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Extracellular pH

NORIO SUZUKI1’2’4 and DAVID L. GARBERS2’�4

Departments of Pharmacology2 and Physiology3

and

The Howard Hughes Medical Institute4

Vanderbilt University School of Medicine

Nashville, Tennessee 37232

ABSTRACT

At an extracellular pH of 6.6, a peptide (resact) isolated from the egg jelly of Arbacia punctu-
lata increased the respiration rates of A. punctulata spermatozoa but did not activate sperm cells

from Lytechinus pictus. In contrast, speract (Gly-Phe-Asp-Leu-Asn-Gly-Gly-Gly-VaI-Gly), elevated

the respiration rates of L. pictus but not A. punctulata spermatozoa. At normal seawater pH
(7.6-8.0) egg jelly from A. puncrulata, or egg jelly from L. pictus purified free of speract, inhibited

L. pictus sperm respiration rates. Similarly, the egg jelly from L. pictus inhibited the respiration

rates of A. punctulata spermatozoa. The jelly component responsible for the inhibition of respira-

tion was nondialyzable. The inhibition of respiration induced by jelly could be reversed by the

addition of speract to L. pictus spermatozoa and by the addition of resact to A. punctulata sper-
matozoa. Speract stimulated L. pictus sperm respiration half-maximally at about 1 nM in the
presence of either heterologous or homologous (speract-free) jelly. Monensin A, an ionophorc

which elevates sperm intracellular pH, reversed the jelly inhibition of respiration. These results

demonstrate that two peptides associated with eggs (speract and resact) can stimulate sperm

motility and metabolism in the face of inhibitory components present in the egg jelly. Additional-

ly, the peptides demonstrate species specificity.

INTRODUCTION

The egg jelly of sea urchins appears to

contain factor(s) which are important for the

norma! fertilization of sea urchins (Lillie, 113;

Dan, 1952). One factor, a fucose-sulfate-rich

polymer, has been shown to induce the acro-

some reaction of homologous spermatozoa

(SeGall and Lennarz, 1979; Kopf and Garbers,

1981); it also causes a rapid accumulation of

45 Ca2 + and marked elevations of cyclic AMP

(Kopf and Garbers, 1981). Another factor,

whose function during fertilization has not

been determined, has been isolated from the

egg jelly of the sea urchins, Strongylocentrotus

purpuratus and Hemicentrotus puicherrimus; it

has been named speract and is a decapeptide

(Hansbrough and Garbers, 1981; Suzuki et al.,

1981; Garbers et a!., 1982). Speract has the

amino acid sequence of Gly-Phe-Asp-Leu-Asn-
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Gly-Gly-Gly-Val-Gly. A primary effect of the

peptide appears to be the induction of a net H”

efflux from the sperm cell with a resultant

alkalinization of intracellular pH (Repaske and

Garbers, 1983).

Speract, and other peptides associated with
H. puicherrimus and Anthocidaris crassispina

eggs, have been shown to markedly stimulate

the respiration of sea urchin spermatozoa at

acidic, but to only marginally stimulate at

alkaline extracellular pH values (Hansbrough

and Garbers, 1981;Suzukietal., 1981;Garbers

et a!., 1982; Nomura et a!., 1983). Since

seawater pH is alkaline, the physiological

significance of the larger stimulation at acidic

pH has not been clear, although it has been

suggested that the pH of egg jelly is acidic

(Vasseur and Hagstrom, 1946; Ohtake, 1976),

because of its high content of carboxyl and

ester-linked sulfate residues (SeGalj and Len-

narz, 1979; Isaka et al., 1970; Ishihara et a!.,

197 3); it has been compared to a polyelectrolyte

gel (Levin et a!., 1964; Goldstein et al., 1964).

Recently, Holland and Cross (1983), however,

have suggested that the pH of egg jelly is

actually in the range of 7.99 ± 0.0 35.
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The identification of the actual functional

role of various jelly components is now possible

because of their purification. Here, we report

that both homologous egg jelly free of speract

and heterologous egg jelly inhibit sperm respira-

tion rates at either acidic or alkaline extracellu-

lar pH. The subsequent addition of speract or

resact results in relief of the jelly-induced

respiratory inhibition. Speract is specific for L.

pictus while resact is specific for A. punctulata.

Monensin A, an ionophore which mimics the

effects of speract at acidic pH values, also

reverses the inhibition of respiration by egg

jelly.

Materials

A. punctulata were obtained from the Marine

Biological Laboratory, Woods Hole, MA and L. pictus

were purchased from Pacific Bio-Marine, Venice, CA.

Monensin A was a generous gift from Dr. Robert

Hamill, Eli Lilly and Co., Indianapolis, IN. Speract

(Gly-Phe-Asp-Leu-Asn-Gly-Gly-Gly-Val-Gly) was cus-

tom synthesized by Peninsula Labs., Inc., San Carlos,

CA.

Gamete Collection and incubation

Spermatozoa or eggs were obtained after the
injection of sea urchins with 0.5 M KCI. Spermatozoa
were collected “dry” at 5#{176}Cand stored on ice at

approximately 400 mg (wet weight)/ml until use. In

general, spermatozoa were incubated in artificial sea

water in the presence or absence of the egg jelly. All

incubations were carried out at 20#{176}Cin artificial sea

water (ASW) composed of 454 mM NaCI, 9.7 mM

KCI, 24.9 mM MgCl2, 9.6 mM CaCI2, 27.1 mM

MgSO4, 4.4mM NaHCO3 and 10mM Tris or 10mM

Tris-lO mM N-l2-acetamidol-2-aminoethane sulfonic

acid (ACES). ASW which did not contain Tris or

ACES was used in some experiments. Unless otherwise
indicated, the reactions were initiated by the addition

of spermatozoa.

Determination of Respiration Rates

Respiration rates were determined using a Gilson
K-IC Table Top Oxygraph equipped with a 2.2-mi

capacity temperature control chamber fitted with a

Clark type electrode and a semimicro pH electrode

(Radiometer GK-2421C).

Immediately prior to use, one volume of dry

spermatozoa was suspended in three volumes of the
same ASW as used in the incubation; in some cases dry
sperm were used without dilution. The sperm suspen-

sion (10 mg wet weight/100 �il) or dry sperm (10 mg

wet weight/25 �tl) was added to 2.1 ml or 2.2 ml of

ASW or egg jelly solution. After recording stable

basal respiration rates for several minutes, various

agents were added. The new respiration rates were

determined over the next 3 mm. Respiration rates
were determined assuming the solubility of pure O� at

1 atmosphere to be 0.03 10 mI/mI of ASW at 20#{176}C

(Umbreit, 1964).

Isolation of Jelly Coat by Mechanical Means

In some experiments, eggs were collected in

nonbuffered ASW (pH 7.5-7.9) and allowed to stand

at 5#{176}Cwith occasional stirring for 5-6 mm. The

suspension (10% v/v) was then gently pipetted up and
down through a wide-base disposable plastic pipet.

After this, the eggs were centrifuged at 4#{176}Cat 1500 X

g for 10 mm. The supernatant fluid containing the
jelly coat was centrifuged at 10,000 X g for 60 mm at

4#{176}Cand the resulting supernatant fluid was used as the

egg jelly solution.

isolation of Jelly Coat by Acid Treatment

After injection of 0.5 M KCI into the coelomic
cavity of sea urchins, eggs were collected in buffered

ASW (pH 7.8-8.0). The eggs were centrifuged at 1500

X g for 10 mm at 5#{176}C.The pelleted eggs were sus-

pended (10% v/v) in ASW buffered to p11 5.5 with 10

mM Trjs-l0mM ACES. After 5-6 mm with occasional

gentle stirring, the eggs were centrifuged at 1500

X g for 10 mm at 5#{176}C.The supernatant fluid was

centrifuged at 10,000 X g for 60 mm at 4#{176}C.The pH
of the resultant supernatant fluid was adjusted to 7.5

by the addition of I N NaOH.

0 10 20 30 40 50

Time (mm)

20 #{176}

10 �

0�

FIG. 1. High-pressure liquid chromatography

(HPLC) of the purified A. punctulata peptide (resact).

Resact was extracted from A. punctulata egg jelly with

70% ethanol and purified by chromatography on a

Sephadex C-b column, followed by HPLC orf an

octyl column (4.6 X 250 mm). Fractions containing

activity obtained from the HPLC column were pooled

and lyophilized. The residue, which contained ap-

proximately 100 nmol of resact, was applied to the

octyl column (4.6 X 250 mm) equilibrated with 10%

acetonitrile in 0.1% trifluoroacetic acid. A program
with a constant flow rate of 1.0 mI/mm at 40#{176}Cwas
initiated at 2 mm to give the linear acetonitrile con-

centration shown in the Figure. The column effluent
was monitored for absorbance at 235 nm and the peak

fractions (27-28 mm) were pooled and used for ex-

periments.
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FIG. 2. Typical oxygraph traces of L. pictus sperm respiration in the presence or absence of A. punctulata

egg jelly at acidic or alkaline pH. Top) Respiration rates at pH 6.6. A. punctulata eggs were collected in buffered

ASW and the egg jelly was then prepared by acid treatment as described in the text. The egg jelly was adjusted to

pH 6.6 by the addition of 1 N HCI and was added to give 4.0 mg/mI protein and 63 nmol/ml fucose. Bottom)

Respiration rates at pH 7.7. A. punctulata eggs were collected in nonbuffered ASW and the egg jelly was prepared

by mechanical means as described in the text. The egg jelly was added to give 4.1 mg/mI protein and 55 nmol/ml
fucose. Sperm respiration was determined at 20#{176}C.At the points indicated, spermatozoa, speract or resact were

added to give final concentrations of approximately 4.5 mg (wet weight)/ml, 1.0 nM or 200 nM, respectively.

Charcoal Treatment of Egg Jelly

Since the egg jelly of L. pictus contains pep tide(s)

which stimulate the respiration and motility of the

homologous spermatozoa, the egg jelly was treated

with activated charcoal to remove the pep tides (l-lans-

brough and Garbers, 1981). Before the treatment, the

charcoal was washed extensively with millipore-fmltered

H20 and preequilibrated wmth ASW (pH 7.5). About

40 g of charcoal suspension was added to 90 ml of egg

jelly and stirred for 12 h at 5#{176}C.Charcoal was re-

moved by centrifugation at 10,000 X g for 30 mm and

subsequent filtration on Whatman No. I filter paper.

The filtrate was then dialyzed at 5#{176}Cagainst ASW (pH

8.0) for 12 h. The nondialyzable fraction was centri-

fuged at 4#{176}Cat 10,000 >( g for 60 mm, and the

supernatant fluid was subsequently used for experi-

ments.
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FIG. 3. Typical oxygraph traces of A. punctulata sperm respiration in the presence of L. pictus egg jelly at

pH values of 6.6 or 7.8. L. pictus egg jelly was prepared by acid treatment and purified through the charcoal step

as described in the text. The egg jelly used was added to give 640 �ig/ml protein and 799 nmol/ml fucose and was

adjusted to a pH of 6.6 or 7.8. At the indicated points, spermatozoa, speract, resact or monensin A were added

to give final concentrations of approximately 4.5 mg (wet weight)/ml, 1.0 nM, 200 nM or 25 tiM, respectively.

Other Methods

Protein was determined according to Lowry et al.

(1951). Fucose was assayed by the method of Dische

and Shettles (1951). Amino acid analysis was as
follows: peptide was hydrolyzed in 6 N HCI at 110#{176}C
under vaccum for 24 h. The sample was then dried and

subsequently analyzed with an LKB 4400 amino acid

analyzer. A lack of aromatic amino acids in resact was

also confirmed by the U.V. spectrum of the peptide

(no absorption maxima in the 250- to 290-nm range

was detected.

RESU LTS

It has been reported that A. punctulata egg

jelly lacks the agent capable of stimulating the

respiration of L. variegatus spermatozoa

(Hathaway, 1963) despite a similarity in the

gross chemical composition of the egg jelly of

both species (SeGall and Lennarz, 1979).

Initially, we determined that speract did not

activate the respiration rates of A. punctulata

spermatozoa at acidic pH values. We then

determined that the egg jelly from A. punctu-

lata contained a substance(s) which stimulated

the respiration of its own spermatozoa at pH

6.6 (not shown). This substance did not cross-

react with S. purpuratus or L. pictus sperma-

tozoa. Purification of the substance by high-

pressure liquid chromatography demonstrated

that it was a peptide (Fig. 1). The amino acid

sequence of the peptide has not been deter-

mined but its composition is: Thr (0.9 nmol),

Pro (0.8 nmol), Gly (4.6 nmol), Ala (0.8 nmol),

Val (1.8 nmol), Leu (1.0 nmol), CmCys (2.2

nmol) and Arg (1.0 nmol). The peptide, obvi-

ously different from speract based on both

amino acid composition as well as biological

activity, has been named resact.

Since egg jelly has been shown to inhibit

sperm respiration under conditions of normal
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extracellular pH (Kinsey et al., 1979; Christen

et al., 1983), we first tesetd whether or not

heterologous egg jelly would inhibit L. pictus

sperm respiration at acidic (6.6) or alkaline

(7.7) pH values. These experiments were now

possible because the peptides capable of activat-

ing sperm respiration did not cross-react be-

tween these sea urchin species. A. punctulata

jelly effectively inhibited sperm respiration

rates at either pH (Fig. 2). The subsequent

addition of speract greatly stimulated respira-

tion, whereas the addition of resact did not

stimulate at either pH. It should be noted that

at pH 6.6, L. pictus spermatozoa respire at rates

When A. punctulata spermatozoa were

inhibited l)y L. pictus egg jelly the same effects

were observed except speract did not stimulate

the respiration rates whereas resact did stimulate

them (Fig. 3). At pH 6.6, A. punctulata sper-

matozoa respired at lower rates than at pH 7.8;

this is similar to the situation with S. purpuratus

spermatozoa (I-lansbrough and Garbers, 1981).

Monerisin A, an ionophore which catalyzes an

electroneutral Na+/H’�� exchange, reproduced

the effects of resact on respiration (Fig. 3).

When L. pictus sperm cells were inhibited by

jelly, monensin A also stimulated respiration

rates (not shown).

The respiratory inhibition by heterologous

comparable to the rates obtained at pH 7.7. egg jelly was dependent upon the extracellular

STIMULATION OF SPERM RESPIRATION 1171

8.0

FIG. 4. Inhibition of A. punctulata sperm respira-

tion by L. pictus egg jelly as a function of extracellu-

lar pH. L. pictus egg jelly was prepared as described in

the legend to Fig. 3. Respiration rates of A. punctulata

spermatozoa (4.5 mg wet weight/ml) were determined

as described in the text in the presence of either L.

pictus egg jelly or ASW buffered with 10 mM Tris-lO
mM ACES to the indicated pH values. L. pictus egg

jelly was added to give 640 �g/ml protein and 799
nmol/ml fucose.

pH of Seo Water

FIG. 5. Inhibition of L. pictus sperm respiration

rates by homologous (speract-free) (a-.) or hetero-

logous (a--.) jelly at various extracellular pH values

and the relief of inhibition by speract. L. pictus egg
jelly was prepared as described in the legend to Fig. 3

and was added to give 640 �ig/ml protein and 799
nmol/mI fucose. A. punctulata egg jelly was prepared

as described in the legend to Fig. 2 and was added to

give 4.0 mg/mI protein and 63 nmol/ml fucose. Res-

piration rates of L. pictus spermatozoa (4.5 mg wet
weight/ml) were determined as described in the text at

the indicated p11 in the presence or absence of egg

jelly and in the presence or absence of added speract
(final concentration of 3.4 nM).
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and the subsequent addition of speract resulted

in a stimulation of respiration at all pH values

tested (Fig. 5). It was frequently observed,

however, that the stimulatory effect of speract

in the homologous system was transient, lasting

only a few minutes (Fig. 6). This contrasts to

the situation in the heterologous system where
nL.pctU) the respiratory stimulation caused by speract

egg I S continued during the time course of the incuba-

tion (see Figs. 2 and 3). Possibly these differ-

ences are due to the occurrence of an acrosome

reaction at pH 8.0 since about 70% of thefl ASW pH 7.51

spermatozoa demonstrated an acrosome re-

action in the homologous system. This was not

investigated further, however, it also should be

noted that 3.4 nM speract did not completely

reverse the jelly-induced inhibition of respira-

tion (Fig. 5).

The factor responsible fot the inhibition of

respiration was not dialyzable (not shown).

Approximately 700 nmol/ml of added fucose

(L. pictus jelly) inhibited the respiration of L.

o #{149} rt ASW, pH 6.6

/
- n L. plctus egg Icily, pH 7.5

pH (Figs. 4 and 5), however, the addition of the

homologous peptide reversed the inhibition at

all pH values, including those at physiological

values. The acrosome reaction was not observed

with heterologous egg jelly, and the subsequent

addition of peptide also did not cause an

induction of the acrosome reaction.

After treatment of homologous egg jelly
with charcoal to remove speract (Kopf and

Garbers, 1981), it inhibited sperm respiration,

0

a

0

0

I-’

3

2

7.5.
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FIG. 6. Typical oxygraph traces of L. pictus sper-

matozoa in the presence or absence of L. pictus egg

jelly. L. pictus egg jelly was prepared by acid treat-

ment and purified through the charcoal step as de-

scribed in the legend to Fig. 3. The egg jelly was added

to give 640 �sg/ml protein and 799 nmol/ml fucose.

At the points indicated, L. pictus spermatozoa and
speract were added to give final concentrations of 4.5

mg (wet weight)/ml and 1 nM, respectively.

0 250 500 750

Fucose ConcentratIon (nmol/ml)

FIG. 7. The inhibition of sperm respiration by L.

pictus egg jelly as a function of the amount of fucose

added. L. pictus egg jelly was prepared as described in

the legend to Fig. 3 and was added to give the indi-
cated final concentration of fucose. Respiration rates
of L. pictus or A. punctulata spermatozoa (4.5 mg wet

weight/mI) were determined as described in the text in

the absence or presence of L. pictus egg jelly at pH

14 1� 1? 11 1U � � ( b

-Log Peptlde ConcentratIon I M I

FIG. 8. The stimulation of jelly-inhibited respira-

tion of L. pictus spermatozoa by the addition of vari-

ous concentrations of speract. A. punctulata egg jelly

or L. pictus egg jelly were prepared and added as de-

scribed in the legends to Fig. 2 and Fig. 3, respective-

ly. The final concentrations of fucose were 63 nmol/

ml and 799 nmol/ml for the added A. punctulata and

L. pictus egg jelly, respectively. The stimulation of

respiration represents the difference in respiration

rates before and after peptide addition and is plotted

as a function of -log speract concentration.
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pictus spermatozoa by 60% and A. punctulata

spermatozoa by 40% (Fig. 7). A. punctulata

jelly, in contrast, required only about 60

nmol/ml of fucose for an equivalent inhibitory

effect on sperm respiration (not shown).

The stimulation of jelly-inhibited L. pictus

sperm respiration by speract was dependent on

the concentration of the peptide; half-maximal

stimulation of respiration occurred at about 1

nM in the presence of 63 nmol fucose/mI

(Arbacia) or 799 nmol fucose/ml (Lytechinus)

(Fig. 8). The concentration of speract required

to half-maximally stimulate respiration at p1-I

6.6 is about 50 pM (Fig. 8).

DISCUSSION

It was previously reported by Kinsey et al.

(1979) that egg jelly of S. purpuratus initiates

the acrosome reaction of homologous sperm

cells with a resultant decrease in respiration

rates, and recently Christen et al. (1983) have

reported that jelly-treated S. purpuratus sperm

cells alkalinize after the induction of an acro-

some reaction followed by a reacidification

and a resultant decrease in respiration rates. In

both reports, jelly-treated spermatzoa appeared

to lose viability rapidly. Here, we show that the

jelly-inhibited respiration of sea urchin sperma-

tozoa can be reversed by the subsequent

addition of speract or of resact, two peptides

which elevate sperm respiration rates in a

species-specific manner. The respiratory inh ibi-

tion by the egg jelly did not seem to be nec-

essarily related to the induction of an acrosome

reaction. The inhibitory component of jelly

appeared to be nondialyzable, was active

between pH values of 6.6-7.8, and was present

in heterologous egg jelly which did not induce

an acrosome reaction. However, the relief of

jelly-inhibited respiration by speract was

transient in the homologous system where

acrosome reactions occur. Under acidic extra-

cellular pH conditions, which have been used

for the initial detection and isolation of speract,

resact and similar peptides, stimulatory effects

also often appear to be transient (Suzuki et al.,

1983). Since the fertilizing capacity of sea

urchin spermatozoa is reported to be decreased

dramatically in less than 1 mm after the induc-

tion of an acrosome reaction (Kinsey et al.,

1979; Vacquier, 1979), the maintenance of

motility and respiration for long periods of

time is probably not necessary.

In both the heterologous and homologous

system, monensin A which catalyzes electrically

neutral Na+/H+ exchange across cell mem-

branes, reproduced the effect of speract and of

resact on sperm respiration, suggesting that

jelly-inhibited respiration may be relieved by an

elevation of intracellular pH. However, other

agents which elevate sperm intracellular pH

have yet to be tested.

These data suggest that sea urchin sperm

cells normally become inhibited as they traverse

the egg extracellular matrix (jelly) and that

speract, resact and peptides from other species

of sea urchins reverse the inhibition. The

reversal would appear to be transient but of

sufficient length in time for fertilization to

occur (Vacquier, 1979). Since the peptides

show some degree of species specificity, they

could function to prevent cross-fertilization

between various species. It now remains to be

determined, however, whether or not fertiliza-

ton rates can be altered by the manipulation of

these peptides. It also remains to be determined

whether or not the actual physiological func-

tion of the peptides is to stimulate sperm

respiration and motility or to alter some other

yet unmeasured physiological parameter.
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