

In Table XIX are presented the results of the EML assays. Within the
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TABLE XIX

EML titers of supernatant fluid from egg water-treated and non-egg
water-treated sperm suspension.

EML titers

without with
pH egg water egg water
6e3 ;B f
Te2 4 2
749 4 4
845 816 8-16
9.0 8-16 16
93 not tested not tested

TABLE XX

Respiratory rate (202) and EML fiter of sperm suspensions treated
with egg water and with cyanide (10™%M),

With egg water With cyanide
EML ‘ EML
Sample Z0p titer Sample 20> titer
1 134 16 1 1.8 16
2 12,9 16 2 1.2 16
control 6.2 16 3 1.5 16
#1
control
#2 6.8 16 control
#1 6.5 16
control

#2 53 16
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limitationé of the assay method, it is seen that essentially similar EML
activity was found in supernatants from egg water-treated and from control
sperm,

Sperm used for the second experiment had been stored dry at 1° for
about é0 hours, One run was made in which two flasks were run at pH 8
with added egg water and two with added sea water, At the conclusion of
the run EML assays were made. The data obtained from this experiment are
presented in Table XX, It is seen from the table that the addition of
egg water resulted in but a two-fold increase in respiratory rate as
compared with the controls. The EML activity of the supernatants, how-
ever, was again eseentially the same, as indicated by the titers. These
results are of especial interest since it was with sperm of this same lot
that the cyanide experiment was performed on the same day under comparable

conditions.,

Respiratory rate and EML release in the presence of cyanide

The method proposed by Robbie (1946) was followed in preparing the
sperm suspensions and flasks, No data were available concerning the effect
of cyanide on Megathura sperm. Spikes (1948) reported that maximum inhi-
bition of sea-urchin sperm respiration is produced by 10™4y CNe It was
decideq to use this concentration in the present experiment.

For the experiment, 2 ml of sperm suspension were placed in each
flask (except the thermobarometer). As in other experiments, the suspen-
sions were prepared in artificial carbcnate-free sea water, 0.,025M in gly-
cylglycine, In the present case, all flasks were run at pH 8, Into each
of four of the flasks was pipetted 0.2 ml 10~2M HCN, The volume of each
of these suspensions was made to 3 ml by adding 0,7 ml of artificial sea
water, To each of two control suspensions, 1 ml of sea water was added,

In order to achieve proper HCN equilibrium between the experimental
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fluid within the flask and the center well liquid, Robbie found that at
22°, and with a concentration of 10~4 HCN in the flask fluid, the center
well fluid should be a mixture of 1.03M KCN, O.5N in KOH, With 3 ml of
experimental fluid, Robbie suggests that 0.6 ml of the KCN-KOH mixture

be added to the center well containing two fluted filter paper strips.
This procedure was .followed. In the control flasks, the center well con-
tained 0.6 ml of 0,5¢ KOH with double filter paper strips.

At the conclusion of the run, each supernatant was assayed for EML
activity.

The results of this experiment are recorded in Table XX, It is seen
that in the different CN suspensions, the rate of oxygen uptake ranged
from about 15 to 35 percent of the control values. Taking the mean value
as about 25 percent and comparing this with the approximately 100 percent
increasse in respiratory rate shown by the egg water-treated sperm in the
precediﬁg experiment, there is seen to be an 8-fold difference in rate of
oxygen consumption., Comparison of EML activity of the various extracts,’
however, shows that this was of the same order in each case, since identi-
cal titers were obtained.

Discugsion. The results of experiments in which the respiration of
sperm was stimulated with egg water and inhibited by cyanide suggest that
EML release is independent of the respiratory rate under the conditions
of the experiments, This is in harmony with the data obtained from an
earlier experiment in which the effect of temperature on EML release was
investigated. It will be recalled that this experiment showed that from
1° to 30° the release of EML appeared to be essentially independent of
the temperature. It was concluded from these results that EML is not re-
leased by an active secretory process which, presumably, would be sensitive

to temperature differences.
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It may be justifiable to assume as a working hypothesis, that in
sperm suspensions of the concentration used in the experiments (5 percent),
release of EML in sea water at physiological temperatures is mediated

primarily by the pH of the medium,
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5 Effect of pH, temperature and salt concentration on action of

EML, _Nature of the lytic reaction

The possibility that EML may act catalytically in lysis of the egg
membrene was considered. In this connection, it was of interest to deter-
mine whether the action of ENL is sensitive to environmental pH, tempera-
ture and salt concentration. It was also important to attempt to determine
whether EML is used up in the lytic reaction. Experiments undertaken in
order to try to elucidate these points are described in this 2§§S¥2ra

Effect of pH, temperature and salt concentration on_the action of ELL

Procedures, In these experiments the action of EML was determined
by means of the modified indentation assay method described in section 1.
This method was designed to give an estimate of smaller than 2-fold differ-
ences in titer, A preliminary test was made of the reproducibility of
results obtained. For this purpose ten separate assays were made of a
preparation buffered at pH & with Michaelis' universal buffer (see below).
Titers ("one-intercept" values) ranging from 75 to 100 were obtained. |
The mean of the ten titers was 88 and the mean deviation from this was on
the order of * 10 percent,

For the pH experiments a modification of Michaelis' universal buffer
(Michaelis, 1931) was used. The modification consisted in making the buf-
fer with sea water. For the temperature experiment veronal-buffered sea
water was used, and for the salt concentration experiment verpnal buffer
in distilled water was made to the desired salt concentrations by addition
appropriate amounts of NaCl. In each experiment the test eggs were equili-
brated in the buffer soltuion used. ZEggs in buffer served as controls.
Except in the temperature experiment, all tests were carried out at room
temperature (21-23°).

For the pH and temperature experiments the stock EML solution was



- 104 -~

diluted 10-fold with buffer. For the temperature experiment, the ENL
solution was diluted 100-fold.

Technique of the tests. Washed eggs taken from the stock of formalin-

preserved eggs were suspended in the appropriate buffer. For each test,
0.5 ml aliquots of the EML preparation were pipetted into each of 10 sep-
arate salt cellars, These were lined up in a convenient way and at 30
second intervals an egg was added to each dish, In this way, the first
egg was ready for examination 30 seconds after the last was placed in the
solution. All tests were made in duplicate, so that a total of 20 eggs
was used in each,

A preliminary titration of the EML solution at each pH, temperature
and salt concentration was made. Three 2-fold dilutions, one the same as
that giving the titer in the preliminary test, the other two the next
higher and lower dilutions respectively were then prepared and tested as
outlined above, The number of indentations in the membrane of each egg
after five minutes treatment was recorded, The mean number of indenta-
tions per egg per dilution was plotted as described in section 1,

Effect of pH. For these experiments, buffer was prepared by dissolv-
ing 9.7 gm sodium acetate 3¢H>0 and 14.7 gm veronal in sea water brought
to pH 9 with 10N NaCH and the volume made to 500 cc. To 5 cc of this solu-
tions, Ma" cc of either 0,1N HC1 or 0.1N NaOH were added plus (20 - a) cc
sea water., For each desired pH, "a" wags determined with the glass elec-
trode. The pH of the final solutions was checked with the pH meter,

Assays were made at each of the following pH values: 5.1, 5.6, 6.2,
6.9, 7.9, 8.1, 9.5, Figure 26 shows a plot of titers ("one-intercept"
values) at each pH. In the figure, the ordinate is dilution of the 10-
fold dilution of the stock extract. The points in the figure have been

connected to give a curve., It is seen that this rises from a low value
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at pH 5.1 to a maximum at 8.1, involving a 16-fold difference in titer.
Above pH 8,1 the curve falls.

Effect of temperature. For this experiment buffer was prepared by

combining 1,82 gm veronal and 5.5 ml N NaOH and meking to a volume of
250 cc with sea water. The EML extract was diluted 10-fold with buffer
and the pH of the final solution adjusted to 8.1,

Assays were performed at 1°, 10°, 21° and 30°. The tests at the two
lower temperatures were done in cold rooms maintained at 1° and 10° res-
pectively. The temperature of the laboratory was 21° and a room warmed
to 30° was available for the test at this temperature. The egg suspension,
EML solution and all glassware wereequilibrated at each temperature before
the tests were made. For the assay at 30°, EML dilutions were prepared
at normal room temperature, brought to 30° in a water bath immediately
before the tests were made and aliquot portions transferred to salt cellars
equilibrated to 30°,

The results of the tests are presented in figure 27. Dilution is
plotted against temperature. The tiers show a low value at 1°, interme-
diate values at 10° and 30° and a maximum at 21°,

Effect of salt concentration. The buffer used in this experiment

was prepared by combining 1.82 gm. veronal and 5.5 ml 1N NaOH and making
to 250 cc with distilled water. The ionic strength of this solution was
approximately 0.02, The EML preparation was diluted 100-fold with the
buffer. This resulted in dilution of the sea water salts to a value
approximately equivalent to 0.03 percent NaCl.

Buffered EML solutions were made to the desired salt content by addi-
tion of appropriate amounts of NaCl. The final pH of the solutions was
checked with the pH meter and in each case was about 8, The total salt

content of the different soluticns, expressed as ionic strength, was, res-
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pectively, about 0.1, 0.3, 0.5, 0.6, 0.8, and 1.5.

The results of this experiment are presented in figure 28, Dilution
is plotted against salt content (expressed as ionic strangth). In the
solution of lowest salt content the titer was about 1. Maximal, and
approximately equal titers were observed where the salt content was
equivalent to ionic strength of 0.3 to 0.8, The drop in titer shown by
the solution of highest salt content is of unassessed significance. It
is not unlikely that high salt concentration may influence EML activity
unfavorably, though this was not tested further.

Nature of the lytic reaction

It was important to try to determine whether ENL acts catalytically.
Sensitivity of the lytic reaction to pH, temperature and salt concentration
suggests that this might.be the case. This possibility was tested as
described below,

Experiments. In the first experiment, a small quantity of active
EML, preparation was allowed to react with a large number of eggs (mem-
branes), Supernatant fluid was withdrawn at intervals and assayed for
EML activity by the standard indentation method. Titers were compared
with that of a control sample which contained no eggs.

Procedure. A quantity of formalin-preserved, stock eggs was washed
with several changes of fresh sea water. Washing was accomplished by
mixing the eggs with about 10 times their volume of sea water, centrifu-
ging the suspension lightly and pouring ofﬁ the supernatant fluid,

After the final washing, equivalent amounts of the egg suspension
were added to each of 3 7X75 mm test tubes. These were centrifuged and
most of the remaining sea water removed. Examination of eggs after this
preliminary treatment showed that the membrane was intact on practically

a1l
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An EML solution, obtained by extraction of living sperm with alka-
line sea water and dialyzed against sea water, was used for the tests.
The pH was adjusted to 8.1, Assay showed that it had a titer of 32.

To each of the three tubes, containing approximately 3 cc of packed
eggs, 1 cc of the EML solution was added., To a 4th tube without eggs,
an equal quantity of XML was added. Each tube was capped with a piece
of parafilm and at frequent intervals was gently inverted in order to mix
the contents. The experiment was performed at room temperature (gca. 23°),

At intervals after the experiment was started, successive tubes were
centrifuged sufficiently to pack the eggs and the supernatant solution
poured off., Ifach supernatant was immediately assayed for EML activity.
The control solution was assayed at the conclusion of the experiment,
so that any inactivation resulting from standing at room temperature would
be detected.

Results. The results of this experiment are presented in Teble XXI,
The data show that when the test solution was recovered from the egg within
10 minutes, there was no significant difference in titer as compared with
that of the original preparation. Examination of the treated eggs showed
that the membrane was present in essentially 100 percent and but slightly
thinned and distorted. The solution assayed after being in contact with
eggs for 35 minutes showed only about 4 the original activity, and that
assayed after 85 minutes showed 1/8 to 7 the original activity. Examina-
tion of eggs treated in these solutions revealed no marked difference in
the condition of the membranes (present on practically 100 percent of the
eggs in each case), but compared with those from the first tube, those
in each of the last tubes were markedly thinner, more swollen and distorted.

Assay of the control after 100 minutes showed that its titer was the

same as at the start of the experiment,
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TABLE XXI

Assay of EML solutions after different periods of treatment with
eggse

Period of treat-

Sample ment with eggs Titer
Control - 32
" - 32#
; } 8 min, 32
2 35 min. 8
3 85 min, 4=8

#Titer at start and after 100 min,
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Fajlure of the great majority of egg membranes to be dissolved in
85 minutes of treatment suggested the desirability of determining the
dissolution time of single egg membranes by treating individual eggs
in 0.5 cc portions of the EML solution. The membrane of each of three
eggs so treated was dissolved in less than 30 minutes.

The second experiment was designed to test the possibility that
material released from the eggs might be responsible for inactivation
of the lysin,

Procedure. A gquantity of washed eggs from the stock suspension was
treated in an excess of approximately 1N thioglycolate at pH 9 (¢cf. sec-
tion 8)., This treatment was repeated with a number of changes of fresh
thioglycolate, centrifuging to remove the supernatant, until the membranes
were much weakened and softened. With repeated violent shaking it was
possible to free many eggs from their membranes, The eggs were then
washed with 8 or 10 changes of fresh sea water, the eggs being well shaken
each time, Finally, examination showed that at least 50 percent of the
eggs were denuded of their membrane, and the remaining membranes were
largely disintegrated.

After a final washing, the packed eggs, amounting to about 0.5 cc,
were suspended in 2 cc of sea water and homogenized. This was followed
by rapid freezing and thawing., Upon centrifugation of the thawed suspen-
sion, a clear solution was obtained, The pH of this was adjusted to 8.1.

For the tests, a portion of the same EML solution used in the 1lst
experiment was diluted with an equal volume of the egg extract. For a
control, another portion of the EML preparation was equally diluted with
sea water. Assay of the two solutions gave identical titers.

A third experiment was performed which was essentially a repetition

of the first., A slightly different procedure was followed, This is des-
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cribed below,

Procedure. A quantity of eggs from the stock suspension was washed
as before. After the final washing, the packed eggs were removed from
the tube with a minimal smount of water and placed in a shallow covered
dish. Into each of 5 salt cellars, 0.5 ml of the same EML solution used
before was pipetted. With a fine dropping pipet successive drops of eggs
were added at intervals of 5 to 10 minutes to each of 3 of the EML solu-
tions. To the other 2, the same number of drops of sea water, delivered
with the same pipet (after rinsing it) were added., After the last drop
was added, the suspensions were transferred to separate 10X75 mm test
tubes, and centrifuged in a microcentrifuge to pack the eggs. From each
of the supernatants, 5 drops of solution free of eggs were recovered.
These were placed in different salt cellars and 3 to 5 freshly washed
eggs from the stock suspension were added in a single drop to each dish.
A similar number of eggs was added to 5 drops of each of the two control
solutions., Membrane dissolution time was then determined as closely as
possible for the different eggs in each dish,

Resultg, To each of the 3 experimental dishes, a total of 8 drops
of packed eggs was added, The same number of drops of sea water was added
to each of the two control dishes. The last drop was added approximately
1 hour after the first.

The mean time for complete dissolution of the membrane of eggs added
to each of the control dishes at the conclusion of the experiment was,
in each dish, 20 to 30 minutes, as shown in Table XXII, In contrast, as
the data show, none of the egg membranes in the 3 experimental dishes were
dissolved in a period of 2 hours that observations were continued. All
of these membranes were clearly visible for this time, although thinned

and distorted to varying degrees.
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TABLE XXII
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