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Abstract

The water self-diffusion behavior in yeast cell water suspension was investigated by pulsed field gradient NMR
techniques. Three types of water were detected, which differ according to the self-diffusion coefficients: bulk water,
extracellular and intracellular water. Intracellular and extracellular water self-diffusion was restricted; the sizes of
restriction regions were approximately 3 and 1528, respectively. The smallest restriction size was determined as
inner cell size. This size and also cell permeability varied with the growth phase of yeast cell. Cell size increased,
but permeability decreased with increasing growth time. The values of cell permealftiitiestained from time
dependence of water self-diffusion coefficient were in good agreement with the permeabilities obtained from the
exchange rate constant€®. The values ofP$™ were 7x107%, 1.2<10°° and 1..<10°° m/s, and P¢ were
6.3X107%, 8.4x1077, 1.510°° m/s for yeast cells incubated for 9 (exponential growth phage24 h (end of
exponential growth phageand 48 h(stationary growth phagerespectively.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction be measured by monitoring changes in light scat-
tering [2] of cell in concentration-dependent man-
Water transport in biological systems is impor- ner by fluorescence microscopy or by cell turgor
tant for cellular physiological reactions, osmotic pressure[3]. For diffusional water permeability,
pressure of tissue and drying process of biological pulsed field gradient NMRPFG-NMR) spectros-
materials. Transport of water in cellular system copy has become the method of choice due to its

occurs either by osmotic gradient or by self- remarkable sensitivity to molecular displacements
diffusional processefl]. Osmotic water flow can iy the range of 10 nm—10Qm and to its non-
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Fig. 1. Stimulated echo pulse sequence with the magnetic field gradient pulsesr kdetiee time interval between the first and
second RF pulses, is the time interval between the second and the third ofds.the interval between the gradient puls&éss
duration of the magnetic field gradient pulsgss the amplitude of the gradient pulse. The gradient pulse is rectangular and oriented
along theZ axis.

different species of animals including man by transport in and out of the cell and thereby could

using PFG-NMR, and Waldeck et 48] studied
the effects of cholesterol on transmembrane water
diffusion in human erythrocytes by the same meth-
od. Self-diffusion of water and oil in peanuf8],

and diffusion coefficient of bound water in cotton
fiber and plant tissu¢10] were measured by spin-
echo nuclear magnetic resonance technique.
Schoberth et al.[11] measured the diffusional
water permeability inCorynebacterium glutami-
cum by using home-built PFG-NMR spectrometer
at a proton resonance frequency of 400 MHz with
maximum field gradient amplitude of 24 /m.
With this equipment, they could reduce the obser-
vation time to less than 1 ms, which enables the
measurement of self-diffusion coefficient of water
in a compartment as small as a bacterial cell.

The metabolic rate and biochemical reaction in
yeast cell varies with the age and environmental
conditions of growth. The cell wall lysis of a
thermosensitive yeast mutants is only a phenotype
during the exponential growth pha§&2?] and the
nicotinamidase activity is stimulated during the
stationary growth phase by hyperosmotic shocks
and ethanol treatmenil3]. Also, the metabolic
rate of the living cells is related to the material

influence the permeability of the cell wall.

In the present study, we measured the self-
diffusion coefficient of water in yeast cells of
different growing phases by using PFG-NMR. The
diffusional water permeability was estimated from
the time dependence of the self-diffusion coeffi-
cient and was compared with values estimated
from electron microscopy and the time dependence
of compartment populations. Average cell size was
estimated from the time-dependent diffusion data
and was compared with electron microscopy.

The main purpose of this investigation was to
understand details of yeast cell water permeability
and intracellular and extracellular water molecules
exchange phenomena during the process of yeast
cultivation.

2. Experimental
2.1. Sample preparation

The yeast straitSaccharomyces cerevisiae was
previously isolated from Korean rice-bedikju
[14]. The activated yeast was grown in YM broth
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(Difco, USA) in a shaking incubator at 27C.
The growth curve of yeast was obtained by meas-
uring the optical density at 600 nm of the culti-
vation broth. A typical sigmoid type curve
obtained consisted of induction lag phase, expo-
nential growth phase and stationary growth phase.
Three types of yeast cells were investigated, the
cells harvested at 9 h of incubatiddMGP, mid
exponential growth phageat 24 h(EGP, end of
exponential growth phage and at 48 h(SGP,
stationary growth phage respectively. The har-
vested cells were centrifuged to obtain yeast pellet.
It was washed 3 times with 0.1 M phosphate
buffer (pH 7.0. The dry weight fraction of the
pellet was 192.8- 3.4 mg/g, which was equivalent
to 80.8% moisture content.

2.2. PFG-NMR measurement

The yeast pellet was filled in 5 mrtexternal
diametey NMR tube (Series 300, Aldrich Chem-
ical, USA). The self-diffusion coefficient measure-
ments were carried out on our home-built
PFG-NMR machine, which was constructed at
Center for Advanced Food Science and Technolo-
gy (CAFST), Graduate School of Biotechnology,
Korea University, Seoul, by Prof. Vladimir Skirda
from Department of Molecular Physics, Kazan
State University, Kazan, Russia. The NMR fre-
quency for protons was 63 MHz, and the maximum
field gradient amplitude was 50/M. The interval
between magnetic field gradient pulses can vary
from 2 ms to 2 s, and the duration tim@) of
magnetic field gradient pulse from 30s to 5 ms.
The temperature of measurement was 3000
°C.

described in numerous referendgss,15—18. In

our measurement we used stimulated spin-echo

sequence with the magnetic field gradient pulse.
This sequence is shown in Fig. 1. For molecules
undergoing unhindered isotropic Brownian motion,

the evolution of spin-echo amplitude is described P'i=PieXF{

by the following equation

A(27,11,8) =A(27,11,0)eXg —v*¢?3% D) (D

Ag)=

The details of PFG-NMR have been previously A(g)= Y p'exp—v°¢?%4Dy)
i=1

123

wherevy is the gyromagnetic or magnetogyric ratio,

ty=A—3/3 is the diffusion time,D; is the self-

diffusion coefficient, andr, T, and g are shown

in Fig. 1.A(27, 74, 0) is expressed by the equation
21 T

exp[_ ]

T, T,
whereA(0) is the amplitude of the signal after the
first radio frequency(RF) pulse (Fig. 1). T; and
T, are the spin-lattice and spin—spin relaxation
time, respectively.

During the measurement of the echo signal
amplitude evolutiony and T, are fixed, and only
the dependence df on g, the so-called diffusional
decay is analyzed. The diffusional decay is
expressed by the following equation

A©0)

(27,7,0)= BN

2

A(27,71,8)

A(27,71,0) 3

=exp(—v°g*8 44Dy
For our PFG-NMR machine, the maximum val-
ues of g and 8 are 50 m and 51072 s,
respectively. It allows the measurement of the
diffusion coefficient from 108 to 10*® s and
to observe diffusional decay change in three orders
of magnitude. The latter is very important when
this decay is non-exponential. In the case of non-
exponential decays, the experimental cuA/)
is usually decomposed on the exponential compo-
nents, which is described by Ed@3). For the
multi-compartment system, it consists mfcom-
partments(phases in the case of slow(compare
to 7y) molecular exchange between these
compartments.

(4)

where D is the self-diffusion coefficient ofth
component and

2

2i 1

zpiexp[ T ”] S p=1 ®)
i=1 T2 Ty i=1
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Fig. 2. The diffusional decay of water molecules in yeast incubated for @ird¢le dot9. 7,=400 ms,5 =100 1S, gmax=9.65 T/m.
The accumulation number was 100. The procedures of decomposition of the original diffusional decay on three exponential com-
ponents according to Eq4) are shown. Square and triangle dots are the result of successive subtraction of the theoretical solid-

line 1 and dashed-line 2 from the original curve. Lines 1, 2 and dash-dotted-line 3 are theoretical exponential components
characterized by',, D p’'» Dandp’ 3 D ¢ respectivelyp’ =0.16,D £5.0X107 m?/s; p’ 0.23,D £3.8x1071° m%/s;
p'3=0.61,D4=2.6X10"° m?/s.

p; is the relative amount of nuclei that belongs to ethanol (50%, 70%, 80%, 90%, 95% and abso-

the molecules characterized by the self-diffusion lute), dried in hexamethyldisilazane, and mounted
coefficient Dy. The valuep, is usually called the

on stubs. They were coated with gold using an ion
population ofith phase. The details of the decom- sputtering coate(Eiko, IB-5, Japah and observed
position of A(g) into multiple exponential com-  with a scanning electron microscogklitachi, S-
ponents have been previously described by several450, Japahat an accelerating voltage of 15 kV.
research group$17—19. Hence, for the londr’,
and T, values, it is usually deduced that=p'.. 3. Results and discussion
2.3. Scanning electron microscope observation The typical diffusional decay of water molecules
in yeast cells is shown in Fig. 2. This decay is
The yeast pellets were washed several times decomposed into three exponential components,
with 0.1 M phosphate buffetpH 7.00 and fixed which are characterized by self-diffusion coeffi-
in 2.5% glutaraldehyde at 4C and postfixed in

cients Dg;, Dgy3 D gzand populations 3 p o p s
1% OsQ for 2 h at room temperature. After D¢ was 2.6x10°° m?/s and is equal to the bulk

repeated washing with 0.1 M phosphate buffer water self-diffusion coefficient at 30C, which
(pH 7.0, the specimens were dehydrated in graded was measured independently. The analysis of dif-
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Fig. 3. The experimental dependences of water self-diffusion
coefficientsDg;, Ds,and D g;on diffusion timer jfor the yeast
harvested after 9 lMGP), 24 h(EGP) and 48 h(SGP) incu-
bation curves 1, 2 and 3, respectively. The straight solid line
shows dependencB,—;* for comparison. The insertion in
figure is ideal dependence of self-diffusion coefficientzigim
pore system$10,20,21.

fusional decay curves at different diffusion time
ty showed that the value of populations, and
p», and self-diffusion coefficientD,, and D,
depend on,.

The dependences of self-diffusion coefficients
D¢, Ds,andD .;0n diffusion timer jare shown in
Fig. 3. The values oDy, and D, decreased with
increasing diffusion timery, but Dy which is
equal to bulk water self-diffusion coefficient at 30
°C was independent fromy. The dependences
D.(ty and D {r) show the S-shape, which is
typical for the restricted diffusion of water in pore
system with permeable wallsnsertion in Fig. 3.

In the insertion of Fig. 3, the ideal dependence of
self-diffusion coefficieniDs ont4for the permeable
pores is shown[10,20,21. D, is non-restricted
self-diffusion coefficient aty— 0 in region I, and
D, is hindered self-diffusion coefficient in region
Ill, where the total average of intrapore diffusion
is achieved due to the permeability of the pore
wall [20,21].
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where P is pore wall permeability, and is the
restricted size, which can be determined from the
Dy(ty. In the case of nonpermeable porék(sy

is proportional ta; * and value could be calculated
from the Einstein equation

(a®)=61t4D¢ (7

In order to take into account the permeability
effect, the restriction sizes, anda, and permea-
bilities P,, and P, were estimated fromD (¢
and D¢t using the scaling approach developed
by scientistd22,23, and was applied for interpre-
tation of water self-diffusion in biological cells
[9,10. In this case the calculated dependences
DY (ty) and D% (ty) which is proportionalz;*
were analyzed, where
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Fig. 4. The dependence of effective self-diffusion coefficient
D¢ andD¥ on diffusion times, (calculated fromD (¢ ) and
D¢ty on Fig. 3, respectively using Eq8)). Yeast culture
times were: 9 h—curve 1(Dy=10"° mé/s, D=
1.5x10"* m%s andDy,=2x10"° n?/s, D,,=3.5x10"1°
m?/s); 24 h—curve 2(Dg,=10"° n?/s, D,;=2.5x10"*?
m?/s andDgy,=2X10"° n?/s, D ,,=2.2X 10~ *° n?/s); 48 h—
curve 3(Dg;=2x10"° n?/s,D,=4.5x10"*? m?/s andD o=
2x107° n?/s, D,,=3.2X107*° m%s). Solid lines show the
dependences which aB¢”i=A,/ty+ B;, whereA,, B; are deter-
mined byD,,, Dy, fitting values,i=1, 2.
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Table 1

The values of yeast cell sizg obtained from PFG-NMR, cell sizeg™ and volume-to-surface ratig,/S, determined by electron
microscopy, residence time, exchange rate constakt, and cell wall permeability?? determined from dependence L 9, and
permeabilityP$” calculated usingt, from p,(zy andV /S, from electron microscopic data

Incubation time a4 ay V1/S1 T k P Pé

(h) (m) (pm) (m) (ms) (sH (m/s) (m/s)

9 2.3+0.2 4.1+1.0=a (1.740.3) X10°® 240+25 4.240.4 (7.0+0.7)x10°° (6.3+0.6)x10°°
2.9+1.0=b
3.5+1.0=(a+b)/2

24 3.0:0.2 4.9+0.5=a (5.4+0.5x1077 450+40 2.2+0.2 (1.2+0.1)x10°° (8.4+0.8)x10° "
3.6+0.3=b
4.2+0.4=(a+b)/2

48 2.7+0.2 4.4+0.8=a (7.3+0.7)x10°7 400+40 2.5+0.3 (1.6+0.2)x10°°% (1.5+0.2)x10°°
3.8+0.8=b

4.1+0.8=(a+b)/2

aaqt was calculated as average cell sizet+b)/2, wherea is cell size in longitudinal directiory is the cell size in transverse
direction.

[Ddtd—D Do f[ional to t3 1. From thg linear dependenig”(r@,
ot (8) in which the slope is proportional tey*, the
Do— Dty restricted sizea is determined according to Eq.
(7). The permeability was calculated from,
At shorttg, Dty » D o> D ,and value according to Eq(6). The dependences of
effective self-diffusion coefficiente and DS
DytyD, on ty are shown in Fig. 4DS™ may be approxi-

eff _

e : 7 Loy
== Do—D419 (9) mated by linear dependence op'. The fitting

valuesDy,, Do, and D, D rare found in Fig. 4
and the calculated values, a, and P4 P,qare
shown in Tables 1 and 2.

As shown in Table 1, assuming it is spherical

at longzy, Dty — D ,and

[Dt —D Do shape of restriction, the sizeg were calculated
Dgff=W (10 from Einstein equation for isotropic diffusion. It
o p was found to be approximately:1 times less

. compared to the outer sizes of yeast cell§
Egs.(9) and (10) are usually applied for effec-  haasured by electron microscof#ig. 5).

tive  self-diffusion coefficient calculations The dependences afi and a7 on incubation

[9,10,22,23. D, and D, are the fitting parameters,  ime \ere consistent in both measurements. It is
which are varied in ordeDg" to become propor-

Table 2

The values of restricted sizgs estimated from PFG-NMR, characteristic exchange tiexebiange rate constahy characteristic
permeabilityP4”, calculated fronp,(z4) usingk, and volume-to-surface ratio, suggesting spherical shape of restricting region, and
permeabilitiesP4 determined from dependené®(t o

Incubation time 2 T k, Pyt P
(h) (pm) (ms) (s (m/s) (m/s)

9 17+3 450+ 80 2.240.4 (6.2+1.5x10°¢ (2.5+0.5x10°%
24 20+3 450+ 80 22404 (7.3+1.77%x10°¢ (1.2+0.3)x10°°

48 15+3 470+100 2.1+0.6 (5.3+1.6)x10°© (2.5+£0.5x10°°
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it was also found that PFG-NMR sizes were less
than those measured by electron microscfi®y.

The self-diffusion coefficientDg, which is
approximately 1.%10 ° n?/s atzq— 0, usually
attributes to extracellular water diffusion. Accord-
ing to Waldeck et al[5] and Schoberth et al11]
extracellular water diffusion was obstructed. Water
molecules move between cells in channels of
infinite length. In this case, extracellular water
self-diffusion coefficient is less compared to bulk
water, but it is independent on diffusion time. In
our case, the decreasifiyy, with increasing ywas
observed. The reasons of dependenc®gfon ¢4
are discussed below.

Due to yeast cell walls permeability, there is
molecular exchange between intracellular, extra-
cellular and bulk water. In order to calculate water
molecules residence time in the cell and the
exchange rate constants, two compartments model,
that implicit the exponential residence time distri-
bution function are applied. From this model, the
population of the compartment with the lowest
self-diffusion coefficientDs, depends on diffusion
time ¢4 as [4]

p(tg) =p(0)eX[{— I—:J (1D

where 7 is the water molecules residence time in
the cell.

The diffusional permeability’*™ was calculated
according to previous repofi1].

IKVU 136%1NM

4
Pef=j— 12
S (12

(b)
wherek is the molecular exchange rate constant

Fig. 5. SEM ofSaccharomyces cerevisiae incubated for 48 h.

Scale bar corresponds €a) 5 pm and(b) 1.36 pm. 1
k== (13)

evident that the lowest self-diffusion coefficient

D, described the water behavior in yeast cells and V/S is volume-to-surface ratio for cells. The
a} the average inner size of yeast cells. From the dependenceg,(zy) are shown in Fig. 6. These
comparison ofa; and a7 the cell wall thickness  dependences are in good agreement to &4).
was estimated as approximately @.B. The value  The values of cell residence time of water in the
a’i agreed well with other PFG-NMR self-diffusion cell T,, exchange rate constakt, and permeabil-
measurements of yeast cell size. In earlier studiesities, P$", which were calculated from Ed.12)
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Fig. 6. The dependences of water molecules populatioon
diffusion time ¢4 for yeast growing for different incubation
times: (1) 9 h—LGP, (2) 24 h—EGP and(3) 48 h—SGP.
Solid lines represent fits to Eq11).

using V/S from electron microscopic datérable
1).

There is a good agreement between the perme-

abilities P¢, obtained from the time dependence of
self-diffusion coefficientDg; and the permeabili-
ties, P$™, which is derived from the time depend-
ence of populatiop,(zy) (Table 1. The yeast cell
wall permeabilities were shown to be very sensi-
tive to culture time. During growth, the cell wall
permeability decreases about one order of magni-
tude from the middle exponential growth phaSe
h) to the end exponential growth pha$24 h)
(Table 1.

As indicated above, the self-diffusion coefficient

Dg,, which characterized extracellular water behav-
ior decreased with increasing. The valueDg,
obtained during the experiment is an apparent
extracellular water self-diffusion coefficient, where
intracellular and bulk water are involved because
of molecular exchange. Therefore, there are two
reasons oD, time dependence, the admixture of
intracellular componentDg, into D¢, and time
dependence of extracellular water self-diffusion
itself. As shown in Fig. 3D, to D¢ ratio is over
10, andp,(t4— 0) and p(t4— 0), which may be

K.-J. Suh et al. / Biophysical Chemistry 104 (2003) 121-130

implicated as true populations, are nearly equal
(Figs. 6 and 7. In this case, the contribution of
D, into D, is negligible [11,17 and measured
D, is close to trueD, value. Therefore, true
extracellular water self-diffusion coefficient is
intrinsically time dependent and extracellular water
diffusion is restricted. The size db,, restriction
regiona, and permeabilitie®$ were also estimated
by applying scaling approach. As shown in Fig. 4,
D(zy may be linear fitting ofD o, and D ,,in
Eqg. (8). The calculated values, and P, are in
Table 2.

As shown in Fig. 7p,(t,) may be approximated
by Eqg.(11) and the value of water residence time
in the regiona, could be estimated. The values
7, and permeabilitiesPs, calculated from Eg.
(12) are in Table 2. The value’d and P§" agreed
to each other in the order of same magnitude, but
larger disagreement was observed when compared
to P¢ and P$". So it may be concluded that on one
hand, the two-compartments model gives oppor-
tunity for approximate estimation of residence time
7, only and on the other hand/,/S, was also
obtained only approximately, by assuming the
sphere shape of the restricting region.

m  curve 1 - 9hours
14 ® curve 2 - 24hours
2] A curve 3 - 48hours

W

0.1

= NwW

001—

1E-3 T T T T 1
0 100 200 300 400 500

t, (ms)

Fig. 7. The dependences of water molecules populatioon
diffusion timer, for yeast growth at different incubation times:

9 h—LGP, 24 h—EGP and 48 h—SGP. Solid lines represent
fits to Eq. (11).
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It is proposed by the authors the following
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Planning(KISTEP), Republic of Korea and Rus-

reason for extracellular water restriction in this sian Foundation of Basic Researches, Grant No.
system. During sample loading in NMR tube, yeast 00-03-32099.

cells forms clusters in the pellet, which restricts
extracellular water self-diffusiofas shown in Fig.
5(a)). In this case, the permeability, which was
estimated asP,, characterizes the connection
between clusters.

4, Conclusions

Water self-diffusion processes in yeast cells
grown for different incubation times in aqueous
suspension were investigated by PFG-NMR tech-
niques. Three types of water were determined:
bulk water, extracellular water and intracellular
water. For both intracellular water and extracellular
water, self-diffusion coefficients decreased with
increasing diffusion timery, due to restricted
diffusion.

The characteristic sizes of yeast cefls and
yeast cell permeabilitie®? depended on growth
time and were 2.3, 3.0, 2.dm and 6.3 105,
8.4Xx1077, 1.510°° m/s for 9, 24 and 48 h of
incubation, respectively. The values character-
ized the inner sizes of yeast cells. From the
comparison ofa, with the outer sizes of yeast
cells obtained by electron microscope data, the
yeast wall thickness was estimated as approxi-
mately 0.5pum.

The residence times and rate constants of water
molecular exchange were calculated. The values
of permeabilitiesP, calculated from rate constants
were in good agreement with the permeabilities
obtained from the scaling analysis of self-diffusion
coefficients time dependences.

The structural model of yeast cells distribution
is proposed in study. It is suggest that yeast cells
organize clusters, which restrict the external water
movement. The characteristic sizes of clusier
were estimated as approximately 15—4261. The
values of permeabilitie®,, which characterize the
connection between clusters, were estimated as
107° my/s.
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