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Thne question of tne state of water in living tissues i1s one
of tne fundamentul problems of viologye. DUependent on what state the
water in tissues is found in are tin - approaches to the solution of
meny Lnportant problems of physiology, sucn as tne transport of
substances in the cell, transmission of energy, problems of permea=-
bility, etc.

Tnhere are two vasic concepts about the state of water in tissuese.

~ccoraing to tile first coucept the main part of water within the cell
is assumed "free" and in essencse in tae same state within and out-
side ol tne cell, and only a small part of the intracellular wuter
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is "bound" due to hydration and differs in its properties from ord-
inary water, Accordirg to the second concept water, ions, and
biopolymers within tne cell form & highly reguluted unique systems
This system has the vroperties ol a lattice in which the water
component Ifundanmentally dilffers in structure and properties from
ordinary liculd water.

The present work 1s devoted to a direct experimental study of
the state of water in living plant and animal tissues by the metiod
of nuclear magnetic resonance (spin echo).

r
.

# YalR - ., nuclear magnetic resonance.
yaterials and lietheds

« study was made of the time of spin-spin relaxation (7,), spin-
lattice relaxeticn (T.), and coufficient of self-diffusion (DY of
water In solutions ané gols of proteins and in living plant and
animnl tissues., Investigations were made of bovine serum albumin
(Luwson Firm, London), egg albumin (obtained by thresfold reprecip-
itetion of awmaicnium sulfate), the liver and gastrocnemius rmuscle
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of « 1Irog (...ni uscalenta), lo.ves wna 10088 oI .uwize soroats (Lea

WLF5 ), ana ausclian cvowns (Vica fuba).
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O.Cretlonul Jregqucncy ol Tuc unit wes 20 wadze. e tiane of spine-s.in
relaxation w.s weusurcd by tae wetnod oi Sarr-iurcell /1. ror
Llaant tlssues tuae lulluence oI Lroton CXCA&N & ON S, lii=iJin Pelili=
ation was eliminuted by tne metnod of allerhdnd wund Gutovsicy /7.
Thne time of spin-lattice relaxution wis meusured citior dy tae
90==—80° metnod of Hahn or witn tne nelp of the zZero-mcthod of
Carr-rurceil /I1/. Cocrficlent of self-diffusion wus ..casured by
tne methou of sann-wocssner 4/ ana Unosh and oinhe /5/, sccuracy
of megsure:ent was lef7p, To +10p; UX5we The temperature of tie

speciens auring neusur went was rwintained with tne hel. of a
Liguid ultratihormostut U=—8 with an accuracy of + 1°, Thne tinme

of newting at & given temperature togstner with tine time spent for
neasurement equaled 4050 minutes.,

Re:suits and DLiscussion

48 our .nvestigations showed, measurable coefilciencts of sell=-
diffusion of water in various plant and animal tissues depend
strongly on tae time of observation (i.e., on the time 2 7~ between
the first applied radio=-frocgquency pulsc and tine echo), wialch in our
experiments changed from 20 to 80 ms. according to woessner /o7
such a dependcnce is observed in tae presence of barriers waicn
limit the diffusion of water, i.e., during diffusion waica is uot
in an infinite reservoir. In tnls case tne averasge displacenent
of 1olecules in time of observation 2 7 will be less taun in an in-
finite reservoir, ana the reasuravble coefficient of self-difiusion
Dst with a definite 2 will ve tne function of displucencnt, tra-
versed by & molecule of wator in an infinite reservelir wuaring tinas
27 , and tne function of average distunce to tue barriers. 1I one
were to talke the time ol ocservation as lesser una lesser so taut
the average displacement wnlcn & :olecule goes Tarousn auring tac
time of observation vecomes much less tnan tiwe averuge wistance tu
tne barriers, i.e., so that lewer ana lewer of tihe nwlecules cxyerie
ence tihhe influence of tne barriers, then at 2T-+0D tuw neasuravle
coefficlent of self-difiusion D will strive foxr tne true valus ol
the coeflficient of self-diirfusion in & medium wihlcn 1s inciosecd
vetween tre barriers. Tuae drawing saows tne dependence of t.wo
meesuravle coefficient of self-difiusion D on the 27T lor roots
of beans and tne liver of a frog.

Tho distance between limiting ovarriers, evaluated from cur
experimentdl uute for various tissues, turned out to ve on a&an order
of tens of microns. Such limiting barriers for aninul tlssucs may
be plasmulemma, and for plant tissuss -~ plasmalemma and tvo Some
degree tonoplast, Consequently it can be assumed that taoe coofl-
ficients of self-difiusion of water cited in Wable 1 for varicus
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SLont i wnsiml vissues ot 270 cuuracterize tihe modiiliuy of
Wiyl warcctly in uae cell. «

.. coeILiclcavs of sclf-dlrlvuscion L clbted In Wor.s /’ —210/ Ior
Variows plaat viscues ure ot tae coelll *cntg ol seli=diluslca ol
sonrwcciiular water, since tncse ve coefficlents ol sell=-alilusion
WLlCa Wore ligwoured 4t Tao smac 2 T=80 s, and tae influsuce ol
l;m*u*‘f DLIPicys Wus not excluded. osesides tais, for slunt tissuces
ooy Gic not exclude tae contribution of proton excaange in tne
CDQi.*CLGEt of self-difiiusion of water Lll7 wnlen was reasurec ny
tao metaod of Gnosh and 3inha /5/7.
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¢ ponaence of Aeasuruole coelficient of self-diffusion (Di) on the
ine ol absurvation (27 ) for roots of beuns (1) and for frog liver
2 at 25°C.

.cy: {a) 27, ws.

~E Cen w8 Scen I'rom Taple 1, tae coefllicients of self-difiusion of
water o plant cellis 1s somewnsat niraer taan for enimal, wnlcn is
',M.nxy ¢cxplainea by wne aevelopmunt o' a vacuole in plant cells,
.me ol walch, according to tne duta from a number oI authors
=/, can reucn 30=—50% of tae internal volwme of tne cells.

since t..o coeflicient of solf-dirlfi'usion D in tae protoplasn

of wniaul culls 1s all told 1l.0——1.8 times less tnan in plant cells,
it is aplarent tiet the coefficlent of self-diffusion ol water in
tae Jrotoplasm of olant cells will be on & value of tie same order,

“oit TaLs menns taat the coefficients of self-diffusion -7 water in
IOt OoPLaEN (Dl) and vacuoles (Do) are sufficiently close. T.erefors,

£ thers is no averaging of the coeflicient of self-diffusion
0l ater for taec vacuole und protoplasm, tnen the amplit-ie ol tae
ecao 1s tiae sum ol the two exponaents
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waerc .. = waplituuce ol ecuno;

;xl - ewumplitude of ¢ign L «t =0 Irumx
protosiasim; uy = wumplitude of siznal wt T=0 from vecuols; Y -
oYrosAl:

1etic rat;o, G = gredient of magnetic field; 277 - tins of
oobservation; ul - coefl'icient of self-clffu51on ol wuter ia proto-

plasm; Dy = coefficient of seir-diffusion of waoter in a vicuclue.

Tuble 1
~xperimental and calculated values D, Ty o, &nd y for solutions
?
of proteins uand various living tissues
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£, RoDiit KYKYDY i . U,1 1,76 | 133 855 1,40—1,42 7 0,12
thQHOmhuﬂ pHFTHEE mry- ! } _
A ki 195] 1,50 47 638 1,50 0,14
M, Dlevein gyt 2.1 1,02 40 210 1,02 0,20
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%  Concentrution of dry subst: ce, » by weigat.

wir amount of“hydrate* water in 1 g of H,0 per 1 g of dry substance.

Xoy: (a) D « 10Y in a cell, cmg/si‘lc,., (b) Tp. asEl0p; (c) T1,

ms ¥ 100 (d) D e 10° in protoplasm, cm®/s; (o) water; (f) =gg )
elowzin; () Sovine serum albwain, solution; (h) sovine surum al=-
tumin, ~el; (1) iaize leaves; (Jj) Cytoplasm andi (4) vacular sap

from nmaize leaves; (k) Leuves of beuls; (1) Roots of maize;

(12} Gastrocnemius musclo of frc:; (n) Liver of frog

Thanks to tne fact tnat vulues D, and U, are close, all tno s&ame
tnhe uverage coefricient of self-difiucion of wuter will Do measursd
/i5/. Since the vulue of coeflicient of self-diffusion of water
of tae cytoolasm and vacular sup from the cells of :aize leaves (wviore
averaging of tne coefficient of self-difiusion taikes place deliber-
ately) is very close based on tne value of the coeificient of self=-
diffusion in intact cells of maize leaves (Ta_bly 1), one can consider
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taGt Tae nicasuruble coefr'iclent ol self-difrfusion is tas average=-
welod coelllclent of gelf-alifiusion of protoplasit anda vacuole.
froa wnet was suLa above and acceqtins tawt tac
coefrieclcat o soll=dalliusion of water in vacuoles at 259 is cuual

To L. o+ 107° en€/s (l.e., to tue coefficient of scif-diffusion of
~ure water) aac tae voiuwme ol @ vucuole compriscs SC—00. of tie
internal volume ol cells, calculations were made ol the coefiiclents
ol self=-cifiusion of water Iin tne protoplasm of plant cells. 7Liicse
arc .rosented in Taole 1, 1t turned out tnat tne coellicients of
sell=aiflusion of water In tae protoplasm of bota animal and plant
cells are only l.5=—2.4 times lower tnan in pure wuter and are con=
Daradle witn tae coeflicients of self-diffusion of water in solutions
ana ;els ol proteins. Thus, for a 19 solution of egg alobumin the

LI

coelficlent of self-diffusion of water is 1.5 times lower tnan in
Jure vatere.

b.; N T
Vdaibisdad

wnut are the possible cuuses of a lowering of tae coeflicieut
of sellf-diffusion of water in soiutions and gjels of proteins and in
~rotoplasm?

according to wang /167, in solutions of protein tne self-diffu-
sion of water is less tanan in pure water for two reasonse.

1, ~rotein molecules :mave a by far greater volume and by far
iess self-diifusion tnan molecules of water. These lurge ana ulinost
I.2.00ile porotein molecule-microvarriers prevent tne movenent of a
:molecule of w.ter, i.e., nolecules of water in tne vicinity of pro-
tein molecules should diffuse along a longer patn in order to appear
on tae otier side of a molecule of proteln. Tnerefore thne coefficient
of self=-dii_usion of water in solutions of protein will be less tnan
in pure wv.ter,

2. "ne second c..use, uecrcusing the coellicient ol self-diffu-

on oI water in protcin solut.ions, is tne hydration of proteinse.

since aydration, according to Samoylov [{27, cun be wvota positive
negtitive, i.e., tae structure of water in the liunediate vicinity
~rotein nolecules cun ve strengtnened and broken down, tren aue
ayaration tnere is also tae possibllity of a lessening of tae
ofl'icient oi sellf-diffusion of water depending on wnilch nydration
edominates.
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according to vang /I6/, tne coelfficlent of self-diffusio. us
water in solutions of macromolecules equals

D D,i—xgii——="

\ <

v

Iy - coefficient of self-diffusion of pure water; (L - dimensionless
numerical coefficient, changing from 1.5 to 3 dependin: oa the Jurn
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of tne srotuin olecule; ¢ - total volwmetric purt, occusied by tac
nydruved .rotvoin wmviccule; €, = conceatration ol a,ar«si w.ioer;
Cyu = total concontration ol Vaiure

JE— )

Por a 10.¢; solution o epy &loumin (Tabdle £) tiue cosiliclent
of self-difiusion of water 0 cuc to all causes 1s rountua e

2e4 * L0™Y cut/s for pure weter to 1.97 ¢ 1079 c¢m®/s. ouc vo ol
tne «fi'cet ol nicrovarriers tne coefficlent of selfl-difiuslion wou'w

be ruduced Iroil 2.4 ¢ 10=S to 2,02 « 107° cmz/s, 4ne AU TU Tas ) .
eflects of aydration would be rcduced from 2.4 -« 1079 to 2.55 « 15070 cmd/s.

Taole 2

Cocfricients of self-dqiffusion of wutexr in solut.ons ol eg: albumin
(1)

(experimental values and values calcul. ted with consiceration of
various erliects)

(Eroa LA - =

c))n'u“!.h..x annlyaiin,  1L,UT0 0 Lol Do

¢ TUL G llid pavaup !

‘/b(),,‘ﬂ'.mn‘..;‘. PR PR SCHTTI VA

U LU b PavTiop ' .

G)}ln*'nu.n ageGyvin, 2 210 2,00
LYy MU PACTBOD

D' = value ol coefricient of solf-difrfusion in a solution i
the ch.:nze in aiflusion would ve duc oniy to tae e¢fl'ect ol nicro-
varriors.
ot'Y - coofliclent of selr-diffusion of water in a soluvion if
the change would be due only to tae oilcct ol aydration.
% Jascu ca the data of wunj /187

)

oon aloumdin, lO.6» solution;

Lesend: (a) em®/s; (b) Jater; (c) /
(6) ~5, albumin, 9.1 solution.

(d) ~c; sloumin, 19» solution;

Jaus a voery sigaificant sart of tne lowerin; of thne coefliclent
of self-difiusion in protein solutions is conditioncd oy tne ell'vce
of .ilcrobarriers, anid only a4 small saare - by tno eruasct ol aydr«i.ion,

n exactly tne sumeé rEnner 4s in tle cuse o solations ol
ST0tein, tae effect of nicrovarr.iors or tae protopglas:a of plant oo
anxml cells saould ve sipnificunt, since in the coll i3 Jound «
maititude of microscosic and sub.iicroscupic formatiocns - c¢idorogiusts,
tne nucleus, mitocaondria, microsomes, endoyplasizic rctliculunm, eil.,
and 180 dissolved macromolecules, wnich will exert an Iiniiviting
act.un on tne scif=-diflusion of molecules of water., <Coumponents ol
cyto.lasm, pasod on apsroximate caiculs tions stemmln; Iroi the duta
of Vild'man ané Xogjen /137, for plant cells occupy 3Ce of tae volure

6.
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S LCLLULIT el Lo 0Py Tabal Sulllcloent L0 eXglaln tas oluWlTin Lou-
Gl Wl Wienaus 10 o JOr Lol Ll0tOogiusin 01 €Cals 0 VLIlLuWd Ulsiuud,
CInce L0 Tioe Lowoerlng ol T vuluc ol oo ovalch Was ooLulUow LT Ll
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“oLoverin o tie coesriclent ol self-aiffusion of i lractlon of
VLaoed Walch Is found in tne orjanelles due to tiae wction oi tug e
Lrenes of tae organelles as limiting oarriers, cven wita tae COuJL
reooervation ol viae a0vility of water witain the orglinelles. Yner
Jore, Tas Llowering ol vae coerficieant cf selfl- diffusion of water i
Lovoslasia aus to aydration cnoula ve guite small, ana tne coefllic-
Seaus of self-difrusion of water in srotoplasm reilect mainly taes
STraciural sueuliuritics in tae srotoulasnm of cells ol various tissues
walcil wre conaitioned oy tae nunmder und quality ol microscopic und
suv.aiieroscoic particles,

o

:j G) [

2t Follows Jrowl waat nas peen said taat tae self-=diffucion of
WATEY oCTween microdarriers is very close to tae value of sell-dilfu=-

T
‘J re water.

s 1s inown, conditions of translation movemcnt in a wure liguid,
meinly in soluulions of low=moiccular subst Lances, arc cotoriined oy

L. structare ol t.e liyuid /I7, <0, 21/. Therelors t..c vilue of the
cuulliclent ol sell=dirfrusion ol water In iac edliwn detweosn mdicro-
SEr loers in o o orotein solution or in srotogslasm; is & cadracteristic
oI t.iw structure ofi water ol t.ols medium. Conseguently, on tne daslis
0 Y. concLusion nade uvove taat tne coefl‘c~ent of se;;-d;°“¢s¢on
0 weter outween microoarriers in protoplasin is closce to the cosilic-
avs ol seile«diffusion of Lure water at a given temperuturs, it is
S000i0le 10 assume tnat oo structure of water of a nyauloplasnm is
ver; cluse To tae structure ol pure viter.

Jhe rector shorteran e oruuriiness wniecan 1. lnacrent to water
Tiea tu ovaer liculds Is conditionea oy tae abiliy, ol moelcecules of
Walul' Te tese Jurt o in JOour ydrcen oonds and oy tac _eometry of
Lofeu SONGS e a0 TEMSeTLLUPGS WalCa wrd not 100 a.,l tas siruciire

32 nwleI CLil De CcLrectaerizod Ls G teiraasedral ‘behiiub s..eli, .o
SeViTlies UL WieaCil are partially Jillod oy nmoiecules ol wetor.e L
CunnucTion wivn the ogenness of oo s:aell tihe translatian nove.Lient
Ul nSaldulas od weter twdes Jluco ninly tarouga its ceuvities ana

Ll ave 3O & luSs sSignallicant rancvomization tian in liquids wita

Goate aciin_. it 1S necessary to STress tuit taoe tula "struoture!
52 WLulur 15 used oaly in t.e sc¢nso of saort-ran o oruerliness, l.o0.,
viucrlines: wadea 1s syread out for saort distances Iro.. a certulin
ZelecTud mel CCu;O, since thner:al moverment consta“tly disruyts t.e
srcer of mutual disposition of moliocules wnica is {formed due to

LYGrCen ConGSs.
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i pascd on tae data ol Douglas, Sirci, and ancersoa 4;37.

ney: (a) Coject o Lavestigation; (d) =

) 258 aldumin, 10, solution; (8) &gy w
) Tobacco mosaic virus, 9. solutlon; (
ots of maize; (1) +rog river,

, Cal/mole; (c) .aver;
lounin, 7» soluticn;
) Leuves of maize; (h)

ourin o alliusion a molocuds of WUTCD A3 §gasnionicully c.allted
Jrom oone soslvion o equilioriuwn TO wiaotaere Lo Orwer to snift to
« GiIlcrens ~sosition of eguiiioriuwn LY 1s necessary tout & vacaicy-
vasuus de Jomned waere & oleculs could jumy «Ccross, una it is
HeCEssLry TO DreLd T.e bonds witnh LS surrounding aui avors Iin tow
c-ven position of equillorium, Since dué TO t.oe o.¢n structure 1o

Watur Gilffuslon is carried out .alnly torougsa volas an

ha)

A T8 STYrLcTulue,
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tren tae woiuculo should po0ssess an snergy ol wuct.vailon
ol

suilic.eny oaly lor b“euxi“f T.9 bonds witiy nelignbors. Tonerciore

tne Ireastor T.ao aumber ol oonas (ayarojen, digolar, 6T
a noL oculb ol water 1 jolnew, T.ag roeater snoulid Je taie o
wcvovotion vl solf-diflusion oI water, Tac Qneryy o well
sell=dilfuslion of water c.n SOV aS & Ledsure for comkae
T4d LNCrowsy or docrease ol tunds weloning to a o cule
ZeCe, it Cun serve &5 t.ac cau:ac:vr¢s:;c of structu
Tenernturos frowm € to 0% tav ener sy oof .;c;., ration

A5 WATOX Cuwl. (8BS LJTOM DeU 0 4.2 Cu,/ ~ole L2c/.
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Tuble 3 saows toe values ol ouergy ol act.vation ol
on of water in cells cof various tissues &au in so_ullons
ine &S Sun be seon, taese vu.ues &re sulficlontiy ciose
sroy of weotivavion of _ure waver.
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istics rrom ordinary water (Iractiun b); T1p end T2
protun relaxut.on of water ol Iraction b. By using tals concest a
calculation was iade, Jjust as in work /247, of tae a.1ount of water
whicn differed snarply from ordi
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nary water in its novilistye. <t
turned out tanat tne amount of such water, relative to & g ol dry
substunce (resulting data are cived in Tavle 1), is not gre«t and
in all appearance this is water wnilca is directly interacting witn
dissclved nacromolecules and non-~agueous components of orgunelles.
npparently not only in hyazlopglasm but elso in tne organelles taerc

cannot be « consideruble share ol water winlen differs in its prop-
erties from orcdinary water.

In this worik main attention wus ziven to tne statc ol water .
in tae hyaloplasm, and especially to tae wmount of wuter in tne cell ‘
walen difrers strongly in its properties from ordinary water. e
did not touch individually on tne problem of tne stute of water in
microscopic and submiceroscopic structures of tne cell and on the
mobility ol water 1ln taese structures, tae volwne of wiicn, as was
pointed out ubove, may iuake up a considerably share of tae volune
of protoplasm. Tnese problems togetner wita the concrete mecnanisus,
deternining the role of aydrate water, tne role of nydratiocn level
of tae cell I'or maintaining the structure and functional condition
of nmacronmolecules and .deroscopic and submicroscopic structures of

no cell cnd the cell as a wnole, are the subject for future inves-
tigations.

Conclusions

~

Y, Coofiicients of self-diffusion nave oeen oovtauined for water |
in cells of various live tissues,

2. Tne relatively low values for the coefficlent of selrl-
dirfusion of water in tae protogslasm of cells of varlous tissues in
comparison wita gure water wre conditioned mainly by the erllect of
microvarriers and only to an insignificant degree by the erfl'ect ol

ayeration.

3. Tac energy of activation of self-diffusion of wvater in a
cell is close to tae energy of ucvivation of self-diffusion of ourc
Wator,
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