
78 BIOCHIMICA ET BIOPHYSICA ACTA VOL. 25 (1957) 

F R E E Z I N G  IN Y E A S T  CELLS* 

THOMAS H. WOOD AND ALBURT M. ROSENBERG 

Department o/Physics, University o/Pennsylvania, Philadelphia, Pa. ( U.S.A .) 

INTRODUCTION 

A vast literature deals with the effects of low temperatures and freezing on biological 
materials (see B~:LEHR~DEK 1, LUYET AND GEHENIO 2, SMITH 3, and WOOD* for reviews). 
Much of this information is of a qualitative nature and is concerned vdth phenomena 
of an immediately practical nature such as frost hardiness of plants and insects, 
frostbite, preservation of tissues and foodstuffs, etc. Among the relatively few in- 
vestigators who have approached the problem of cold injury (or protection) from a 
mechanistic point of view are MORAN s,e, MENNIE ~, LUYET s, LUYET AND GEHENIO 9, 
LOVEI_OCK10, Ix, SCHOLANDER et al. x2, and MERYMAN and co-workers 13, x4. 

Perhaps the first step in the elucidation of a mechanism for cold injury is the 
quantification of the amount of cellular water frozen at various sub-freezing tempera- 
tures and the localization of this water when frozen, whether internal or external 
to the cell. I t  is the purpose of this paper to describe calorimetric measurements on 
populations of yeast cells that  allow determinations to be made on the fraction of 
ceUular water frozen as a function of temperature. From these and other measure- 
ments it is possible to speculate on the localization of at least a part  of this frozen 
water. 

METHODS 

The primary measurements made were semi-microcalorimetric determinations of the heat required 
to thaw ahquots of yeast suspensions frozen to various temperatures. By usual calorimetric 
procedures this heat is associated with the thawing of a definite amount of ice, and hence the 
degree of cellular freezing can be computed if the thermal properties of all components of the 
system are known. The method of mixtures was used for the calorimetric determinations. 

A cake (approximately 18 g) of fresh Fleischmann's baker's yeast was suspended in 75 ml 
of M/~ 5 KHtPO 4. Large particulate matter contained in the cake (about 7 % of the cake by 
weight and presumably large starch granules) was removed by centrifugation at 50o g for i minute. 
The suspended cells were then spun down by centrifugation at 2,500 g for 5 minutes, resuspended, 
and recentrifuged. This washed centrifugate was accurately weighed and resuspended in a volume 
of M/I 5 KHsPO 4 equal to 3[4's of the mass of the centrifugate. The final suspension was allowed 
to equilibrate while being gently agitated by shaking. The volume of equilibrated cells after this 
procedure was approximately 1/2 of the total volume of the suspension. 

To determine accurately the ratio of the cellular mass to the total suspension mass, R, 
a modification of the method suggested by WHITE 15 was used. In this method a specially prepared 
peptone solution** which is not affected by equilibrated yeast cells is added to a yeast suspension 

* This investigation was supported by a research grant (C-239o) from the National Cancer 
Institute, Public Health Service. 

"*This solution was prepared by mixing equal volumes of a 4 % peptone solution prepared 
in Mix 5 KH~PO 4 and a yeast suspension prepared as above. This mixture was shaken overnight 
and the diluted peptone solution minus any yeast-utilizable components was recovered and purified 
by repeated centrifugation at 25oo g until visually clear. 
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whose R value  is unknown.  The pet)t(me solut ion is d i lu ted  by the ex te rna l  wa te r  of the suspension 
trot i napprec iab ly  affects the  osmot ic  proper t ies  <)f the suspension.  The cells are removed  l)y 
gent le  cen t r i fuga t ion  and the  new concen t ra t ion  of the  recovered pep tone  solut ion is de te rmined .  
Ins tead  of the mic ro -Kje ldah l  d e t e r m i n a t i o n s  used by \VHITV: for a sce r t a in ing  the  pep tone  concen- 
t r a t ions  we found it more conven ien t  in these e xpe r im en t s  to assay  the  concen t ra t ions  of the  
pep tone  solut i (ms by (l) m e a s u r e m e n t s  of the  re f rac t ive  index and (2) g r av i me t r i c  d e t e r m i n a t i o n s  
~,f the dry  weigh t  residues. In t)oth me t lmds  cal i t ) ra t ion curves  were cons t ruc ted  by d i lu t ing  
accu ra t e ly  the  special  pep tone  solut ion wi th  s u p e r n a t a n t  from a s t a n d a r d  yeas t  suspension.  : \n  
. \bbe-Spencer  r e f rac tomete r  was used for the re f rac t ive  index d e t e r m i n a t i o n s ;  the reproducib le  
accuracy  of th is  i n s t r u m e n t  was !.z pa r t  in the 4th dec imal  l)lace. The  d ry -we igh t  residues of the 
var ious  pep tone  so lu t ions  were ob ta ined  by vacuum dry ing  a l iquo t s  for 72 hours  and  weighing 
the i r  residues to an accnracy  of 1o/ lg .  The 1¢ value was c o m p u t e d  fronl the ca l ib ra t ion  curves  
and  a knowle(tge of the  dens i ty  of the yeas t  cell ts. For  the s t a n d a r d  yeas t  suspensions  an R va lue  
of o.5o : o.o-, was compu ted  1)v the  ref rac t ive  index me thod  and a va lne  of o.48o :. o.0o 4 hy 
the  d ry -we igh t  method.  The l a t t e r  va lue  will be used in al l  ca lcula t ions .  

Yeas t  suspension was p ipe t t ed  into th in  a l u m i n u m  cups (d iamete r  1.5 cm and he ight  2.o cm) 
t~t known weigh t ;  the  weight  of the suspension was de te rmined  by differential  weighing.  These 
cups  and  thei r  con ten t s  were held for a t  least  2o minu te s  in a me ta l  rig placed wi th in  a 1)ath 
whose t e m p e r a t u r e  was control led t)v a d d i n g  d ry  ice to di t ferent  m i x t u r e s  of wa te r  and  me thy l  
alcohol.  Cups wi th  the i r  frozen c(mtents  were qu ick ly  removed  from the  t e m p e r a t u r e  ba th  by 
means  of fine th reads  a t t a c h e d  to the i r  sides and  dropped  into the ca lo r ime te r  th rough  a smal l  
hole in its lid. The t ime  requi red  for the  ent i re  t ransfer  opera t ion  was recorded for each de te rmi-  
na t ion  ( a p p r o x i m a t e l y  lo seconds):  c(mtr(,l e xpe r im e n t s  were performed to ascer ta in  the  hea t  
gained bv the  cups and the i r  con ten t s  from the  e n v i r o n m e n t  du r ing  the t ransfer  process an(1 
correc t ions  were made  for this  in all  ca lcula t ions .  

The ca lo r ime te r  was s imi la r  to t h a t  descril)ed l)y .MILI.ER el al. tT. I t  consis ts  of a Dewar  tlask 
of vo lume  5oo ml t h a t  is submerged  to wi th in  2 cm of i ts  m o u t h  in a wa te r  ba th  accura te ly  con- 
t rol led to .- o.oo2 ~: C. A luci te  cover  is used to cover  the ca lo r ime te r  vessel  and  holes are provided  
in th i s  cover  for a Beck m a n  different ial  t he rmomete r ,  a s t i rrer ,  a hea t ing  coil, and  a drop-hole.  
The hea t  con ten t  of the  ca lo r ime te r  vessel  and  its associa ted  a p p a r a t u s  was zg.o t o.4 cal,,'(; . 
In all  runs 225.o ml of wa te r  were placed wi th in  the  ca lo r ime te r  the reby  g iv ing  a to ta l  hea t  
con t en t  of 244.o ;7 0.5 cal /deg.  The s t i r rer  was d r iven  e lec t r ica l ly  and did not influence these 
de t e rmina t i ons .  The  Be c km a n  t h e r m o m e t e r  was used in the c u s t o m a r y  fashion and dif terent ia l  
readings  were accura te  to wi th in  : o.oo2 "('. The hea t ing  c(fil was used to re turn  the ca lo r imete r  
and  i ts  con ten t s  to a s t a n d a r d  t e m p e r a t u r e  af ter  a run. Normal ly  5 runs for each expe r i men t a l  
condi t ion  were made,  and,  exc lud ing  occasional  discrepancies ,  these showed ag reemen t  in the 
ca lcu la t ions  for the  desired p a r a m e t e r  to wi th in  the compu ted  l imits.  

To de te rmine  the  fract ion of yeas t  su rv iv ing  var ious  freezing t r e a t m e n t s  a l iquo t s  of frozen 
yeas t  in a l u m i n u m  cups were thawed  by d ropp ing  the cups and the i r  con ten t s  into 2o0 ml of 
Mix 5 Kt-12PO 4. After  su i t ab le  di lu t ions ,  o.5 ml a l iquo t s  were surface spread on n u t r i e n t  agar  
(pota to  dextrose ,  Difco). Surv iv ing  f ract ions  were de t e rmined  from su i tab le  controls.  I ncuba t ion  
was a t  3 ° C for 3 days.  

l ) ry -we igh t  fract ions,  w, of a s t a n d a r d  yeas t  suspension were determine.d by (1) v a c u u m  
des iccat ion and by (2) ewipora t ion  a t  x o 5 ~ C. "['he res idual  weights  of samples  a t t a i n e d  a cons t an t  
level a f te r  4 hours  wi th  e i the r  meth~d.  The d ry -we igh t  fract ion of the  s t a n d a r d  veas t  suspension 
found by the  two naethods were. o.151 .:. o.ool and  o.15o :. o.ooz, respect ively .  The drT.'-weight 
f rac t ion of the  equ i l ib ra t ed  yeas t  cell, ~2, is compu ted  from the  re la t ionship  ~1 = w/b?. Using 
a va lue  of o.48o .. 0.0o 4 for /¢ and  a va lue  of o. t51 ! o.ool f~t- the d ry  weigh t  f ract ion of the  
yeast ,  ~l is comlmted  to be o.313 ! o.oo 4. 

The specific hea t  of the  dry  residue of the  cell (hereafter  des igna ted  as the non-aqueous  
component )  was de t e rmined  l)y s t a n d a r d  ca lor imet r ic  procedure.  Pel lets  of vacuum-dr i ed  yt'atst 
compressed a t  5ooo lbs/in.  2 were precooled to a known t e m p e r a t u r e  in weighed a l u m i n u m  cups  
and in t roduced  into the  ca lor imeter .  The  average  specific hea ts  for the non-aqueous  componen t  
over  the  following t e m p e r a t u r e  ranges  were found:  

o <~ to 25": o . ,0  . i . o .o t  cal/g-C" 

--.2-,:: to - ,5~;  o.-  3 .!. o.oi cM/g-C ° 

- - - 4 5 :  to  z5":  o .25  ! o .or  ca l /g - (  "° 

- - 7  z to e5": 0.2 3 -!- O.Ol cal /g- (":  

Since tlaere is no a p p a r e n t  t e m p e r a t u r e  dependence,  an average  value  of 0.25 !: o.ot c a l / g - f '  
will be, used. 

Re/erences p. 86/87. 
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MODEL 

When a cell suspended in salt solution is subjected to a temperature below the 
freezing point of the cell the cellular water will be affected in either or both of two 
ways:  (i) a fraction of it m a y  freeze, thereby increasing the osmotic pressure of the 
cellular interior until the freezing point is depressed to the temperature of the sur- 
rounding medium;  or (2) a fraction of it may  move across the cell membrane to the 
exterior where it freezes, thereby effectively increasing the internal osmotic pressure 
to a similar degree as in (I). This movement  of water is brought  about  by the increased 
tonicity in the external medium due to the removal of pure water by  external freezing. 

Our pr imary purpose here is to determine the amount  of frozen cellular water 
as a function of temperature and not the position of this water, whether within or 
without  the cell. Thus it is desirable for these studies to formulate a model that  is 
valid irrespective of the position of the frozen water. 

In the system of calorimetry used the heat lost by  the calorimeter is equal to 
the heat gained by the frozen yeast and the cup containing it, or, 

Hcalorimeter ~ Hyeas t  + Hcup  

where Hcalorimete r = C AT and H¢~p . . . .  ~I~S ~(7 ) - -T0 )  ; the notation used here and 
subsequently is listed in Table I. The heats required to raise the temperatures of the 
several components of the yeast suspension from ]'0 to 7)  are listed below for the 
two alternate models already suggested (internal ice formation versus external ice 
formation) : 

I. Frozen cellular water within cell 

A. Cell : 

i. Non-aqueous component: M T Ra S s (T/ - TO) 
2. Ice: M T It F (S~, 7"[ + L - -  S~ rb! 
3' Water: M r (I - - a - -  F) S,~. (TI- -  Tbl 

B. External  Medium: 

i. Ice : kCo\ ' 
I, - -  R) x + -÷-/ } T:  =- - -  

.%. I, - it) ( -  - kco,  i t : -  2. Water: 
TO ] 

II .  Frozen cellular water without cell 

A. Cell: 

i. Non-aqueous component: M r R a S~ (T]- -  Tb) 
2. W a t e r :  M T R (i - -  (2 - -  F) Saw ( ' I f -  Tb) 

B. External  Medium: 

z. Ice  : 

2. Water: 

References p. 86]87. 
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\ TO] z - R . ~ R F  S~'(T/--Tb) 
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I / E F I N I T I O N  O F  S Y M B O L S  

1': fraction by weight of equilibrated yeast tha t  i~ frozen at temperature 7),; 
( ' :  total heat  capacity of calorimeter and enclosed water; 
I¢: fraction by weight of equilibrated yeast suspension tha t  is yeast: 
L*: heat of melting of ice: 
hC0: freezing point for .ll/I 5 KH2P().I : 
.1/1: total weight of yeast suspension sample tha t  is added to calorimeter; 
.ll, : weight of aluminum cup holding ,,'east sample: 

~ a  - a .  S a. .,;a...," ,S c . average specific heats over temperature range considered for water, ice, rlon-aqneous 
component of ",'east, and sample cup, respectively: 

1 7 " :  temperature change (( i )  in cah:)rimeter when sample is added; 
T[: final equilit)rium temperature of calorimeter after sample is added; 
" l ' i , :  temperature of sample when dropped into calorimeter: 
¢~: fraction of yeast cell tha t  is non-aqueous. 

* Actually 1. is temperature-dependent  and will vary depending on the initial freezing point 
of the celhflar interior. Values for the internal osmotic strength of yeast wtry from a maximum 
value of o.2 (computed from TM) to o.o6~S: these would correspond to freezing point depressions 
of approximately o.3 ° and o . l  C, respectively, which would change the heat of melting by Jess 
than o.2° . Accordingly, in the fl~rmulation . f  this model the freezing point of the cell is taken 
t o  b e  o ¢ C .  

"File t o t a l  h e a t  Hyeast r e q u i r e d  to  ra i se  t h e  t e m p e r a t u r e  of t he  y e a s t  s a m p l e  of m a s s  

3I  r f rom a t e m p e r a t u r e  "l'b to  a t e m p e r a t u r e  7" / i s  t i le  s u m  of t he  t e r m s  for  e i t h e r  

mode l .  I t  c an  be  seen  t h a t  t h i s  s u m  does  n o t  d e p e n d  on  w h e r e  t h e  ce lh f la r  w a t e r  is 

f rozen.  H e n c e  t h i s  f o r m u l a t i o n  is va l i d  u n d e r  e i t h e r  h y p o t h e s i s .  

T h e  a b o v e  r e l a t i o n s h i p  c a n  be  s o l v e d  for  F,  t h e  f r a c t i o n  of t he  cell t h a t  is f rozen  

w a t e r  : 

• " a  L'" ~" - -  ( l  H~up-:~lr:, . , [  r /  s~'r~, . L , 7 b /  ! kColS~, .... s~l . '~ Irn l ' r t - -To;F~"  s:',.--S'I,] 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

31TI?.IL-i ThIS a , -  S a'l] 

All q u a n t i t i e s  in t h e  a b o v e  a re  k n o w n  or  c a n  be  m e a s u r e d .  T h e  valuers of t h e  v a r i o u s  

p a r a m e t e r s  w i t h  t h e i r  a s s o c i a t e d  u n c e r t a i n t i e s  a re  l i s t ed  in T a b l e  l I .  Also s h o w n  are  

t h e  p e r c e n t  u n c e r t a i n t i e s  i n t r o d u c e d  in 1; b y  t h e  u n c e r t a i n t i e s  in t he  i n d i v i d u a l  

p a r a m e t e r s .  T h e  o v e r a l l  u n c e r t a i n t y  in F will be  t h e  v e c t o r  s u m  of t h e  u n c e r t a i n t i e s  

duc. to  t he  i n d i v i d u a l  p a r a m e t e r s  s ince  t h e s e  a re  i n d e p e n d e n t .  T h e s e  a re  a p p r o x i m a t e l y  

3 a n d  4'!,, r e s p e c t i v e l y ,  a t  - - 5  ° a n d  - - 7 2 °  C. 

RESUI.TS 

To  t e s t  t i le  ove ra l l  a c c u r a c v  of t h e  t e c h n i q u e ,  s a m p l e s  of d i s t i l l ed  w a t e r  were  f rozen  

a t  v a r i o u s  t e m p e r a t u r e s  a n d  i n t r o d u c e d  i n t o  the. c a l o r i m e t e r .  A f o r m u l a t i o n  v e r y  

s im i l a r  to  t h a t  d i s cus sed  in MWrHODS was  used  in w h i c h  a q u a n t i t y / ,  t h e  f r a c t i o n  of 
t h e  w a t e r  f rozen ,  was  used  as t h e  u n k n o w n .  At  - - I O  n, - z 2  °, a n d  - . -720 / was  f o u n d  

to  h a v e  v a l u e s  of o .99 -t- o .o I ,  o .98 -t- o.o2, a n d  o.99 ~ o .oI ,  r e s p e c t i v e l y .  T h u s  t h i s  
m e t h o d  a n d  t h e  p a r a m e t e r s  u sed  for  t h i s  d e t e r m i n a t i o n  a re  a c c u r a t e  a n d  r e p r o d u c i b l e  

to  w i t h i n  a b o u t  I % .  

Re/erences p. 86/87. 
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T A B L E  II  

SUMMARY Of ~ ERRORS AND UNCERTAINTIES 

V0L. 25 (1957) 

Probab lemaximum Perccza ¢oz~tibtffed 
Parameler  Value used uncertainty unt. trlainty i~ F Source 

( same units  
as  column ,2) - -  5 ~ - - 7  z°  

C 244.0 cal/C ° 0.5 i 2 Measurement  
R 0.480 0.o05 x i Measurement  
L 79.7 cal /gram o. i x]3 ~ Handbook  1~ 
kC o 0.25 °C o.i 2 i Handbook  1° 
M T - - "  grams o.oox o o Measurement  
M c - -  grams o.ooi o o Measurement  
S~ - -  cal/g-C ° 0.005 ~ I Handbook  
S~ - -  cal/g-C ° 0.00,5 ~ I Handbook  
S a - -  cal/g-C ° o.ol o o Handbook  
S a 0.2 4 cal/g-C ° o.or a/~ ~ Measurement  

T - -  °C 0.002 I 2 Measurement  
7"/ - -  ~>C o. I ~ ~ Measurement  
Th - -  °C 0. 3 ½ I Measurement  
a 0. 3 i 3 0.003 n/5 I Measurement  

* Values not  entered in this column were different in each exper iment .  

E x p e r i m e n t a l  v a l u e s  fo r  F ,  t h e  f r a c t i o n  o f  t h e  y e a s t  cell  f r o z e n ,  fo r  s t a n d a r d  

y e a s t  s u s p e n s i o n  a r e  s h o w n  in  t h e  c u r v e  A o f  F i g .  I .  T h e  s t a n d a r d  e r r o r s  o f  t h e  m e a n  

o f  f ive  d e t e r m i n a t i o n s  a r e  i n d i c a t e d  b y  t h e  v e r t i c a l  l ines .  T h e  s h a d e d  a r e a  a s s o c i a t e d  

w i t h  t h i s  c u r v e  r e p r e s e n t s  t h e  l i m i t s  o f  u n c e r t a i n t y  to  be  e x p e c t e d  w h e n  t h i s  m o d e l  

is u s e d  w i t h  t h e  v a l u e s  o f  t h e  v a r i o u s  p a r a m e t e r s  e a r l i e r  m e n t i o n e d  a n d  t h e i r  as -  

s o c i a t e d  u n c e r t a i n t i e s .  F o r  t h e  l o w e r  t e m p e r a t u r e s  t h e  o v e r a l l  e x p e c t e d  u u c e r t a i n t y  

is a b o u t  3 %  w h i c h  i n c r e a s e s  t o  4 %  for  t h e  - - 7 2 0  p o i n t .  T h e  c u r v e  B a n d  i t s  p o i n t s  

a r e  o b t a i n e d  b y  t h e  a p p l i c a t i o n  o f  c e r t a i n  m o d i f i c a t i o n s  t o  t h e  s i m p l e  t h e o r y  t h a t  

wil l  b e  d i s c u s s e d  l a t e r .  [ 
Fig. I. Fract ion of the  normal yeast  /O~'--~- 
cell frozen as a function of tempera-  ~ 1. q[ 
ture. The points  of curve A are corn- ~ I-Non-Aqueous Io 
puted under  the assumpt ion  tha t  the  ~0"0~ -(~tituent/ 3.1 ~o 
specific heat  of the non-freezable water  ~ ]~.. ~ ,  1 ~ ,  
is I ' The shaded regi°n represents  the ~6 0 . 6 L ~ n ~ { ~ $ 1 ~ , ~ , = . ~  ~ ~ . . . .  *'-~*t'ar 61, . . . .  * - - _  

by the uncer ta int ies  in the  indivictual 
parameters" The points  of curve B are "- " 
computect nnder  the  assumpt ions  tha t  ~ 0 . ~  Ir I A- 
the  fraction of frozen water  should not "~ 
decrease but  should a t ta in  a cons tan t  Q2[_Frozen H20 
value and tha t  the specific hea t  of the ~ [ -  / 
non-freezable water  need not  be z. The 
horizontal  dashed line is the total  J , ~  I , I . ,  I J I ~ I , i ~ , , 

water  fraction of the cell. -10 ° -20 -30* -40 ° -~Y' -60" -70* -8 
Temperotuee ('C) 

I n  s o m e  c y c l i n g  e x p e r i m e n t s  t h e  c u p s  c o n t a i n i n g  y e a s t  s u s p e n s i o n  w e r e  p r e c o o l e d  

fo r  20 m i n u t e s  a t  o n e  t e m p e r a t u r e  b e f o r e  b e i n g  e q u i l i b r a t e d  a t  a s e c o n d  t e m p e r a t u r e  

Referevces p. 86/87. 



VOL. 28 (1957) VRErZINC IN YIgAST CELLS 8 3 

prior to introduction into the calorimeter. These results and their controls are shown 
in Table I II .  

TABLE 1II 

I N F L U E N C E  OF C'~ 'CLING ON F R E E Z I N G  I"RACTIONN 

Temperature at Temperature at which sample  Fraction of 
which sample  frozen intrruluced into cab~rimeter sample  lrozen 

( l  t /  (F)  

- - 2 " 2  = 2 2  0 . 0 1  -Z O.OI 

. . . .  2 2  2. 5 O . 1 4  -:- O.OI 

" - 2"5 2".5 : o . 4 4  7- O.OI 

..... 72 - - 7 2 : :  O.51 i .  0 . 0 2  

- 7 2  " --  2 2  ° o . O I  l_~ 0 . 0  I 

- . 2 2 :  7 2  0 . 5 2  2 : o . o 2  

- - - 2 2 :  - - 2 2  O,GO "i O.O1 

As some of the interpretations might be influenced by the viability of the yeast 
cells, determinations were made of the live-cell count in standard yeast suspensions. 
A diluted portion (approximately I@ cells/ml) was spread on a fiat surface of potato 
dextrose agar and division of individual cells was followed microscopically. At least 
9 8 % of the original cells were found capable of dividing at least to the 4-cell stage, 
and presumably they would ultimately form macrocolonies under proper growth 
conditions. Thus no more than 2% of the cells in the standard suspensions are non- 
viable. 

Survival fractions were determined for yeast exposed to the freezing technique 
used in the calorimeter determinations; for 6o-minute exposures at ---IO °, ---22 °, 
- - 4 5  °, and - 720 these were 1.o6 + o.o5, o.94 ~- o.o5, o.85 _ o.o5, and o.39 ± o.o3, 
respectively, when compared to unexposed samples. 

i)Isct:sslo.~ 

Several other investigations have been carried out to determine the fraction of the 
water of an organism frozen at various subfreezing temperatures. Recent examples 
are K.\NWlSHER'S 2° investigations on several molluscs in which he found that as much 
as 76% of the total water of the organism may freeze, apparently without harmful 
results and the studies of SCHOL.\NDER el al. 12 on a chironomus larva and masses of 
lichen in which over 95°,~, of the total water was found to be frozen at - - 3  °° C. We 
know of no investigations that have been concerned with determining the fraction 
of cellular water that is frozen when unicellular organisms are exposed to freezing 
temperatures. 

The shape of the experimental curve in the temperature region down to - - 2 2  ° 
is generally expected (Fig. i). As the temperature is lowered and freezing occurs the 
equilibrium salt concentration is increased. One might expect that all of the cellular 
water (as measured by evaporation to dryness techniques) would not be available 
for freezing; that part strongly associated with the cellular components, the bound 
water fraction, would not be available for freezing l~,2°,aL Thus the F value would 
not be expected to reach the value of the overall water content of the cell (in this 
case I - - a  .... o.69) , even though the temperature is low enough to freeze all but 
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a very small fraction of the unbound water. At any point on the curve, as indicated 
in the figure, the water is divided into three phases: (I) an ice phase, (2) a non-aqueous 
phase (the dry weight fraction), and (3) the non-frozen water phase. The non-frozen 
water phase can in turn be divided into two parts: the bound water part (incapable 
of being frozen under these conditions) and the free water part that is still liquid 
by virtue of its high salt concentration. As the temperature is lowered below - -22  °, 
one would expect the non-frozen water level to approach asymptotically a value such 
that the difference between this level and the total cellular water level (0.69) would 
be a measure of the bound water. 

However, the Y values that are computed do not give such a plateau or constant 
value for the non-frozen water, but instead, the amount of frozen water appears to 
decrease for temperatures lower than - - 2 2  ° . At the present we have two possible 
explanations for this. The first is that the bound water is not present in a fixed 
amount in the cell but changes with the conditions that obtain within the cell at 
different temperatures (i.e., different internal salt concentrations). Variations in the 
bound water fraction have been reported ~2. At the present time we are not able to 
test this hypothesis further. 

Another explanation, and one that we are able to treat in a somewhat quanti- 
tative fashion, is that the specific heat of the bound water is not that of water (i.e., 
approximately I cal/g-C°). Our experimental curve for F has a peak value of 0.60 
at approximately - - 2 0  ° . If we assume that this plateau value is associated only with 
bound water, it is possible to correct our results for any difference in the specific 
heats of bound water and ordinary water and to estimate the specific heat of bound 
water. This is done with our results by introducing two other parameters, g, the 
fraction of the cell that is bound water (assumed here not to change with temperature), 
and S~, the specific heat of this bound water. The corrected value F '  can now be 
written as 

F'  = F + ~ (T : - -  :rb) (S~. - -  S~,,I 
L + ":b (S~, - -  S~ 

where F is the original computed value of the frozen fraction of the ceil at a tempera- 
ture T b. By use of our first assumption that the F '  values at - -22  ° and - -72o should 
be the same, and in the first approximation equal to 0.60, we can compute a value 
for S~w. This value is then used to compute a new F '  at - -22  °. Repeating this process 
twice, the results converge to the following values: 

F '  ( a t - - 2 2  ° and - - 7 2 °  by method of procedure): 0.63 + o.oi 

g (the bound water  fraction of the cell) : o.o61 + o.oo 5 

S ~  (specific heat of the bound water):  0.26 + o. I8 cal/gram C ° 

The curve corrected in this fashion is shown as curve B in Fig. I. As a check, the 
values of g and S~  obtained here were used to recalculate the value of F '  at - -40 °. 
The recalculated value agrees with the assumed value of o.63 within the experimental 
e r r o r .  

The values of F '  and g obtained above are not drastically different from those 
estimated from the uncorrected curve (0.6o and o.0 9 , respectively). The computed 
value of S~, even though there is considerable uncertainty in its value, is significantly 
different from that of normal water. The average specific heat of bound water in 
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a 87.5% gelatin gel has been computed  from the data  of HAMPTON AND MFNNIF 23 
to be o.56 over the temperature range from 25 ° to -- 78 .5  °C. In view of the large 
uncertainties inherent in our calculation, our value is not to be considered different 
from the above. Certainly tile practice of assigning a value of I to the specific heat 
of bound water (24,~ and others) has little justification, either experimentally or 
theoretically. For example, P.~,ULIN(; has est imated that  there is only a 15 % increase 
in hydrogen bonding in the phase change from water to ice ~ in which the specific 
heat changes by  a factor of 2. One would thus cxpcct a decrease in the specific heat 
of bound water as a similar increase in hydrogen bonding is involved. 

The above adjus tment  of data  ill which the assumption was made that  the I"' 
value plateaus at -- 22 ° is valid only if the total osmotic s trength of the cellular 
interior is equal to or less than o.I6 molar; if this maximum value exists then no 
rnorc than 1% of the cell would be salt solution at .... 22:. If ROTHSTF.IN'S da ta  TM of 
the composition of yeast is used and the assumption made that  there is complete 
disassociation of all cellular constituents,  a maximum value for the osmotic strength 
of 0.2 molar is obtained. Thus at temperature  belo~ . . . .  22 ° an insignificant portion 
of the cellular water is neither frozen nor bound. 

The fact that  the uncorrected F curve is lower at -72° than at - -22  '~ might 
lead one to believe that  the conditions that  exist at - -720  are such as to change 
the cell irreversibly and somehow cause the observed difference. However, when 
sustxmsions wcrc pre-cooled to - - 7 2  ° before being equilibrated in the bath at - - 2 2  ~' 
prior to ent ry  into the calorimeter, F values were obtained that  were typical of the 
ent ry  temperature and not of the preliminary t reatment  (Table III) .  Thus the cell 

has no memory  of its previous treatment.  
The additional hysteresis studies were done with cells at temperatures closer 

to o ° so as to negate the possibility tha t  supercooling in a fraction of the population 
could influence the results obtained. - \ny  role supercooling could play in these experi- 
ments  is minimized by the results shown in Table I I I  in which cells were cycled in 
various ways between --  2.5 ° and --22:'. I t  is interesting to note that  the F values 
at ---2.5 ° are considerably higher than one would deduce from Fig. 1. A t)ossible 
explanation is that  as freezing proceeds cellular consti tuents might be degraded into 
smaller components  to such a degree that  the osmotic prcssurc of the cell would be 
increased sufficiently to change the shape of the freezing fraction curve from that  
which would bc expected if there were no degradation. Such a possibility has been 
discussed by CONWAY in connection with freezing curves obtained with mammalian 

cells~L 
Our results with the survival of yeast exposed to freezing temperatures invalidate 

the possibility tha t  an abnormal  degree of freezing in the non-viable cells might  unduly 
affect these calculations. At - - 2 2  c, 94% of the cells survive the freezing procedure 

while °" 9 1 o  of the total cellular water is frozen. Thus even if all of the cellular water 
in the 6% of the inactivated population were frozen, 9o% of the cellular water in 
the surviving ceils must  be frozen. Thus it is possible for vcast cells to have at least 
9o% of their cellular water frozen and still survive. This does not mean, however, 
that  this frozen water must  be located within the cell. 

Work to be published in detail elsewherc allows us to speculate on the position 
of the frozen cellular water. I t  has becn shown ~ that  the sensitivity of haploid yeast 
to X-rays  in the temperature  region from o ° to - - 3 o ° C  depends critically on the  
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phase state of the cell suspension during irradiation, whether liquid (non-frozen) or 
solid (frozen) ; cells in the liquid phase are more easily inactivated presumably because 
of the ability of diffusible intermediates produced on the irradiation of the cellular 
water to move within the liquid phase cell and react with the radiosensitive cellular 
regions. WOOD AND TAYLOR ~9 have found, however, that cells irradiated at - -720 in 
the frozen state have the same radiosensitivity as those irradiated in the liquid state 
and are approximately 3 times as sensitive as thos, !.-radiated at - -33  ° C, frozen. 
Furthermore, ceils cooled fiJst to - -33  ° and then irradiated at --720 display the 
same sensitivity as t ho~  irradiated at - -33  °. Since the same degree of overall cellular 
water freezing exists in all these cases, the position of ice formation might be expected 
to be of importance. A plausible picture is that when the cells are originally frozen 
at --720 the freezing rate is sufficiently high to cause internal ice formation, while 
at the slower freezing rates (--33 °) the cell is effectively dehydrated and ice formation 
is external. This general dependence on freezing rates has been demonstrated by the 
studies of MERYMAN AND PLATT with liver tissue TM. The difference in the radiation 
response can be explained by assuming that toxic materials are produced by radi- 
ations in frozen water and effectively trapped in situ by virtue of the probably low 
diffusion rates of the solid phase. When thawing occurs in the fast-frozen cells (ice 
formation interior) the toxic materials are spatially situated similarly to those 
produced by irradiation in the liquid phase. However, in slow-frozen cells (external 
ice formation), the toxic materials released on thawing are effectively diluted by the 
water of the external medium and the probability of their inactivating the cell is 
decreased. It is not possible to assess a value to the amount of internal and external 
ice formation other than by saying that a radiobiologicahy significant amount of 
water is internally frozen in fast-frozen cells. 

SUMMARY 

x. A model  is fo rmula ted  which al lows a ca lcula t ion  to be m a d e  from ca lor imet r ic  d a t a  of 
the  f rac t ion of the  yeas t  cell t h a t  is frozen as a funct ion  of sub-freezing t empera tu res .  This  model  
is i ndependen t  of the  posi t ion of the frozen water ,  whe the r  in t race l lu la r  or ex t race l lu lar .  

2. Our normal  yeas t  cell conta ins  69 % to ta l  water .  As the t e m p e r a t u r e  is lowered below 
o ° C a progress ive  a m o u n t  of th is  is frozen unt i l  a t  - -  22 ° a p p r o x i m a t e l y  87% of th i s  t o t a l  w a t e r  
is frozen. In  the  region from ---22 ° to  - - 7 2 0  the to ta l  wa te r  frozen decreases to 74 %. These 
ca lcu la t ions  are based on the  a s sumpt ion  t h a t  the specific hea t  of the  non-freezable wa te r  (bound 
water)  is the  same as t h a t  of no rma l  water .  

3. I t  is possible to ad ju s t  the  compu ted  curve  so t h a t  the  frozen f ract ion of ce l lu lar  wa te r  
does not  decrease wi th  t e m p e r a t u r e  below - - 2 2  ° C by the  a s s u m p t i o n  t h a t  the  specific hea t  of 
the  bound water  componen t  is not  I. W i t h  this  assumpt ion ,  the fract ion of the cel lu lar  wa te r  
t h a t  is frozen over  the  range  from - - 2 2  o to --. 72 o is o.9 I. Thus  9 % of the  to ta l  w a t e r  is considered 
bound.  The  specific h e a t  of bound wa te r  t h a t  emerges  from these ca lcu la t ions  is o.26 .~: o.18 
ca l / g r am C °. 

4. D a t a  on the  su rv iva l  of yeas t  under  these freezing condi t ions  show t h a t  cells can surv ive  
even though  as much  as 90 % of the i r  ce l lu lar  wa te r  is frozen. 

5- Cer ta in  radiobiological  d a t a  ind ica te  t h a t  a t  leas t  a por t ion  of th is  frozen wa te r  is loca ted  
w i th in  the  cell. 
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M e t h o d s  h a v e  b e e n  d e s c r i b e d  for t h e  i so la t ion  of nuc le ic  acid  a n d  p ro t e i n  f rom t o b a c c o  

mosa ic  v i rus  (TMV), y ie ld ing  p r e p a r a t i o n s  w h i c h  c o m b i n e d  u n d e r  s u i t ab l e  c o n d i t i o n s  

to  fo rm pa r t i c l e s  r e s e m b l i n g  tilt.' or ig inal  v i rus  in p h y s i c o - c h e m i c a l  a n d  p a t h o g e n i c  

r e s p e c t s  I. E v i d e n c e  has  also been  p r e s e n t e d  t h a t  " m i x e d "  v i rus  could  be p r o d u c e d  

f rom p r o t e i n  a n d  nucle ic  acid  d e r i v e d  f rom d i f fe ren t  s t r a i n s  of TMV,  a n d  it has  been  

s h o w n  t h a t  t he  p r o g e n y  of such  v i rus  a l w a y s  r e s e m b l e s  t h a t  s t r a in  w h i c h  has  s u p p l i ed  

the  nucle ic  acid, b o t h  in r e g a r d  to symptomatology a n d  ch emi ca l  composition 2. T h u s  

the  r ibonuc le i c  acid  a p p e a r e d  to be t h e  p r i m e  gene t i c  d e t e r m i n a n t  of a p l a n t  virus, 
just as t he  d e o x y r i b o n u c l e i c  acid  is b e l i e v e d  to be in bac t e r i a l  v i ruses .  F u r t h e r m o r e ,  
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N,,.( '--z45 from the National ('ancer Institute of tile National Institutes of Health, Public 
11calth Service. 
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