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Cryaprotectants have not been identified in intertidai invertebrates tolerant to freezing, prabably due to the
lack of a simple, non-correlative assay for the presence of these compounds. Protection of phospholipid
vesicles against fusion and leakage and protection of freeze-labile enzymes following a freeze-thaw cycle can
be used as an indication of the presence of cryoprotectants in extracts from organisms. The hemslymph of
the intertidal bivalve molluse, Mytilus edulis was effective in reducing freeze-induced fusion of phosphelipid
vesicles and denaturation of lactate dehydrogenase, indicating the presence of a crycprotectant. The ethanol
soluble fraction of the bleod protected phospholipid vesicles against freeze-induced fusion and leakage and
lactate dehydrogenase against freeze-induced denaturation. The ethanol-soluble fr was fractionated
further with Sephadex G-25 column chromategraphy., thin-layer chromatography, and paper chromatogra-
phy. Taurine and strombine were identified as two compounds present in the hemolymph that were capable

of cryoprotection.

Introduction

Many intertidal invertebrates are capable of
surviving the presence of ice in their extraceilular
fluids and are thus considered to be freezing
tolerant [1]. The mechanisms of freezing tolerance
in these organisms, however, are as yet unclear.
The typical cryoprotectants thai are found in ter-
restrial organisms tolerant to freezing are either
absent in intertidal organisms or are present in
such low concentrations that they could not
account for all of the freezing tolerance. Calcinm
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has been correlated with an increase in freezing
tolerance in one intertidal invertebrate. but its
increase could oaly account for forty percent of
the observed ireczing tolerance (2] This finding
suggests that other cryoprotectants are present but
have not yet been identified. The present method

_for identifying putative cryoprotectants in organ-

isms is 1o measure changes in tissue solute con-
centrations and corre::ste them with changes in
freezing tolerance. This method works well for
known cryoprotectants but not for novel ervopro-
tectants because it would be easy to overlook
unknown compounds. 1t also is limited by the fact
that correlation does not imply cause and effect. A
non-correlative method for identifying possible

orvyomentactante wonld cieoveecant thace nrobleme
Crycproteciants wowic circumvent inese probleme,

In this paper we describe a new method for identi-
fying possible cryoprotectiants using protection of
liposomes and freeze-labile enzymes after freeze.
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thaw cycles as an ‘assay’. Using this method, we
have been able to identify sirombine and taurine
as likely cryoprotectants in the freezing tolerant
intertidal bivalve, Myrilus edulis.

Materials and Methods

Animals. Specimens of Myrilus edulis were col-
lected from Stonington, Connecticut on December
12, 1986 and transported 1o Connecticut College
where hemolymph samples wers immediately taken
from the sinus in the posterior adductor muscle.
The hemolymph samples were frozen and shipped
on dry ice to the University of California, Davis
where they were stored at —20° C for three weeks.

Resonance energy iransfer. Freeze-thaw induced
fusion of small uvnilamellar vesicles (SUVs) was
monitored by measuring resonance energy transfer
(RET) between fluorescent probes in two popula-
tions of 1-palmitoyl-2-cleoylphosphatidylcholine,/
phosphatidylserine (POPC /PS, mole ratio 85:15)
SUVs as described previously [3.4]. Vesicles were
prepared by sonicating lipids (20 mg/ml} to clar-
ity in the presence of either 2 mole percent of the
donar probe (CA9C) or the acceptor probe
(NBDPE) and 10 mM Tes (pH 7.0) contzining 0.1
mM EDTA (buffer 1). The SUVs (0.2 mg of each
population) were frozen in buffer 1 containing
various volumes of the extracl to be tested. The
extracts were all dissolved in buffer 1 and the
volume of the samples was held constant (0.2 ml)
by addition of buffer 1 when necessary. The sam-
ples were placed in liquid nitrogen for 3 min and
thawed at room temperature. The volume was
then adjusted to 2.5 ml by addition of buffer 1,
and decrease in the fluorescence of the donor
probe resulting from vesicle fusion was measured
on a Perkin-Elmer L8-5 fluorescence spectropho-
tometer (excitation, 365 nm; emission, 460 nm).

Leakage assay. Freeze-thaw induced leakage of
contents of the SUVs was measured as previously
described [5]. SUVs were made by sonicating to
clarity 20 mg lipids (POPC /PS5, 85 : 15 mole ratio)
in 0.1 M carboxyfluorescein and bufier 1. The
SUVs were separated from the varboxyfluorescein
by passing them through a Sephadex G-50 column
(1 X135 em) and eluting with buffer 1. Sampies
containing 0.4 mg carboxyfluorescein-loaded SUVs
and various volumes of extract were prepared and

the volume was adjusted 1o 0.2 ml with buffer 1.
The samples were frozen in liquid nitrogen for 3
min and then thawed at room temperature. After
three frecze -thaw cyeles, aliquots (5 ul) were placed
in 2.5 ml buffer 1 and the fluorescence was mea-
sured on a Perkin-Elmer LS-5 fluorescence spec-
trophotometer (excitation, 460 nm; emission, 500
nm). Since carboxyfluorescein is self-quenching at
high concentrations, the carboxyfluorescein-loaded
SUV’s do not fluoresce. However, when carboxy-
flunreseein keaks from the vecicles, it is diluted by
the buffer and fluoresces. Thercfore, the fluores-
cence valug measured here represents the amount
of carboxyfluorescein leaked during the freeze-
thaw cycle. The total carboxyfluorescein present
in the SUVs was measured bv lysing the vesicles
with 10 pl 1% Triton X-100 and remeasuring the
fluorescence. The amount of leakage could then be
expressed as a percent of the total carboxy-
flucrescein present in the vesicles.

Lactate dehydrogenase assay. Freeze-thaw dena-
turation of lactate dehydrogenase was measured in
the presence of extracts of the hemolymph from
Mytilus edudis. The extracts were dried under
nitrogen at 60°C and dissolved in assay buffer
containing 40 mM Tris-HCl (pH 7.5), 50 mM
KCl, and 50 pg/ml lactate dehydrogenase (buffer
2). Aliquots of this solution were diluted with
buffer 2 to preduce samples with various con-
centrations of extract. An aliquot (5 pl} of each
sample was placed in 2.0 ml buffer 2 containing 2
mM pyruvate and 6.15 mM NADH. The reaction
was followed by measuring a decrease in ab-
sorbance at 340 nm. Another aliquoat (20 pl) was
frozen in liquid nitrogen for 30 s and thawed at
room temperature, Afier thawing, the lactate
dehydrogenase activity was measured as described
above. Results are reported as percent activity
recovered following freezing.

Phosphofructokinase assay. Phosphofructokin-
ase was porified and assayed according to the
method of Carpenter et al. [6]. Freeze-thaw experi-
ments were also carried out as ouilined by
Carpenter et al. except that the final phos-
pheiructokinase concentration used in the assay
buffer (buffer 3) was 75 pg/ml.

Fractionation of the hemolymph. Ethanol-soluble
fractions of the hemolymph were prepared hy
adding 100% eihanol to a final concentration of



67%. The precipitate was removed by centrifuga-
tion and the resulting supernatant was dried under
nitrogen at 60°C. The residue was dissolved in
either buffer 1, buffer 2 or distilled water. Freeze-
thaw induced fusion and leakage of liposomes
were measured using various dilutions of the sam-
ples in buffer 1. Freeze-thaw induced dena.uration
of laciate dehydrogenase was measured using vari-
ous dilutions of the samples in buffer 2. The
sample dissolved in distilled water was placed on a
Sephadex G-25 column (2 X 20 c¢m), and eluted
with distilled water. Fractions (2.0 ml} were col-
lected and elution of low molecular weight organic
compounds was followed by measuring the ab-
sorbance at 215 nm. For measuring freeze-thaw
induced fusion of liposomes the fractions were
lyophilized and reconstituted in buffer 1. For mea-
suring [reeze-thaw induced denaturaiion of
enzymes, the fractions were dissolved in either
huffer 2 ar buffer 3.

Chromarography. Compounds were identified on
silica plates or paper which had been developed
with either 95% ethanol /water (5:1, v/v) or 95%
ethanol/ammeonia/water (80:5:15, v/v), and
detected with ninhydrin. Areas on the silica plates
corresponding to detected compounds were
scraped from the plate and dissolved in 60%
ethanol, The ethano! was evaporaied [rom the
samples under nitrogen at 60°C and the resclting
residue was dissolved in buffer 1 and tested for
reduction of freeze-thaw induced fusion of SUVs,

Other assays. Carbohydrates were measured
with anthrone [7). Proteins were measured with
the Peterson modification of the Lowry method
[8] and total amino acids were measured with
ninhydrin [9]. Individual amino acids were mea-
sured with a Beckman 121 M amino acid analyzer,
Unknown compounds were identified with a
Varian T-60 60 MHz "H-NMR and a Perkin-Elmer
1700 Fourier transform infrared spectrometer,

Results

Cryoprotection by whole hemolymph

Whele hemolymph collected from Myrilus edulis
reduced probe intermixing in SUVs following one
freeze-thaw cycle from 28.9% to 9.1%. The whole
hemotymph also completely protected lactate
dehydrogenase activity from freeze-thaw damage,
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Fig. 1. The affects of ditution of the erthanol-saluble fraction of

Myisilus hemolymph on freeze-induced fusion (M) and leakage
(®) of SUVs,

increasing activity from 26% in the conirols to
100% in the presence of the hemolymph.

Cryoprotection by fractions from hemolymph

The ethanol-soluble fraction of the hemolymph
reduced freeze-thaw induced probe intermixing,
leakage of contents and denaturation of lactate
dehydrogenase. Fig. T shows the effects of dilution
of the ethanol-soluble fraction on freeze-thaw
induced probe intermixing and leakage of carbo-
xyfluorescein from SUVs, Note that both probe
intermixing and retention of carboxyfluorescein
show concentration-dependent responses. Freeze-
thaw induced reduction of lactate dehydrogenase
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Fig. 2. The elfezts of dilution of the ethancl-soluble fracticr of

Mytifus hemolymph on freeze-induced denaturmion of lactate
dehydrogenase.
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Fig. 2. Elnion profils from the Sephadex G-25 column (2

ml /fraction) showing absorbance at 215 nm (O0) and am in-

crease in fug indicative of a d in fusion (). See
text for explanation.

activity also shows a concentration-dependent re-
sponse (Fig. 2).

Further fractionation of the extract on Sep-
hadex G-25 column yiclded iwo peaks (Fig. 3).
When the fractions were tesied for ability to pro-
et liposames against fusion during freezing, only
one of the peaks resulted in a decrease in fusion
below control values. Noie that the results are
presented as fluorescence of the donor probe so
that an increase in fluorescence is indicative of a
reduction in probe intermixing. The fluorescence
for fractions 14, 15, 19, 20, 21 and 22 were equal
1o or below the control value of 60, indicating that
these fractions were either fusogenic or non-pro-
tective, whereas the fluorescence for fractions 16,
Vi and 15 were greater ihan the control value,
indicating a reduction in fusion. None of the
fractions, including those that protected lipo-
somes, reduced freeze-thaw damage of lactate
dehydrogenase or phosphofructakinase. Fractions
18 and 19, which also protected liposomes, how-
ever, did protect phosphofructokinage when frozen
in the presence of 0.6 mM zinc. These resulis
suggest that the cryoprotectants in the fractions
might have been too dilute to function in protect-
ing enzymes since most cryoprotectants will stabi-
lize phosphofructokinase at much lower con-
centrations when zinc is present [27).

Identification of cryaprotectants
The two fractions with the greatest protective
capacity {18 and 19} were combined and found to

TABLE 1

AMINO ACID ANALYSIS OF COMBINED “RACTIONS
18 AND 19 FROM THE SEPHADEX. G-2! JOLUMN

Amino acid Lonceniration
(mM)

Taurine 143

Glycine 4.3

Alanine 1.7
Om.une 1.0

Lysine 10
Unknown 7

contain only amino acids. No carbohydrate or
proiein were present in these fractions, Amino
acid analysis (Table 1} showed that taurine and
glycine represent over 80% of the amino acids
present. The amino acids present in the combined
fractions were separated on silica gel thin-layer
plates and resolved into five spots corresponding
to the five compounds measured by amino acid
analysis. When the spots were eluted from the
plates and their ability to reduce probe intermix-
ing in liposomes during freeze-thaw was assayed,
we found that only the unknown compound and
the one that co-migrated with taurine were effec-
tive.

In view of its effectiveness as a eryoproteciant,
the unknown compound was further purified by
paper chromatography and found to co-migrate
with strombine and alanopine. The compound was
identified as strombine using 'H-NMR (*H,0),
showing 2 doublet at 8 2.1 (3H) J=70 Hg, a
singlet at § 4.19 (2H) and a quartet at & 4.17 (1H)
J=7.0 Hz. This identification was verified by
comparing spectra of the unknown compound with
those of authentic strombine vsing Fourier trans-
form infrared spectroscapy.

Discussion

This paper presents a new technique for identi-
fying novel cryoproteciants in organisms tolecant
to freezing. The technique is based on protection
of liposomes and freeze-labile proteins during
freeze-thaw cycles. Membranes are a major site of
damage during frégze-thaw cycles [10], and there
is good evidence that many purified proteins are
susceptible to freezing damage {11-16]. Although



liposomes are not as complex as in vivo mem-
branes and there are conflicting reports on the
lability of enzymes to [reezing in intact tissues
[17-22]), these techniques can be used as conveni-
ent assays For the presence of cryoprotectants in
biological fluids.

The iypes of damage done to membranes dur-
ing freezing include fusion {23-23). liguid-crystal-
line to gel phase transitions which lead to leakage
of cell contents [10], and lateral phase separation
of membrane constituents [10,23). The source of
damage to labile proteins probably includes
denaturation due to alierations in the tertiary
structure and /or dissociation of multimeric
enzymes into their constituent parts [11,18,26].
Cryoprotectants prevent this damage [3.24], and
we show here that stabilization of liposomes and
enzymes in vitro provides a rigorous test for the
presence of cryoprotectants.

Whole hemolymph of Mytilus eduiis was effec-
tive in protecting model membranes and lactate
dehydrogenase against damage resulting from
freeze-thaw, indicating the presence of a cryapro-
iectant. Furthermore, the cryoprotectant was re-
tained in the ethanol-soluble fraction, suggesting
that it was a low molecular weight compound.
Upon dilution of the ethanol-soluble fraction, its
ability 10 preserve poth membranes and enzymes
was impaired (Figs. 1 and 2). Fractions 18 and 1%
from the Sephadex G-25 column still protected
membranes during freezing but protection of
lactate dehydrogenase was lost, prabably due to
the dilution on the column. These fraciions also
did not protect phosphofructokinase, but protec-
tion could be restored by the addition of 0.6 mM
zin¢. Carpenter et al. [27] have shown that the
coneentration of cryoprotective agents needed for
protection of phosphofructokinase is greatly
reduced when zinc is present. Although the mech-
anism of the effect of zinc is still unclear, use of
phosphofructokinase with addition of zinc pro-
vides a sensitive test for putative cryoproteciants.

The cryoprotective role of taurine is consistent
with reports implicating this molecule in stabiliza-
tion of membranes against oxidative effects and
against other agents that induce leakiness in mem-
branes (sez Ref. 28 for a recent review). It is found
in high concentrations in Myrilus muscle (400
mmol,/kg) and other tissues and increases during

mn7

exposure to high salinities [29.3C]. Increased salin-
ity has been correlated with increased [reezing
tolerance tn Mytilus [31] and Williams [32] sug-
gested that taurine (alorg with alaning) might be
acting colligatively to increase freezing tolerance
in a manner similar to other cryeprotectants. The
data presented here suggest that tavrine may also
function in stabilizing membranes and proteins
during freezing, In at least one marine bivalve,
tauring is also produced during exposure to
anaerobic conditions [33].

Strombine, along with alanopine, octopine, and
lysopine, is a common end product of anaerobic
glycolysis in marine molluscs [34]. These com-
pounds are produced by dehydrogenases which
act as a secrndary redox control mechanism [35).
Mytilus has been shown to possess strombine,
alanopine and octopine dehydrogenases; but, dur-
ing anaerobic exposure and recavery, strombine is
preferentially produced [36] reaching levels as high
as 10 nmol/g wet wt. in adductor muscles. Ex-
posure to anaerobic conditions has been shown to
increase the freszing tolerance of Mytifus {31] and
Modiclus demissus [37). The mechanisms by which
this increase occurred were largely unknown, but
now appezar to be at least partially due to the
preduction of strombine. Finally, we propose that
laurine and strombine act as cryoprotectants for
membranes by direct interaction with them. There
is already good evidence that another imino acid,
proline, shows such interaciions [3.38-40] as do
sugars such as sucrose and trehalose [3,40,41).
Examination of the structure ¢f these molecules
(Fig. 4) suggest that they may be capable of
binding to the polar head groups of phospholi-
pids, where they would presumably affect the
fluidity of the bilayer [41] and prevent [usion by

CHy H
kg —NH3 —|I:r|2

0g~ oo~

STROMBINE

HEN—EHy—~CHy— 505"
TAURINE

Fig. 4. Structure of strombine and tauring.



118

preventing ciose appreach of two bilayers due (o
increased charge density at the bilayer surface. We
are presently engaged in experiments designed to
test this hypathesis,

The mechanism of protection of enzymes dur-
ing freeze-thawing 1s fundamentally different than
that for lipid bilayers As we have shown elsewhere
[421, the eifccis of the amino acids in the com-
bined fraction follow the rulcs established by
Timasheff and colieagues {43] for stabilization of
proteins in soluticz; the molecules thal stabilize in
solution are excluded from the solvation shell of
the protzin. The presence of these solutes in a
protein solution creates a2 thermodynamically un-
favorable situation since the chemical potentials of
both the protein and the additive are increased
[43]. Taurine falls into the category of stabilizing
molecules according to Timasheff's definition. No
such data are available for strombine,
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