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Hydration forces and membrane stresses: cryobiological
imolications and a new technique for measurement
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vory  la rse ,  'enu l \ i rc  ld .cs . rc  mcasur .d  be lscen qnot r \  sur tuccs  in  * r l c r  x r  s .p r Id io .s . f  rbour  x
nanonictcr or l.$.'lh.sc tur.es rre imponanl cryobiolo$ because exlracelhlar lieezins usralll caus.s
exlreme osnlrric dehydrrrbn ol cclls Ihis brines mcnbrarcs and mlcromolecules rn|o close npprrach, nnd
impo\es l se. rni$rtuDrc nrcss.s on thcm. It k lhereture inrponrnr lo sludy l|es. tn.ccs nt lrcszins
remperalurcs We hrvc (trdicd l|c nccznrS and thawing behrwntr ol lrhrllrr nhascs dl cgg yolk lecllhii and
DrO Fuce hydftlion rdn i.r.c scrafrtion relalions nre otJlnm.d ,r. lhc dNr.rnD nu.lcrr mrgnelic
rcnnxnce Nlnrl r\ , inncridr of lcnp.klurc. Ftum lhes. tt.rslrcm.nrs Nc cstimrtc thc naennldc of
trceTi.s indtr..d nc'nbran. str.sses rrd discuss lhrn clre.i on thc rcsNn\e ol cclls.rd orranclles ro fteczitr3

(4r,'ll llydrxrnrn lnr..sj McmbrrDe hJ_dralion: Csobn og!: Phosphrlltlylch.li.c: Nuclcrr mtg...c rdsofui@; l.rdcilf

l. lntrodu(ion

Largc repulsive tbrces have been measurcd
bctween surfaces separaled by abL'ut onc
nanometer of warer or aqueous solution. Al
thoush such forces have becn describcd lin a
r J r i ( r )  o l  \ r r i : r ( ( \  [ l ' .  l r r i J  h r l J ) r ' . .  ,  r r l . e r  i  I
pairs or in lamel lar phascs, arc tho systcn ihat
has bccn nost ol ten studicd [2 9].  Thc forccs
doc.ease approximately exponent ial ly with dis-
lancc with l characieristic lensth of nbout 0.2 nm
and lhe cxtr .rpolatcd lorcc ter uni l  arca at zero
separul ion mav hc hundrods r) f  MPa. rhcy do,ni

nrte the low hydration behaviour of a variety of
syslenls formod from biomolecrles including nm'
phiphilc-\later phases with a range of geomeiries
and tho hcxasonal phase of DNA [10]. Many of
tbc adclcs in this issue dcal with properties of

t- ip id bi laycrs and l ip id laneuar phases are
otten studied as a nrodel ot bi(togical mcnrbranes
ofwhich l ip s are an i  portant componcnt the
lipids arc .r lwo dimensnnral solvcnl ir \,,hich
memtrrane proteins are dissolvcd. Ncvcrthelcss,
thc s(rtc of very low hydralbn thc ltalc in
which hydration lorccs arc apprcciable is only
rarsly of inlerest 1(r biobgisls. In most cells and
r \ \ , r .  .  $ J t r r  ' ( l '  c . e n r :  r  l s r s e  \ i , h r n r (  f r J r r i r , n
.rnd sudaccs are separltcd by nuny nm. tsiolosi-'  ( inrc\ponains author
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cr l  nrcmbfrncs hr lc  a lh ickncss o l  sevcf . r l  nm.
brcbgicr l  mrcr( rnolc .u les have dnncnshrs ot  ( r r
c lcr  onc to scrcra l  nnr .  I f  mcnlbfancs and/of
r r , : , ( r , r  r ' l c . . r l r .  . , r .  \ r , I r I t  i r t u  t l (  r ' r r f r  i n
which hvdrr t t ion tbrces domira lc  '  i .e .  a! 'er rgc
aqueous scpx!at ions o l  onc nanomctcf  or  lc !s .
thcn thc aqucous solut ion nusL l i r rnr  aboul  20?
by Lolumc. or cvcn loss. Iiurthcr, pfcssLrrcs of thc
ordcf  associatcd wi th hydral i { )n l i ) rccs ( ten!  o.
hundrcds of  MPr)  arc not  usual ly  c l lcou Lcrcd in
mosl  l iv ing t issues.  Even the lurgor  prcssrrc of
p lanl  cc l ls  thc pressurc tht r l  pushcs t l rc  p lasnra
nrcmbranc .rs:rinst thc rnatrix ol thc cell wall is
usual ly  smal l  in  compar ison.

l l ) d r J r i . ' r  l , i r ( J ' : , f c  i r n n n r t . , r r t .  h u $ c \ c f ,  . r r  t r l
lcas l  two arcas of  h io lo$:  rnhydfobin log_v rnd
cryohio lost r  I l l ] .  In  unsaturatcd a!nro!p] rerc! .
secds and spores ol nrny spccics rrc cap:rblc ()1'

dchydrr t ion n)  low \ la tcr  conlcnl !  o l  several  por
ccnt .  xnd some ent i re orgrn isms ( inc luding sonlc
inver lcbfttles ancl the rcsurrcclion plants) rrc c.r-

t , , , 1  l J  u f  \ u n  !  r p  J c ' c . , t . , , n  J n d  r c . ) d  r t r " r
[ 1 2 ] .

Iircczing of whole organisrns or suspcnsions ol
cc l l !  usur l ly  involvcs cc l lu l r r  dchldr . r ! tun:  thc
exl r rcc l luhr  so lut ion Lrsu: i l ly  l iccze\  l i rs l .  con
cc l rat ing lho extraccl lu lar  so lut ion and thus
causing osmot ic  dchydral ior  of  rhc cel l  J l3 , l1 l .
ffeczing to scvolrl dc8rccs bclow zcro causes
ccl ls  to  c lehydrarc 10 a lcvel  whcre a l l  non-aquc-
ous cc l lu lar  cornponcnt !  arc brought  to scpara,
t lonq .n order  of  nnr .  Fur thcr  dchydrat ion a l
lowcr lcmpcratufcs is  opposed br-u the largc.cpul
srve tbrccs at closc pft)ximity (see fig. l).

I1  hrs been xrgucd that  thc anisotropic  srresses
produccd in mombrancs b!' these large lorces
moy be rcsponsiblo for onc rype of freezirg danl-
:rgc ll5l. tsecause ol rhc rgrononic impoftance of
l rccr i  g  drmaec rnd thc mcdicr l  in tcrcst  in  cry
u n ' c . .  r ' : r i , ' n .  n , , r  r "  n . I I i ' , n  ' . i ( n l i l i J  c r . r i , ^ r l v .
' t  i \  In lercs l inS lo sndy thc lorces bc l*ccn l ip id
bi laycrs at  sub l rccTinS lcn lperuturcs.

Iwo d i l fcrcnt  tc fhniqucs arc c(nnnx)r ly  use. l
lo  sLudy h!_drat ion l inccs.  In  the osnxnjc srres\
lcchnique [3]  a krowr (ncgal ivc]  prcssurc is  pro-
duccd bctwcen nrcnrhr : tnes in  a hmcl lar  phrsc l ,y
cqui l ibr r tnrn o l  the inLcrhmcl lar  wl l , r r  $ i th  rn
u r .  . , I r - . , r r J  , , r ' , ,  t '  r r r c .  . ,  r , l  , h ,  \  f . r ' , ,  ,  r ,  r

UUffttal./]tipll\\ (rk1, .lq{1q)1) tt 5il

l r i ! .  I  A  h ieh l r " ,dcahscd \k r r .h  n rM\  x  ce l lbcn , r .  rnd  r l re r
lhe  i reez ins  o f  i l s  l i$ne  or  \uDDoi tn rs . ,cd iunr  ' lhe  

c tevn ted
crus0s  a  l x rec  rcdu. r i , i  m thc  x {ucous

vohnnc .l lhc cell Cons.qucnllt. xll of rh. n.n xquc.ur
b ,ou- !h l  in lo  ck \e  p ror i rn i l y  ln  l ] l i s  s r . l c ,

{acks ol m.dnrrncs n} l,.sin to fts.nrble llmellar lhrrs

i r  f u '  ( , 1  t r , , r r  t h !  r c . r i l t .  ! , 1  \  . . r )  J i t l r . , ( l i u n

mcasurcmcnts. Membranes mry also bc dc-
posiLcd on lbc molcculaf ly snrooth mica surraccs
ol thc sur lrcc f tncos appuatus [ ]61 nr whicn lnc
lorcc is nca\urcd by dcflection (]1 a calibrrtcd
spring rnd lhc scparat ion by an oprical  technrquc
using i i ingcs ol  oqual chromatic order.  Ncrthcr
tcchniquo can bc uscd in its prcscnt lirrn k)
mcrsurc hydrali()l forces a1 lioczirrs tlmperr-

We havc dcvolopcd a tcchniquc in which thc
r i ' n t ,  r J , , r i ,  , n  : ,  t r . I ( r  i . e  r h : r . ,  e q u r l ' l  ,   n l
conlrols the prcssu.c  nd thus the inter,rnem
branc fofce in a lamcl lrr  phare, and in wlr ich thc
hydrat ion is detcrmincd lrom tbe nuclcar nrag
nct ic rc\onance signal of  dculc. iated waler Jl7l .
In this prpcr wc describc lhc production of nrenr-
brunc slrcsscs by freezinC, the hvdration be-
hawrur ol  cgs lcci thin at f reczi  g rcmpcralufes,
and we discuss thc conscquences Ibr cryobidog!_

2. I,'rcczirrg damage trnd nrembranc stresf

A  I n r r g c  , l  J i l l i r r r l  p [ \ \ r c a l  : n , l  f h \ , i . r , -
chcnric l l  processes rnxy prcvcnl thc suni lal  b!
ccl ls ol  a cvclc ot f rceziog and lh|wins. At leasl
lwo ol ihcsc proccsses rrc the result ol osmotrc
ericursnJns which rcsult lionr Lhc slow cooling
cncr)unlcfcd in the nalurr l  + wo. id I l :1,151

Ic( '  l i ) rm.l i ( )n is lo $rnre oxtcnl  probrl) i l is l ic
$, l rec.rusr thc . \ lc ral  solut i ()n is l l rger thrn

cnannelS
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thc in lcrnal  so lu l i r )n.  cr l racel lu lar  l rcc/ ing usu-
al l ) r  occ"N bctbre l r t r . rce l lu lar  l rccz ing lhc cr-
l r . rcc l l r l r r  icc is  r lmost  purc Hr() .  so thc cxrc l
r d l  ' , l r  r r \  . , r c  c . r r c n r . . r . , l  i r r  r h r  r ,  r n . r r I r r r g
Lrnf !ozen cx l f rcc l lo lar  so lu ln)n.  Wl tcr  thcn d i l
fuscs out  l r ( )m thc cytoplasm 10 thc hypcr lor ic
cxtcr  a l  nrcdiunr :  thc cc l l  conl f . rc ts  osnrol icr l lv
rn. l  i ts  mcnrbfrnes beconrc l lacc id.  I t  thc l renF
brancs rcmain in tact  and semipcrnrcahlc.  thcn
t h r  f r ' . .  *  i ,  * , r n r  l  r L \  r . \ r r . r l ' 1 ,  .  q . , r n  r l
nre l ls  thc c\ tc tnr l  icc.  lh is  d i fu tes the er ternal
solot io l r ,  wr tcr  d i l l i rsrs  back in to thc cvto|hsm
and the cc l l  rc  cxpands osnn)t ica l lv .

( le l lu laf  l1rcmhr lncs r rc  the pf inc ipal  s i te  lor
danragc.  lJrdcr  n, r lura l  condir i  rs  \ \herc c.xni | lg
is  rc l , r t ivc ly  s low.  thc p lasm membranc rs  or
p. r f t icuhr  impor lancc.  l l  i1  rcmaiDs in lact .  the
( .  l \  r '  r . r r r r  |  , " r n . , r c i ,  l ) .  . , ' n . ' ( n | | : r l  r r  r h (  i h t .  r
L , l  . . , l . r t : . , n  . , ' r J  l l ' u .  \ i r r r ,  I I L  I r t r  , . u l l , r l . , r  r . .
f (nmrt ion.  the n lernbrnDcs n iav bc d l rnasl rd dur-
iD8 thc process of  f fcez ing,  thcv nra! ,  l ( )sc thc i f
t ' r " t r ( r r t  , , 1  * I r i n r  n r . . , l ' i l r )  \ t l , l  I  r h (  u \ n r , . U -
. . J l )  .  ' n r : t . r ( . 1  ' . : , r . .  ,  r  r l n  )  r r . , \  | u f r l \  . l u r : , r ;
, ^ r . t i  , r r ' : r r r . i u r r .  ( ) r 1 \  '  r . r  t \ n ,  , r  l r ! ( , , : n !
jnducc( i  in jury wi l l  t rc  considcred Icre:  rhc loss of
( )snn) t rc  rc . rponse in the dch! 'drr ied natc.  Mcrn-
brano ruplurc dufilg thc proccss ol trcc/ins t./'
k r  L lSl  ot  dur ins the ph:rsc o l  osnn' l ic  rc  cxpan-
s ion l l ( . ) l  . ' rc  r t t f ibuted ro d i f lcrc l l r  rhys ic  l
crusc\ .  I t  hrs bccn suggcslcd l l l . r i  hydr ! t ion lorc(  s
are involvcd wi lh  ncnrbfanc d nugc rnd k,ss of
osnn) i ic  responsc in  Lhc dchydrr ted s l l le  i l l .20 l .' lhc 

dehydr. r t i {nr  o l  i r  l l 'mcl lar  phrsr  ( )1 l i l ) ids
prx luccs anisol ropic  s t rc \scs rnd st r r ins in  thc

emb'rnc\ .  l l  the phrse rcnl . i ins lam. l lar .  thc
aqucous vr tumo can bc rcduced by rcducing the
. . t a r J r r , n  ' \ " $ ( . n  I n r l r h f .  n ( . .  , ' ,  . r  r c , l , . . i r r ;
!he arca per  l i r id  mrr lccLr lc  in  lhe p lanc o l  rhc
l r ]cr l tbr rnc.  lhc l l t1 ! f l l  (ornprcssi r )n 0 l  thc nrc -

l ) r i rncs cat hc rcgrrdod i ls lhc rcnr l t  ol  a l i t ter l
Dressurc l /  (a lorcc pcr unit  le sth acl ins i rr  the
plane ol  thc membraf lc).  ' Ih is laler.r l  prcssurc
crD be rerdi ly cr lculated. Thc prcssure / ,  in thc
aqucous, inlcr hmcl lnr la l ,ers is ncgat ive *:  an( l
has a mrgnitude cqurl  to thc repulsivc lbrcc per
unit  arer beL\yccn the rrrernbrrnes. ( ln rhe l i rcra,
lurc ot intcrfrcjal lorcc\. thc synbol I is Lrscd ii)r
inter laci l l  forcc per unit  arca. wirh rhc convcn-
l ion F > 0 l i ) r  rcpulsi , rc lorccs.)  I f  the inrcfhmcl-
l rr  scparal ion is ) . ,  mechanicr l  equi l ibr;un rc

t t  :  t \ '  l , t .  (  l )
' I  h is stress is considcrable at bw hydrr l ion: thc
arc elast ic o( luhrs &, ol  r  ncmhfirnc rs dc

"  d l n . r  d h a

whcfc 1 is thc lcnsim in thc l l rnc of thc rnctn,
brane and d is r |y measurc ol  arca. For a bi l i rycr
ol  cs8 yolk leci thiD, Kwok.rnt l  lvans i2l lSivc a
valLrc of 1.10 N m I.  Ar inrcr lamcl lar rer)utsn)n
ot say 30 MPa l t  a scprrat ion ot 0.5 nm \ louro
givc r  latcral  pro\sufc of 15 rnN ln ,  rnd thus a
contract lon ol  ordcr i {) , , ;  i l  thc t in.-rr  c lrst ic
approxi  ral i (nr holds.

l  hc anisotropy of this slrc\s is imporranr.  ' l  hc
bulk nodul i  ol  condcrsed phlscs  fc nrcrsurcd

"  L . l  rs  d ! . ! l  q i rh  r * .  Doss ih l .  ln , iednr \  l , i rn .  l i r  q r r . j
v l , l t rn res  q i lh  lnn !nNons. l  .h , rnc t {s .  d l I l . rcdr  d r ] io i
l ro is  r l  I i . \ \ i r .  ! r  in  n r in . ip [  lDs ih t r  In  the  \ t rk lJ  o t
hydfurn 

 

ldcr\. l[c nrerhnk]lu qnrcr n rr.nle. r: a
{ r l )  Dhr \c  $nh )  l rn i l r  t rcsd 'c  in  nn  rhsmxr lvc  rL ! (u j ,L
t r 'A  o .e  cou ld  d . ln rc  the  t rc*ure  . l  rh .  en t  r .  l r , r ! ,1 , ,
r rn ,  \ .  r .  l i .  / rn '  rnd  nrJo l l t r r r  !n  .ner l t . J  h r rh r t i r jn  o t
rhe lip s whi.li sorll rl..r.:r\. $ith jncr..rsi|! hr(lfttrrn
n . , l  l r lL  t , ,  z rn )  r r  r  n ( r le  mr i |  o t  o ' r t . r  t r )  o r  l r  I  t  jL

r . .our r io !  ! r !  r l ) v \ i . r l l v  rqu1 l .n t  u r .
r r ( \v r r .  r  t r r  nnr rc r  squr t (  r l r r  ( t r r \ r r i rc  o t rh r .n . , ! !
. l  r \d r l r r  

 

R ' rh  re :ne . r  1 .  | r r r i r lmd lx r  \ . l rm. , j f  * r r ( r .
l l ' .  l l n rc r  \ r$ r r i  a  r ( lo r rc  b r r , , ! \ c  , l  r i vcs  ! j rxLr r
n t r , !h1  n .  rh r , r td r r . t k r r .  Sc . , iDd-  r l  i \  Nonh r ro in r rn !

. l  rh .  'n r . r ln  .L t r r  t r r rd  i s  r . tL t r t !
. ven  nr  \ . , r -  l ,n !c  n ' . l r rs :  r l ' r  ! !1c r  rs  t r r r$ r . r  rso  h i !h ly
h \dJn | l , i i .  { l1 . rc !s  r rd  r t :  rh i . t r . s  N $n . r l l r r   r ! r  rh .
. r r l i ( r , r d i u \  l , r . I n r ] i r i t r

" '  I r  r , r , ] r l c s rN r r i ( r r  l . n rn l n  i \  on  t h f  . l hd  r . r  ( l  h i l l r
co . l i r g  ' I c \  ) r ( l  r ,  !m r l l r . l  n r l d r . \  x ' c  r n \ j  11 ,  . L . h i . r c
r . t t ) i l  ! r r i l k . , n i l n )  . l  r h r  . y ! ) r n r sn r  x r  r [ u  r n ' . h  L ,g , , !
l e ve \ . f  [ yd r x rnn ,  r h , r h  nx r  h .  n r r '  r n r . t  ] !  r ! , ) i , t  r r
o \ i i . r ' .  r q t r i hh r i t r n r .  l h .  l . n s r i \  a  l  L$ r i r  ! . l J s  l n  r t r s
' . ! 'mc  r0 . l '  L l i r !  r he  r l . v r r . n  r r ) r r . L l n  l r !  1 , 1  i d r  . 1 / h l

sc .D  t  r L  l r l \  r o  r nvn \ .  n { l i i r  t t
L , ! . . \  I n  r  : i i n t ) 1 .  \ 3 r  r o l  n  n . t  i L l . i ' . \ s r .  i r '  r n \  r r  t r



in ( i l ' l ; for irslancc t lr ir t  of wil lcr is 2 ( i l ' i r .  fhus
:rn i()trcpic slrcss of tens oi MPr would be
cxpccted to produce only a snral l  !olumetr ic
strr in.  Chrrscs in dcnsity oI the water or the
l ipids in r  lamel lar phase are therelbre usurl ly
neglcctod. ] 'hc contract ioD in rhc plane of dre
membrnne is accornpanicd by :r thickcnins in thc
normal dirccl ion. l 'hesc strains arc not negl igible.

I . ig.  2 includos a skctch of a lamcl l t t f  phasc of
bihycr mombrancs, and shows sevefal difierent
rcsultanl strrins. ]'hc first is thc doformation
describcd rb()vc. Also shown arc thrcc othcr fo'
sponses uhich, in ccrtain cascs. can rola: i  thc
I I ( r r - l  , l l c , . c \ .  l h ( . , e  J r c  l r q L r J  c r ) . r . , 1  8 , I
phasc tLrnsition, fluid.'il id lateral phasc scp.rra
tn)ns rnd lam{r lhf- inverted hexagonal phase trar-
si l ions. Al lol  thclc rclponsc! havc bceD obseNed
in nudcl synorns, rnd thcrc is cvidoncc that they
occLr in cclh dchydrrtcd by freezins.

lhc clcvt | l iur oi  the chain mclt ins point by
l a r .  r " l  l  ' (  * J r (  i .  t l r (  " r J l o s L (  i I  r w u . l i r n e | l . : , ' I '
, , 1  r h r  , l ( \ : , r  u n  u f  m ( l r i n !  f o r n t  l ' 1  p r r . s u r e  i n
thrce dimeDsbns ' ' .  Tho cxpl ic i t  rc lat ion bc,
twcen lalcral  strcs\ and mclLing tcnrpclr turc h !
bcen described 1br hilxycr menhrancs [2]l and in
grcaler detai l  for ronolayers. Al lhough thc lat

- r- ir" "",'ll numbcr ,)t rhree (lnrcnsn)nd .as.s urc,c
lhe fensil! lccrcJ\.s trp.r mchlng wnr.r ( rr errnrplc

lhc nrehiDr l).nrt nrc'c!\.s witl !nnli.d pre$ure.

I  lL l l t  d  t l  /Bn) rhJ \  (  h , i  4q  1 t99 ,1)51-58

cri l l  slrcss in I irnlcl lrr phascs is f i l rcly dclcr,
mincd. the clclulod melting ienrpcrrlurc which is
a consequerce .'r dchydratior-induccd lareral

WWlfltrr

|lr I ir) sho$ n lip lur.llar phd. rl fcIrL!.lJ' Iiglr
hydr.Llnr' ln rhi\ skerch rhc cncles rrprtsenr th. hydrophilic
por r rons  o l  l iD ids  rnd  rh .  ( l r rk  l i t res  lh . i r  r l kane chxrns .  As
rhc $aler c.nrcnr r\ rcduccd. b.rh rhr scprrrtioD her*een
rtc lxrfc5 rnd lhe nrembran. dcr dcfcas. (bl Th. ,, r,n
hrxn. !.lunro A rppioximrlelr c.nseNcd br- rr ln.rcas. rn i\
rh ickness .  ln  r l rc  no 'mr l  , lnec t rn .  lhe  I r !e  in temrennnxnc
rrpul\rD is lllxn.cd l)r r ne-ftlrc nre\!!e fr nrcrnrn n lhc
in lc i l xD. l l r r  sx rer  l r  th .  i i re . r i t r i  t t r ' r l l c l  ! ,  l l r r  mc lxnne
surlrlt. rh. sxrcr suddr is hnlx.rtd hr- a co0rpr.srion ne'ss
. r  r le r r l  Drcssu ' .  ,n  r l r !  n , . 'nh(ncs .  shence th .  J rdud(n  nr
xrcr. I hc\r nrt\\es cxD rcsuh in scacrxl (lrflcrcnl lc u"Dr
1r .n \ ' i I c  n rc . , l , ' rn r  n r r f  under ! .  l i q t r i . r . c f ln r l  l .  se !  t r ,ns
!.f rr e cvrled tcmf.rlrrrd l.) fhe lipn\ nrav undcre. rhc
t rn \ i rnn ,  r ,  thc  inveno l  hchs .nnL phr l r  (d )  l i  mo lecu les
* i lh  $n l rc ic  l J -  t l ; i l c ren l  hyd ix tnnr  r .Dr l \nm x 'c  p lc \ r i1 .  ih r
nrrmhftne nly urdcJ!. r h!rl(rr)n rnJrc(l lxr.nl thxsf
fn i r . t r ' . r  ( . )  h  thn : lc r .h . lh .  s | r t rn  d  . ; .1 !s  .s r re \cnr  ro .

sp . . 'ds  $ rh  a r .x re r  h ! ! l , r l i o . .
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shcss has also bcen rcpol lcd for dehydrated
lrmcl l  r  phascs of a nunrber of di l lcrenl l ip ids. In
cclls, this fcsponsc is widehr bclieved 1o be a
cnusc ol ncmbranc damasc [23.241. A loss of
pernrcability has been rssoci:rted with the phasc
cocxistcncc rcsimc, rnd thc increascd laleral
compressibi l i ty (decrerscd l , )  is a possihlc mcch

A1 sul l ic ic l l t ly krw hydr.r l ions. thc phalc dia
gram ol somc l ip id watcr nr i r turcs includcs an
inverse hexagonal phase (t lexrr) .  Thc lanel l rr
Hcrr th"\e boundxn ha, no, i t rLc ' l , ,ne In a
r ( m p c r n r u r e  $ a r c r  c o r r c | l r  I r J . c  J i J g - r m :  : n
rlthcr words the Hexr phase appears at suffi-
c icnt l ! ' low hydfat ion rn. l  high temperature- I  hus,
. I  d  E i \ ' . . n  r l ,  c : r l )  c . , m r ,  ' : | |  i o n .  r \ r  I I .  \  |  n h a . e r ,
prodlced by increasing temperature. l l  cao also
bc produccd by ffeczins of rnore precisely bl
lhc dchydral ion .rssocialcd with f feezxrs. this is
r0 prradox: olcr a tcmpcrature f?ngc ol onl]'
scvcral  dcgrccs hclow frcczins, thc dcgrcc of
hydra! iL 'n ial ls dramatical ly [15,251. lhc conse-
quc cc! ot hcxirgonal phnscs ibr mcnrbrano danl
J t c  . , r r  ' r l \ i ' , r ^ :  r l k  t . ' t , . 1 , ' d \  , i i . u  h  f h r . '  '  i .
unsuated lbr thc rulc ol molccular scmipcrmcabil
ity. Do HexrJ phascs occrr ill lio,,cn cells? Thc
arswcrdcpcndson dcl iniLion. Cordon Kanrm and
Steponkus [2a)] puhlishcd clcctror-micrographs ot
freeze-dchldrated ryc tdoplNts which lhow rc
gions of mcmbr.tnc intcrmplcd by rcgiinrs ot
stacks of cylirders ir approrimately hexagonal
arr ys. l'hcy intefpretecl thesc as stacks of cylin'
, l r i . . , 1  i n \ ( r l ( J  m i c ( i l ( . $ l ' i f h  r l ' u .  t , , r m ( d  "  H i \  |
phasc. Ar X-rry crtstal losrapher misht object
thnt thc hck ol long rrngc ofdcr ( nd consequent
l : , c l  , J  o  r t r i . 1 . , ' n  p i , r l . I n )  \ i r l r r ( ,  \ i n r (  . l r i ( l
operat ionr l  dcl ini t ion of t l  hcxasonal phase. fhe
two Iipid geometrics |trc n!.verlholcss vcIa similar.

In a bi lnycr ol  more th.rr  o e comporenl,
hyclrat ion intcrrcr ions wi lh di f ferent magnitudes
arc cxpcctcd. l lecause lhc hvdra( i(u rcfuls()n rs
cxponenlial. thc scpanlion jnto phascs rrf dificr-
ing hy( lrat ioi  rcpulsi(nr rcsults in u lowcr polcn,
t ia l  cncrsy. 1f  thc rer ls ion is sul t ic ienr l !  di11cr
cnt.  this cf lccl  o\crcomcs thL mxing entropy and
.t  thrsc seprral iolr  rc\ul1! .  | 'h is icparat ion s,as
frcdictcd on rhccnct icr l  sroundr 1271. and then
rcporlcd lar mixturcs of phosph:rt idylclrol inc .r  d
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phosphalkly lcthirnol i r ln ine [28,29].  Mcmbfrne
plotci  s,  which arc ralher hfser than l ip id
moleclrles, are cxtcclcd to havc a hfSc cnerg), ol
hydrat ion. Dehydratnrn of menbrarcs i rc lucl ing
prctcin! ard lipids is thcrclirre cxpected 1() In
duce separal ions inlo l ip id r ich and pfolein-r ich
phrscs. Sucb scparations havc l)een obscFr'cd in
the membra c\ ot trcczo dchvdratsd rye proro
plasts [26].  lhe signi l icancc ol  such lalcral  phasc
soparations for the loss ol senriperrncrbility is
thrL lhc lipids lrhich forn inlefred hexag(  l
phases such as phosphat idylethanolanrine
have we,tk hydrarion rcpulsions. l'hc concenlr.r
t ion oi  such l ip ids in a prolcin tcc phase oi  low
hvdraton may allow thc fonnatiur ol hcxagoo.rl
ph.rscs ir) mernbrancs which, in thoir honx)ge-
neous slale,  would ot lbm 5uch phascs.

3. Mal€rial$ and methods

In prc l iou!  l lud ics wc havc usc( l  deuler ium
nuclear  magnct ic  resonancc (NMR) rs  onc of  l
variel)r of techniqucs 1o study thc rhasc bc'
haliour of nixttrres ol watcr ind Lnrc or two
l ip ids [2 i1.30] . ' Ih is  tochniquc s i !es in lbrmrt ior
r r o r t  ' h r  g r . r r ' ,  t r l  , ' l  t h t  . r l u c , ' r r .  i r r t r r { r r t ,  s . '  r t
p i \ c .  i n l i ' r n r , r i ' , | L r \ L r r , t  l h c  l J r n L I l . r - H ( \  |  t r i , n , l
r i , ' n .  l r  . r r  r 1 . , ,  r 1 , 1 , . . , (  $ h ( r . r ,  "  l h c  l i t , i ( l s . l l c  i  
lhe l iqu id crysta l  or  gc l  l i rmcl l i r  phrsc.  I lcrc  wc
descr ibe rhe rse of  a ncw lcchDiquc us ins NMR
to dctsfmine fofce-hrdralion and lbrcc distlncc
rclnlions at frcezing tempcraturcs. Thc hydlrlioD
is dctcrn incd f r tnn the in lcnsi ty  o l  thc NMR
signal  f ronl  thc water  in  the lxr re l lar  phrsc.  rnd
lhc iDtef lamel laf  force is  dc lcrmincd l rom lhc
chcni jcr l  potcnt ia l  o f  the in ter lamel l . r r  urre, .
which is  x  known funol ion of  rcmpcl1r turo-

Lsg yolk  lec i th in (UYl- j  in  ch lorof (nnl  so iu,
1n)n.  nonr inal  pur i ty  99%) d inr !n\ loy lphos
! f i r t idy lchol i r re (DMI 'Ci  as a rc$der,  nonr inal
pur i ly  9t l t l  )  rn. l  D:O (n(minal  pnr i ty  99.9 l1 . t :  )
wcrc bought rrcIn Si8ma, (Sr. Lo is, Mo.) and
uscd wr l l )ou1 l i r r lhcr  pur i f ic t l t ion.  lhc LYI  con-
1!rned 0.1 wI% buiy lnrcd hydr  ory l ( ) luc n cs in  the
solvcnl  a\ .n rnt i {x idanl .  Ihe l ip ids wcre r lways
handl .d n r  dry n i t roscn t l tmosdrcr . .  rnd l l rc



chknolinn wns rcntovcd undcl a prcssure of
=0.1 Pa ovcr P)O.. We prcparcd nrixturcs of
several tcns of nrg ol lipidr wirh qLrantiries of
I) :O chosen n) achicve molc rat ios bctwccn l :9
ard I :50. Ihe mi{tureswcrc scalcd in thin-wal lcd
ghss NMII sample 1uhcs. Spcctra were obtaincd
' r u r r '  r l r r  ' t u . ( | l . p u l a r  c ( h .  \ q u J I ( .  r ' , i  g  J
Brukef MSL 300 ipcctr(rneler opcrar ing l t  46.062
MI 17 wi lh .r  l l  ps pulsc. lhe temperalurc ot lho
sa'nrr lc was measured with a thermocouplc and
. n n ' r , ' l l ( J  b !  t . . J h i , i k  u , i i r e  l : u e , r m , r t  p r (

At frcczing lcmpcrutures, the speclrum sho$cd
sig r ls ol  lwo di i lcrcnt lyper.  A very broad signal
(many lcns ol  MHz) indicalcd D.O wjth ncsl is i ,
blc rci tal i (nl l t l  md)i l i tv and was interprclcd as l Ie
sisnrl from mrcroscopic phases ol ice. A signal
width of one Lo 1wo hurdrcd Hz iftlicrled walcr
t l i th r  smal l  non zcn) ordcr prramcter and {as
l'ltcrpretcd ln rutcrlamcllar waler. Thc lbnncr
vcry bfoad sisnal wxs used as a basclinc, .rnd
subtractcd lionr the narrow signll (hcreafrcr re-
icrrcd 1(]  rs the lamel lrr  w lcr s ignr l)  which was
xrtcgft ted ( 'vcr f fequency nr obtain tbc corrc-
spondrng signal in lonsi t t i .

Al :r  grvcn lcnrperaturc, l l rc intcnsi lv is pro-
porlronrt l  to thc numbcr of notecules contrDur,
'ns to the signal.  Thc tcInperalure dcpcndcncc of
this proport ional i ly Oue to borh thc Curic lxw
aDd the sensi l iv i l !  of  the coi l )  was cr l ibratcd
rsrng a srmple ol  ncrdculcr ialed methanol.

Whun Dracfoscopic icc (rt almospheric prcs
sure) cqui l ihrales wi lh intcrhncl laf  warer rr  {em-
peraturcs hclow zero. thc prcssurc P in lhc wrlcf
phasc is dclcrnr ired l rom the freezing poinr dc

I tlbllt.t tl / lti.tnrt!. Chttu 191t1).)1)5t 5,\

il. R{'linlls and discnssion

1.i8.3 shows thc NMIi deulcrium spcclra
hnlclhr phases of D.O with thc l ip ids DMP('
(3a) r d EYL (3b). l'he temperaturo is 27-l K Ior
l)oth. 'I hc DMPaI is in thc scl phase ard the EYL
i n  r h .  l i q u d . ^ \ ( : r l  p h d s (  l l , F  r c  l \ ' r j , r u r (  i
ncrr ly 4 K Lrelou lhr l  r t  which DrO rncl ts,  so
nion of lhc D,O is in thc lomr of icc.

FirsL considcr fis. 3a. Thc vcrl narrow sigral
c.rrr \F'nJ. ru $rrer mnlrcul( .  i r r  r . rpr, l  r" , rropic
n . ^ r i . ' n . r n J  i , . , u f i b  r c J  r . '  m " ( r u , ' , . f i J  d n r n J  r ,
of un{fozcn watcr. l hc signal ol width abour t00
Hz corresponds Lo water molcculos in slightly
anj lotropic nrot ion and i5 al tr ibutcd to thc un

, ,.-''+ t2 )

wherc 7 is the lcmpcr.r ture, 4 is lhc mclt i rg
tcntcralurc a1 atnosphcnc pfessurr.  r , ,"  is rhc
nrolnr vrnume () l  \ i t tcr  rnd 1. i rs latcnl  herL or
lus(,r .  I lk ins thc talues [ ] l l  for DrO rnes lhc
i n l e r l a n r o l l a r  r e p u l s t u n  i :  P - ( 1 . 1 6  M p a
K )(7: 7) Furthcr cxpcrimcrrr l  dcl i r i ls and
delai ls ( t  the dcr i !ar lon arc si lcD clscwhcrc 1171.

r ! !0  500 0  500 1 !00
HERlZ

FiA. :r l).urcritrm NMll \tic.ih ot trnrettxr rthxses ot DMP('
( r l  rnd  FYL (h)  x l l7 r  K
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l rozer ui l rer bcl l rceD thc l ip id bi l i rycrs in rhe
lnncl laf  phasc. lhcre is also r  much broa. lcr
sigral  with width about 2.10 k}{z $,hich is no1
shown on thk scale indccd i t  reprcscnls thc
brselDc lor lirosc spectra. This corrcsponds ro
tho molecules ol  icc whosc Inol ion is much slower
than thosc of rhe l iquid watcr.

lhe spccrrunr shown in f ig.3a docs not reprc
scnt cqui l ibr ium: rvcr a pcr iod ol  sclcrr l  hours,
thc vcry rarrow signal sradual ly disappcirrs,  and
thc brorder sisral bccomcs slightly larger. Wc
inlorprct this as the diflirsnrn of supercoolcd lvr
ler l ;un isolatcd, nacruscopic ( ionrains.Ird rnro
lhe larncl lar phase. Because ol  lhc relr | l ively lone
t ime to rcrch equi l ibr ium. wc do not reporl
torce hydr.r t ion cuncs for l ip ids in lhc selphasc.

When EYI- samplcs were studicd. cqui l i l r ra-
tion wxs rrtrch norc rapid. lo responsc ro slep
cha|8es rn lenrporalurc. lhe spcclra !al icd over a
pcr iod of minutcs. Aftcr a period ol  l0 40 min
(dcpending on thc lemperature rangc) thc spec-
tra var icd only i rr  thc noise lcvcl .   nd the inregral
ol  the spcclra 1f ic quanl i ry ()1 inlcfest in lhis
study did not vrry measurrbly olcr sevcral
hJ.rr . .  I  r f .  . 'h r \  . I r f l  : r  . tecrun t l r rrr  is rn
vcry narrow sig|al  and hence, we inlcr,  Do supef-
cooled walcr.  ] 'hc broadef sigral  we intcrpret as
untrozen, inter lanrcl i l f  wrter io equi l jb iun] $irh
icc. The freezing point of  the ;nlcr lamel laf  warer
rs deprcsscd by thc ncSati \c pressurc.

Fis.  4 shows thc fepulsi le forcc pcr uni i  area
tulwcen rnembrancs as a lirnction ol th(i hydra-

1+i+*, 
no .

s  l 0  1 5  ? O

Frs 5 Thc cllfuLrlcd hkxal str.s\ ,n m0nrMnrc\ rs x tunc
tLon o l  lhc  hy  r r (n  lhe  rbsc issJ  n  the  nrn jbcr  . t  wx t . r
ntcculcs rrcr liDrl irr thc Lncihr fhxsr Th.re is ..ojdel
dhle un.ertarnr- in rhc rrea fcr Jn.leculc xr tre/in! r.nrncrr
t r r . \ ,  hence th .  la r ! . | r r t r  rx t r ! r ' l he  rcnrD. rx rdres  td  rhe \e

( l r1 r  rn r lc  l ron  r5" (  (x r  huh 11) t .  l . c .

t ion .  lhc  a l rsc issa  is  thc  nunrbc f  o f  w i r rc r
molecules pcr  l ip id in  rhc lamel tar  phase.  As rnrs
scnli-krs pkJl shows. lhc data arc wc]l fir by an
cxponenl ia l  law ovcr  th i \  r1rnge.  fhc cxt rapota lc( i
'nlcrccpt is 9(l Ml,a and thc forcc decfcases br- il
lirctor e tor cach .rdditive incrcasc of 3.1 in rhc
nolc ratio ol unffozen \\,atef ro lipid.

U ore assumcs a valuc of  rhe arca a l j  pcr  l jp id
molecule in  thc p lanc o l  the mcnrbranc and of
thc r rca c last ic  nrodulus,  rhcse dal l  nray bc con,
vcrtcd irlo a pl()t of lorco as a tuncli()n ol scpar0
l icm [17] .  Thc ]atera l  s t rcss 1 l  in  rhc mcmbrarres,
calcula led l iom ( l ) .  is  shown i r  t ]g .  5.  t  he vatues
usod afe ?0:0.67 t  0 . { )5 nnrr  rnd k"  = 110 mN
nr ' .  ihe re lat ive ly  largo crr (xs arc tbe resul  or
lh i !  Lrncer ta inty  iD ,1, .

ln  th is  s tudy.  the o ly  rcsponsc to rhe la lcra l
s t rcss rn thc mcmbr i rDc is  a chanSe in nrc lnbrnne
rrea.  l f ldccd th is  wrs rnrc o i  lhe rcasons for
. l r r ' , i r E  I  Y I  n ' r  , h e   r . r  . | | r . h .  ' \ ( r  r h e  r c r ! , 1
ol  i r r lercsr  ( thc rcmf! ratures jus l  bel ( rs  l rccz ins) ,
!hc in lerprc lat ior  is  nor  cof i rp l icxted br . l  phasc
l la l lsr l r ( )ns.  Olhcr  l ip id r lodcl  sysrcnrs can bc
cholen lo  pnxlLrcc.  in ,  conrn) l lcd wat , ,  thc nmrc
exl ' t ic  fcsnonscs cxhib i led hr '  1 j , " ins mcnrbrancs
. , n , 1  ,  r .  r  , , 1  r r  r l r  I n U ' , , r , . . 1 i . , r . .  f , \  r r c  r n
prnrc 'p le r l i iLrb ie lo  dud\  wiLh lh is  n idhod.
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NMR sigrals givc infornlr l ion not only about the
dcgrec ol  hydrat ion (as uscd here),  bul  also about
thc Scometry ot thc water surfacc and thc dcgrcc
of ordcr ing inrposed on lhe l ip ids ncar that sut-
lacc. Thrs it can be usc(l rs onc lool in the
anrlysis of ph.rse bchaviour 121t,301.'l hc lcchniquc described abovc opcralcs in iusl
the tempcratufc range that is of  Sreatest intercst
in environmental cryobiology - the rangc rntmc'
diately below freezing. I1 is therefore suitablc for
r h (  , " \ . n r g : r i o n  o l  \ ' ! ( r : r l  " l  r h ,  r h ' . i c " l  o \ e -
nomcna prr uced by freezins induced dehyclra-
t ion. A furthcr idvantage ofthis lcchr iquc is that
i t  docs nol require long-rangc order in the sam'
plc and thus, in pr inciplc.  i1 may be appl ied to
quite cornplicated systcms, ovcn biological ones.
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