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Cryaprotecttats have not been idea~fied in intertidal invertebrates tolerant to freezing, probably due to the 
lack of a simile,  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-tlmw cycle can 
be used as an indication of the wesence of cryoprotectsmts in exlracts | rom organisms. The hero,lymph of 
the interlidal bivalve m d n s ¢ ,  My##m edM/s was effective in reducing freeze-induced fmton of phospholipid 
vesicles and denaturation of lactate dehy~kogenase, imlieating the presence of a cryoproteetant. The ethanol 
soluble fraction o1[ the blood imateeted ~ vesicles against freeze-induced fnsion and leakage and 
lactate dehydfogenase a~tinst free~e-imtnced deaaluratioa. The ethanol-soluble fraction was fracdonated 
further with Sephadex G-25 celtmm cbremategtaphy, thln-la~er chromatography, and p~per cbromatogra- 
I~y. Taurine and stmmbine were identified as two compounds present in ~ hemolymph that were eapaNe 
of cryoproteclion. 

In~'odu~l'i6n 

Many intertidal invertebrates are capab]e of 
surviving the presence of ice in their extraceilular 
fluids and are thus considered to be freezing 
tolerant [1]. The mechanisms of freezing to]erance 
h~ these org~a',isms, however, are as yet unclear. 
The typical cryoprotectants that are found in ter- 
restrJ-d 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. Calcium 

Abbr~,:,i-~:;.o.-..~: sue,  small u.n./!_a__m_e!la-r ~,~;,::e; RET. m ' : ' -  

nanc¢  enerF~ transfer. 

Correspondence: S.H. Loom.is, Department of Zoology, BO~i 
1496, Conne~li~at Co|t¢g¢, New London, CT 06320, U.S.A. 

has been correlated wilh an increase in free'zing 
tolerance in one intertidal invertebrate, but its 
increase could only account for forty pe~ccot of 
the observed freezing tolerance [2]. Tiffs finding 
suggests that other eryoprotectants are present but 
have not yet been identified. The pre~:nt method 
for identifying putative eryoprote~ants in orgat'-- 
isms is to measure changes in tissue solute con- 
centrations and correiJte them with changes in 
freezing tolerance. This method works well for 
known cryoprotectants but not  for novel eryopro- 
tectants because it would be easy to overlook 
unknown compounds, i t  also is limited by the fact 
that correlation does not imply cause and effect. A 
non-correlative method for identifying pOssible 

In this paper we describe a new method for identi- 
fying possible ¢ryoprotectants using protection of 
liposomes and freeze-labile enzymes after freeze- 
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thaw cycles as an 'a~say'. Using this method, we 
have been able to identify strombine and taurine 
as likely ¢ryoprotectants in the freezing toleranl 
intertidal bivalve, Metilas edulis. 

Materials and Methods 

Animals. Specimens of Mytilus edulis were col- 
lected from Stonington, Connecticut on December 
12, 1986 and transported to Connecticut College 
where ~emc, lymph ~amp]e~ '.,.'ere i,~,anedda'~!y taken 
from the sinus in the posterior adductor muscle. 
The hemolympb samples wer'e frozen and shlppcd 
on dry ice to the University of California, Davis 
where they were stored at - 9-0 ° C for three weeks. 

Resonance energy transfer. Freeze-thaw induced 
fusion of small unilamellar vesicles (SUVs) w~s 
monitored by measuring resonance energy transfer 
(RE'r) between fluorescent probes in two popula- 
tions of 1-palmitoyl-2-oleoylphosphatidylcholine/ 
phosphatidylserine (POPC/PS, mole ratio g5 : 15) 
SUVs as described previously [3,4]. Vesicles were 
prepared by sonicating lipids (20 rag/m1) to clar- 
ity in the presence of either 2 mole percent of the 
donut probe (CA9C) or the acceptor probe 
(NBDPE) and 10 mM Tes (pH 7.0) containing 0.1 
mM EDTA (buffer 1). The SUVs (0.2 mg of each 
population) were frozen in buffer 1 containing 
various volumes of the extract to be tested. The 
extracts were all dissolved in buffer 1 and the 
volume of the samples was held constant (0.2 trd) 
by addition of buffer 1 when necessary. The sam- 
pies were placed in liquid nitrogen for 3 mln and 
thawed at room temperature. The volume was 
then acljustoa 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 LS-5 fluorescence spectropho'. 
tometer (excitation, 3~5 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 sonlcating to 
clarity 20 mg lipids (POPC/PS, 85 : 15 mole ratio) 
in 0,! M ¢~rboxyfluoreseein and buffer 1. The 
gUVs were separated from the ,:arhoxyfluoreseein 
by passing them through a Sephadex (3-50 column 
(1 × 15 era) and eluting with buffer 1. Samples 
containing 0.4 mg carboxyfluorescein-loaded SUVs 
and various volumes of extract were prepared and 

the volume was adjusted to 0.2 ml with buffer 1. 
The samples were frozen in liquid nitrogen for 3 
rain and then thawed at room temperature. After 
three freeze-thaw cycles, aliquots (5 vl)  were placed 
in 2.5 ml buffer 1 and the fluorescence was mea- 
sured on a Perkin-Elmer L$-5 fluorescence spec- 
trophotometet (excitation, 460 nm; emission, 500 
am). Since carboxyltuoresccin is sclf-ql,~end'dng at 
high concentrations, the earboxyfluoreseein-loaded 
SUV's do not fluoresce. However. when earboxy. 
fl,!nr~seei~ le~ks from lhe ~de[e.~, it is diluted by 
the buffer and fluoresces. Thelcfore, the fluores- 
cence value measured here represents the amount 
of carboxyfluorescein leaked during the freeze- 
thaw cycle. The total carboxyfluorescein present 
in the ~UVs was measured by iysing the vesicles 
with 10 ~l 1% Triton X-100 and remeasuring the 
fluorescence. The amount of leakage could then be 
expressed as a percent of the total carboxy- 
fluorescein present in the vesicles. 

Lactate dehy~drogenase assay. Freeze-thaw dena- 
turation of  lactate dehydrogenase was measured in 
the presence of  extracts of  the hemolymph from 
Mytilus edulfs. The extracts were dried under 
nitrogen at 6 0 ° C  and dissolved in assay buffer 
containing 40 mM Tris-HCI (pH 7.5), 50 mM 
KCI, and 50 t tg /ml  laetate dehydrogenase (buffer 
2). Aliquots of this solution were diluted with 
buffer 2 to produce samples with various con- 
centrations of extract. An aliquot (5 / t l )  of each 
~ample was placed in 2.0 ml buffer 2 containing 2 
mM pyruvate and 0.15 mM blADH. The reaction 
was toUowed by measuring a decrease in ab- 
sorbattce at 340 am. Another aliquot (20 ~1) was 
frozen in liquid nitrogen for 30 s and thawed at 
room temperature. After tlmwing, the lactate 
dehydrogenase activity was measured as described 
above. Results are reported as percent activity 
recovered following freezing. 

Phosphofraelokinase assay. Phosphofruetokin- 
aze was purified and assayed according to the 
method of Carpenter et al. [61. Freeze-thaw experi- 
ments were also carried out as outlined by 
Carpenter et al. except that the final phos- 
phofractokinase concentration used in the assay 
buffer (buffer 3) was 75 p.g/ml. 

Fraclionarion of the hemolymph. Ethanol-soluble 
fractions of the hemolymph were prepared by 
adding 100~ ethanol to a final concentration of 
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67%. The precipitate was removed by ¢entfifuga- 
tion and the resulting supernatant was dried under 
nitrogen at 60~'C. The residue was d_~ssolved in 
ti ther buffer 1, buffer 2 or distilled watex. Freeze- 
thaw induced fusion and leakage of liposome~ 
were measured using various dilutions of the sam- 
pies in buffer 1. Freeze-thaw induced dena.uration 
of lactate dehydrogcnase was measured using vari- 
ous dilutions of the samples in buffer 2. The 
sample dissolved in distilled water was placed on a 
Sephadex G-2~ column (2 × 20 cm), and eluted 
with distilled water. Fractions (2.0 ml) were col- 
lected and elution of low molecular weight organic 
¢or, zpo~nds was followed by measuring the ab+ 
sorbance at 215 nm. For measuring free,e-thaw 
induced fusion of  fiposomes the fractions were 
lyophiIized and re'constituted ill buffer 1. For mea. 
suring freeze-thaw induced denaturation of 
enzymt,~, the fractions were dissolved in either 
buffer 2 or buffer 3. 

Chromatography. Compounds were identified on 
silica plates or papex which had been developed 
with either 95% ethanol /water  (5 : 1, v/v)  or 95~ 
e thanol /ammonia /wate r  (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 ethanol was evaporated from the 
samples under nitrogen at 60oC and the resuleing 
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 [91. 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 

Cryoprozection by whole hemolymph 
Whole hcmolymph collected from Mytilu~ edulis 

reduced probe intermixing in SUVs fuflowing one 
freeze-thaw cycle from :~8.9~ to 9.1~. The whole 
hemo|ymph also completely protected lactate 
dehydrogenase activity from freeze-thaw damage, 
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Fig. I. The  effects of  ditmion of  the elhanol-~oluble fr~t~on of 
Mylilus hemolymph on treezedndu¢.~ fusion Ill)  and leaka$c 

( l )  of  SUV~ 

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

CryoFrotection 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. I shows the effects of dilution 
of the ethanol-soluble fraction on freeze-thaw 
induced probe intermixing and leakage of carbo- 
xyfluorcseein from SUVs. Note that both probe 
intermixing ana retentmn of carboxyfluorescein 
show concenLration-depcndent responses. Freeze- 
thaw induced reduction of lactate dehydro~enas¢ 
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Fig. 2. The  effect~ of d~lution of the ethanol-soluble traction of  
~4yrdus Immolymph on freeze-induced den~lu;al ion of laclal© 

de hydroi~-na~. 
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Fi~. 2. E]miGn profile from the Sephadcx Q-2~ column ¢,2 
ml/f rac t ivn)  showin8 ab.~orbance at 215 nm (12) and an  in- 
crease in fluorescence indicative of a decrease in fusion {I). See 

text for explanalioa. 

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

Further fraetionation of the extract on Sep- 
hadex G-25 column yielded two peaks (Fig, 3). 
When the fractions were tested for ability to pro- 
ttac.t tiposome.~ against fusion during freezing, only 
one of the peaks resulted in a decrease in fusion 
below control values. Note thai 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 
to or below the control value of 60, indicating that 
these fractions were either fusoganic or non-pro- 
tective, whereas the fluorescence for fractions 16, 
~7 and 1~ were ~reater than the centre] value, 
indicating a reduction in fusion. None of the 
fr~ctions, including those that protected lipo- 
somes, reduced freeze-thaw damage of lactate 
dehydrogenase or phosphofruetokinase. Fractions 
18 and 19, which also protected liposomes, how. 
ever, did protect phosphofruetokinase when frozen 
in the presence of 0.6 mM  zinc. These results 
suggest that the eryoprotectants in the frvctions 
mig, ht have been too dilute to function in protect- 
ing enzymes since most cryoprotectants will stabi- 
lize phosphofruetokinase at much lower con- 
centrations when zinc is present 127]. 

Identification of eryoprotectants 
The two fractions with the gre~te~t protective 

capacity (18 and 19) were combined and found to 

TABLE 1 
AMINO ACID ANALYSIS OF COMBINED 3RAC'TIONS 
18 AND lg FROM TH i: SEPHADEX G-2.' COLUMN 

Amino acid Loncentrauot~ 
(raM) 

Taufine 14.8 
Glyc~ne 4.3 
A|anine 1.7 
Orn.:r'_r~: 1.0 
Ly.,ine 1,0 
Unknown ? 

contain only amino acids. No  carbohydrate or 
protein were present in these fractions. Amino  
acid analysis (Table I) 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 elated 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-nfigrated with taurine were effec- 
tive. 

In view of its effectiveness as a cryoprotectant, 
the unknown compound wax further purified by 
paper chromatography and found to co-migrate 
with strombine and alanopine. The compound was 
identified as strombine using 1H-NMR (2H,O),  
show~.'ng a doublet at 8 2.1 (3H) 3" = 7.0 Hz, a 
singlet at ~ 4.19 (2H) and a quartet  at 8 4..I7 (114) 
J =  7.0 Hz. This identification was verified by 
comparing spectra of the unknown compound with 
those of  authentic strombine using Fourier trans- 
form infrared spectroscopy. 

Discussion 

This paper presents a new technique for identi- 
fying novel eryoproteetants in organisms tolerant 
to freezing. The ted'mique is based on protection 
of tiposomes and freeze-labile proteins during 
freeze-thaw cycles. Membranes arc a major site of 
damage durin 8 fre~x-thaw cycle8 [10], and there 
is 8ood evidence that many purified proteins are 
susceptible to fre~ming damage {11-16]. Although 
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liposomes are not as complex as in rive mem- 
branes and there are conflicting reports on the 
lability of enzymes to freezing in intact tissues 
[17-22|, these techniques can be used as conveni- 
ent assays for the presence of cryoprote.ctants in 
biological fluids. 

The types of damage done to memb~r~es dur- 
ing freezing include fusion [23-25], liquld-crystal- 
line to gel phase transitions which lead to leakage 
of c¢11 contents [10], and lateral phase separation 
of membrane constituents [10,23]. The source of 
damage to labile proteins probably includes 
denaturation due to alterations in the tertiary 
structure a n d / o r  dissociation of muhimerie 
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 cryoproteetants. 

Whole hemolymph of Mytilus edulis was effec- 
tive in protecting model membranes and lactate 
dehydrogenas¢ against damage resulting from 
freeze-thaw, indicating the presence of a cryopro- 
tcctant. Furthermore, the cryoprotectant was re- 
t~tined in the ethanol-soluble fraction, suggesting 
that it was a low molecular weight compound. 
Upon dilution of  the ethanol-soluble fraction, its 
ability to preserve both membranes and enzymes 
was impaired (Figs. 1 and 2). Fractions 18 and 19 
from the ~-phade..x G-2S column still protected 
membranes during freezing but protection of 
lactate dehydrogenase was lost. probably due to 
the dilution on the co|unto, These [factions also 
did not protect phosphofmctokinase, but protec- 
tion could be restored by the addition of  0.6 mM 
zinc, Carpenter ct at. [27] have shown that the 
concentration of cryoprotective agems needed for 
protection of  phosphofrueto~nase is greatly 
reduced when zinc is present. Although the mech- 
anism of the effect of zinc is still unclear, use of 
phosphofructokinas¢ with addition of zinc pro- 
vides a sensitive test for putative cryoprotectants. 

The cryoproteetive 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 (see get .  28 for a recent review). It is found 
in high concentrations in Mytilus muscle (400 
mmol/kg) and other tissues and increases during 

exposure to high salinities [29.3¢]. Increased salin- 
ity has been cerrelated with increased freezing 
tolerance in Mytilus [31] and Williams [32] sug- 
gested that taurine (alor.g with alanin¢) migh.t be 
acting cvlligatively to increase freezing tolerance 
in a manner similar to other c~cprv,~cctaat~. ,'I~,,e 
data presented here suggest that taufine may also 
function in stabilizing membranes and proteins 
during freezing. In at least one marine bivalve, 
taurine is also produced during exposure to 
anaerobic conditions [33]. 

Strombine, along with alanopine, octopine, and 
lysopin¢, is a common end product of anaerobic 
glycolysis in marine molluscs [34]. These com- 
pounds are produced by dehydmgenases which 
act as a secondary redox control mechanism [35]. 
Mytilgs h,ts been shown to possess strombine, 
alanopine and octopine dehydrogenases, but, dur- 
ing anaerobic exposure and recovery, stromhine is 
preferentlaliy 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 fre*zing tolerance of Mytilus [31] and 
Modiolus demissus [37]. The mechanisms by which 
this increase occurred were lm,gely unknown, but 
now appear to be at least partially due to the 
production of strombine. Finally, we propose that 
taurin¢ and strombine act as cryoprotectams for 
membranes by direct interaction with them. There 
is already good evidence that another imino acid, 
prolin¢, shows such interactions [3,38-40] as do 
sugars such as sucrose and trehalose [.~,40,41]. 
Examination of the structure of these m0lec))l~ 
(Fig. O suggest that they may be capable of 
binding to the velar head groups ot  ph0sph0ii- 
pids, where they would presumably affect the 
fluidity of the bilayer [41] and prevent [usion by 
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H~ N - -C I I : ~CH2- -S  02;- 

T&URIflE 
Fig. 4. S~ruclurc of  strombinc and  taurinc~ 
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preventing close approach of two bilayers due to 
increased charge density at the bilayer surface. We 
a re  present ly  engaged  in exper imen t s  des igned  to  
test  this hypothes is .  

T h e  m e c h a n i s m  of  p ro tec t ion  o f  enzymes  d u r -  
i ng  f reeze- thawing is f u n d a m e n t a l l y  d i f fe ren t  than  
t ha t  for  l ipid hilayers.  As we have  shown elsewhere  

[4P], ih0 eff~Ls of  the a m i n o  ac ids  in the com-  
b ined  f rac t io~  foUow the  ~;Ics es tab l i shed  b y  
T i m a s h e f f  a n d  col leagues  [43] fo r  s tabi l izat iot i  of  
pro te ins  in solut ic~;  the molecules  tha t  s tabi l ize  in 
so lu t ion  axe exc luded  f r o m  the  sa lva t ion  shell o f  
the protein. The presence of these solutes in a 
protein solution creates a thermodynamically un- 
favorable situation since the chemical potentials of 
bo th  the  p ro te in  a n d  the  addi t ive  a re  increased  
[43]. Tau r ine  falls in to  the  ca t egory  o f  s tabi l iz ing  
molecules  a c c o r d i n g  to  T imashe f f ' s  def in i t ion .  N o  
such  d a t a  a re  ava i lab le  for  s t rombine .  

Acknowledgments 

W e  thank  Dr. Je r emy  Fields  for  pJ-oviding 
s t r o m b i n e  a n d  a l a n o p i n ~  a n o n y m o u s  reviewers 
for hdpful comments and the National Science 
Foundation for support through grant DMB g5- 
18194, 

References 

I Murphy, DJ.  (]983) Anau. Rev. Physiol. 45, 289-299. 
2 Murphy, DJ.  (t977) J. E.~p. Biol. 69, ]3-21. 
3 Rudolph, A.S, and Crowe, J.H. (lg85) CryobioloKv 22. 

367-37Z 
4 Usler, P.S. and Doomer, D.W. (1991) Arch. Bioehem. Bin- 

phy~/. 20g, 385-395. 
5 P0nis, A., i,;e~vtoa, C.. F~,~ib,,,a, W. and Papahadjopou. 

Its, D. (1979) BiochemJslry I$, 7~]0-.790. 
6 Carpenter, J.F., Hand~ S.C., Crowc, L.M. and Crowe, J.H. 

(1986) Arch. Bit)chem. Bicphys. 250. 505-$12. 
7 Dimi~. R J_ S~haeffer, W.C., Wise, C.S. and Rise, C.E. 

(19.$2) Anal, Chem. 24, 1411-1414 
8 P¢tcrbon, G.L, (1977) Anal. Biochem. 87, 346-356. 
9 Lee. Y.P. and Takahashi. T. 0966) Anal. Biochem. 14, 

71-77_ 
I0 Quinv, Pj.  (1985} Cryobioiob'y 22, 128-146. 
1I Chilmo, O.P., Costello, L.A. and !<,~plan, N.O. (1965) Fed. 

Proc. 24, ~55.S-6I 
12 Gncff, D., *tad Kelly, R.T. (1966) Cryoblblogy 2, 335-341. 
]3 Shikama. K. aJ~d Yamoza~, ]. (I961) Nature 19,0, 83-83. 
14 SoUman, F.$, and Van den Berg, L. (197]) Cryobiology g+ 

73-78, 
1.5 Tamiya, T.. Okahashi. N., Sakuma, R., Acyaraa, 1-. m't, 

MatsumOto, JJ .  (1985) Cryobiology 22, 446-456. 

16 W~t~mn, £H. and Rosano, H.L, (1973) Cryobiology I0. 
90,0-243. 

17 Akahane. T., Tsuchiya, T. told Matsvmoto, J J. (1921) 
Cryobiology 18, 428 435. 

18 l~r~ndts, J.F., Fu, J'~ ~nd N'ordin, ].H. (1970) in The Froz,.'~.. 
Cell (Wohtenholme. :3.E.W., and O'Connor, M., ads.), pp 
|g9~212, Churchill) London. 

19 Levitt, J. (1979) in rotcins at Low Temperatures (Fen- 
ncma, O., ed.}, pp. ]: !-157, Am. Chem. S~¢., Washington, 
IX'. 

20 HebeL U. 0968) Cryobiology S. 188-201. 
21 FishbeLa, W.N. and $towelL R.E, (1969) Cryobiology 6, 

227-234. 
99 Andet=,on, J.O. and Nat.h, J. (1975) CryoblololD' 12. 

160-168, 
23 Crowe, 3.H,, CSrowe, L.M. and gugk,~on, S.A. ('~983) A~ch, 

Bioehem. Bioph~. 220, 477-484. 
24 Cr0w¢, LIt, and Ca'owe, L.M. (198~) in Biolo#cal Mem- 

branes (Chapman, D., mi.), Vol. 5, Ac.adcmi¢ Press, New 
York/London. 

25 Tantord, C. {1980) The Flydrophobic Effect, Wiley, Mew 
York. 

26 Liebch S.P. and Jones, R.F. (1964) Arch. niochem, niophy$. 
3O6, 78-88. 

27 Carpenter, J.F., Crowe, L.M. and Crowe. J.H. (1983') BIO- 
chirrc. Biophyg. Acta 923, |09-11~. 

28 Wright, C.E., Tallan, H.H. and l_in, Y.Y. (1986) Annu. 
Roy. Biochem. ';5, 427-453. 

29 Allot, J.A. and Garre*~t, l'd.R. (1971) Adv. Mar. Biol. 9, 
205-2S3. 

30 LanE,;, R. (1963) Camp. Bioehem. Physiol, 10, 173-179, 
31 Theodv. H. (1972) Mar. BioL 15, 160-191. 
32 Williams, R.$. (lc$70) Co*tip.. Biochem. :Physiol. 35, 145-161. 
33 Kluytmans, J.H,, De Boot, A.M.T.~ Knfitwagon, E,CJ., 

ILavestein, HJ.L, and Veezd'loL P.R, (1983) Camp, Bid- 
chem. Physiol.. 75B, 171-179. 

34 Fields, J.H.A., En 8, A.K., Ransden, W.D., Hoe.hackka, P. 
~nd Weinstein, B. 0980) Arch. Biochem. Biophys. 20I, 
110-114. 

35 Hochachka, P.W. (1980) Livlng Without Oxygen, Harvard, 
Urd,,'~rsit~" Press, Cambridge (MA)/London. 

36 De gwaan, A,, De Boot, A.M.T., Zurburg, w,, Bayne, B,L, 
and Liv/ngstone, D.R. (19S30 J, Camp. Physiol. 149, 
557-563. 

37 Murphy, DJ. (1977) J, Exp, Biol. 69, 1-12. 
3;.t Rudolph, A.S, Crow*, J.H. and Crowe~ L,M. (1986) Arch, 

Biochem. E:inphys. 245, 13d-143. 
39 Rudolph, A.S. m~d Ctowe, J.H. (1986) Biophys~ J. 50, 

423-430. 
dO Anchordoguy, T.J., I~mdolph, A.S., ~arpeater, J.F'. and 

Crowe, J.H. (1987) cryobiology 24, 324-331. 
d,l Crowe, J.H., Crowe~ L.M. and Chapman, D, (1984) Arch. 

Bicchem. Biophys. 232~ 4CO-407, 
4-2 Carpenter, J.F. and Craw'e, J.H. (1988) Cryobiology, in 

p~'ss. 
63 T~mosheff, S.N. (198~] in Biophysics of Water (Franks, F. 

and Mathias. S.. eds.). PI~ 70-72, Wiley, New York. 


