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A pulse nuclear magnetic resonance (NMR) technique is employed to
study the temperature dependence of the diffusional water exchange time
Texch for normal and p-hydroxymercuribenzoate (p-MB) treated bovine
erythrocytes. The method is based on measurements of the proton NMR
transverse relaxation function of water exchange between the diamagnetic
intracellular space and the paramagnetically doped extracellular solution of
the erythrocyte suspension. The semi-log plots of Texch versus inverse ab-
solute temperature for both normal and mercurial treated erythrocytes are
straight lines, implying that one activation energy (Ea) determines the rate
of transmembrane diffusional water transport in the whole temperature
range studied (5-40 °C). For normal erythrocytes, the value E. of 20.4
kJ/mol is similar to that for selfdiffusion of water (Ea = 19.3-20.1 kJ/mol).
The value Texch = 12.5 ms, obtained for normal bovine erythrocytes at 20 °C,
corresponds to the cell membrane diffusional water permeability coefficient
Pg of 3.6x1073 cm/s. This is similar to the range of room temperature Pg
between 3.3 and 4.7x1073 cm/s, deduced recently for fresh normal human
erythrocytes. The data for p-MB treated erythrocytes display a lengthening
of Texch and increased Ea of 29.0 kJ/mol. This Ea value and a permeability
coefficient Pg of 2.6x1073 cm/s at 20 °C, if compared to the corresponding
permeability data for artificial lipid bilayer membranes, indicate either only
partial inhibition of the mercurial sensitive part of the membrane diffusional
water permeability, possibly as a result of poor accessibility of the function-
ally important transmembrane protein SH-groups to p-MB, or »complete«
inhibition plus new leaks.

INTRODUCTION

Transport properties of biological membranes have been subject to great research
activity for many years. One aspect of this research area refers to water balance in
living systems. Consideration of this topic raised discussion of how water permeates

* Dedicated to Professor Dusan HadzZi on the occasion of his seventieth birthday.
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the cell membrane but no conclusive evidence for the mechanism of water transport
across a membrane has been put forward as yet. A mosaic model'! of the plasma
membrane emphasizes the existence of at least two parallel permeation pathways,
namely across the lipid bilayer portion of the membrane and through the polar chan-
nels that span the membrane, which are provided by the presence of integral proteins.
Regarding water exchange across the lipid bilayer, Triuble? proposed that water per-
meates by transient pockets of free volume that are formed by the thermal motion of
the hydrocarbon chains. The diffusion coefficient of these mobile pockets (called
»kinks«) was calculated to be of the order of 105 cm? s-!. The corresponding theoreti-
cal value for the room temperature water permeability coefficient®> was P = 1.3x10-2
cm s~!. This theoretical water permeability is systematically lower than the values
found experimentally.® Namely, though attractive, Triuble’s hypothesis anticipates
that the hydrocarbon phase of the bilayer lipids is much more ordered than it now
appears to be the case. This observation implies that one does not know to what extent
kinks actually cross the lipid bilayer and whether water molecules may hop from one
kink to another.?

In plasma membranes, however, in addition to this nonspecific water permeation
across the lipid bilayer, there exists a parallel hydrophilic pathway of water transport
through the polar channels or pores that span the membrane. Functional evidence for
the existence of such channels — called water channels — has emerged primarily from
the characteristic differences in water permeability properties between the erythrocyte
and pure phospholipid membranes.> Red blood cells are preferably chosen for such
comparative studies because of their availability, relatively simple structure lacking in-
ternal membrane systems and the small number of their integral membrane proteins.
Thus, the measured activation energy E, of 17-25 kJ mol-! for the water diffusional
(Pg) and osmotic (P permeabilities of human and dog erythrocyte membranes® is
similar to the value E, = 19.3 kJ mol-! for self-diffusion of water’ but much lower
than the activation energies E, = 46-60 kJ mol-! for permeation of water through lipid
bilayers.® The P, values of red blood cells are an order of magnitude higher than those
for lipid bilayers despite the high degree of variability for bilayers of different com-
positions. In erythrocytes P, is several times higher than Py? while in artificial bilayers
P; = Pu° The osmotic or filtration permeability P, is defined by the net trans-
membrane water flow, induced by an osmotic gradient across the membrane or by ap-
plication of hydrostatic pressure. P, is usually determined from the kinetics of cell or
vesicle volume change in response to an imposed transmembrane osmotic gradient.
Volume change is conveniently followed via the time course of scattered or transmitted
light intensity.!? P, is defined by transmembrane diffusional water exchange under sta-
tionary conditions. Determination of P, is more demanding because of very short
water exchange times (~10 ms) in erythrocytes and in small liposomes. Diffusional
water exchange through the erythrocyte membrane is measured either by the radioac-
tive tracer (THO) diffusion methods®%!! (e.g., the diffusional efflux of tritium-labeled
water counterbalanced by an influx of nonradioactive water), or by the doping nuclear
magnetic resonance (NMR) techniques.'?!* (Paramagnetic doping of the erythrocyte
extracellular suspension with Mn?* ions at concentrations at least up to 19 mM was
shown!! not to change diffusional water permeability).

Valuable information about water transport processes in the erythrocyte
membrane has come from the evaluation of the effects of various membrane reagents
that chemically modify water channels. Unique among these chemical probes are mer-
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curial sulfhydryl reagents, including inorganic Hg (e.g., HgCl,), which appear to be the
only potent inhibitors of water transport.!> Among them, for instance, p-chloromer-
curibenzene sulfonate (p-CMBS) at saturating doses (=2 mM) decreases the osmotic
water permeability P, of human red blood cells by an order of magnitude, increases
the activation energy E, for water permeation from ~20 kJ mol-! to ~48 kJ mol-!,
and decreases the ratio P;/P,; to unity,'® so that the water transport properties of p-
CMBS treated erythrocytes become practically indistinguishable from those of lipid
bilayers. A simple explanation of this observation is that organic mercurials block
water channels by binding to sulfhydryl (-SH) groups in integral membrane proteins
associated with water channels, leaving the primitive lipid bilayer matrix as the only
alternative route for water transport.? This view favours the specificity of water chan-
nels (transporting water and very little else), while an opposite unitary pore
hypothesis!’ attempts to confine transport pathways of all small polar permeants, in-
cluding water, anions, cations and nonelectrolytes, to the same transport pathway in
the form of an aqueous pore ~9 A in diameter that passes between the two monomers
of band 3 membrane integral protein. There are arguments* against this hypothesis,
e.g., that a dramatic inhibition of erythrocyte water permeability by p-CMBS has no
effect on transmembrane anion exchange while cation permeability is even increased
by at least an order of magnitude, or that the anion exchange capacity in erythrocytes
of diverse origin (human, chicken, duck, amphiuma) is found similar in all four types
while water and urea permeabilities are both high in human cells, both low in chicken
cells, high and low in duck cells, and low and high in amphiuma cells, respectively.
Thus, a fully functional band 3 anion transport system can exist independently of the
other solute or water transport systems. Nevertheless, water permeation inhibition ex-
periments with a radioactively (?**Hg) labelled SH-reactive mercurial p-CMBS'® point
to the major integral membrane proteins band 3 and band 4.5 as being involved in
water permeation; the third major erythrocyte transmembrane protein glycophorin
could not be associated with the water channel because it lacks SH groups. On the
other hand, the importance of the integral membrane proteins for water transport
above the ground (lipid-bilayer-like) permeability was not revealed (i.e., Py and Py
were not changed) by treating the erythrocyte membranes with protein fixatives!! that
induce extensive conformational changes by forming cross-links in all the erythrocyte
proteins. As a result, the intermediate phase between integral membrane proteins and
their surrounding lipids is suggested as a possible location of water channels.!!

These introductory remarks are intended to illustrate some of the open problems
of transmembrane water transport. Measurement of water permeability under various
physico- chemical conditions proves to be an important source of information, essen-
tial in clarifying various aspects of erythrocyte membrane behaviour. In this report,
pulse nuclear magnetic resonance (NMR) is employed to study the temperature de-
pendence of the diffusional water exchange time 7., in normal and in mercurial (p-
hydroxymercuribenzoate, p-MB) treated bovine erythrocytes.

THEORETICAL CONSIDERATIONS

Several pulse NMR techniques have been employed for the determination of water
diffusional transport across the erythrocyte membrane. Information about the
membrane water permeation rate has been obtained from the analysis of measured
NMR quantities which are inherently modified by the transmembrane diffusional
water exchange. This information is contained in the proton NMR transverse (T) and
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longitudinal (T)) relaxation function of water exchanging across the erythrocytes in
suspensions doped extracellularly with certain (small) amounts of paramagentic ions
(e.g., Mn2+),12:14 jn the 170 NMR longitudinal (T)) relaxation curve of the erythrocyte
suspension enriched with H,'70,'° or in restricted diffusion data of water molecules
within the erythrocytes,® using a pulsed field gradient NMR method.

The use of pulse NMR techniques to determine the rate of water diffusional ex-
change across the erythrocyte membrane is based on the following principle.!? When
water molecules are placed in a magnetic field, their proton spins become oriented. Ap-
plication of a radiofrequency pulse reorients the spins and this reorientation serves as
a label that can be detected by NMR. Following the application of the pulse, this label
relatively slowly decays both in the intracellular space and in the extracellular solution
of the erythrocyte suspension. However, if impermeable paramagnetic ions are added
into the extracellular space, the label in this compartment is very quickly quenched
(say, within 1 ms). Application of a radiofrequency pulse has actually the role of labell-
ing both intra- and extracellular water. However, the label in the extracellular water
disappears very soon, because of the quenching action of added paramagnetic ions, and
only cellular water remains labelled. Therefore, the decay of label from the total
sample is almost entirely due to the transmembrane water exchange process. Thus,
water leaving the cells loses label almost immediately after contacting the extracel-
lular solution, while water entering the cells is mostly unlabeled. In other words, the
time constant of the decay of label from the cell suspension is effectively determined
by the mean life time of water molecules in the cells.

In this paper the T;-method!* is used, in which the water proton NMR transverse
relaxation function of a paramagnetically doped erythrocyte suspension is measured
by the Carr-Purcell-Meilboom-Gill (CPMG) pulse sequence.?22 Water exchange be-
tween the diamagnetic erythrocyte interior (compartment a) and the paramagnetic ex-
tracellular solution (compartment ) represents a typical two- site exchange problem,

giving rise to a double exponential proton NMR transverse relaxation curve M(¢) of the
form?3

M(t) = P', exp(=t/T"y,) +P’, exp(—t/T"y) , &Y

where the sum of the coefficients is

Pt P= (2)
and coefficient P’, is given by
1801
Py =5~ 1[(® = PIY/To - YTp) + 1z, + 1/r,,:| o 3)
and where
/T, =C, - C,, 4)
Y1, =C, +C,, (%

Ci =3 (YTo + YTy + Vi, 41/, ®)
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= %[(I/TZb Sl s = /Y 4/(%71,)] . (@)

Here, P, and P, are the fractions of the total water proton signal in the two com-
ponents, and 7, and 7, are the mean lifetimes of the water molecule in each compart-
ment. Because of detailed balancing, we also have

P,+P,=1 8)
and
Po/v —¢tP 7 9

The diffusional water exchange time 7., is characterized by the mean life time 7, of
water in the red blood cell:

Texch = Ta (10)

The water exchange time t.,., was shown?! to be independent of hematocrit. The dif-
fusional water permeability P, of the erythrocyte membrane ir related to 7., by

Py = (V/A (Y Teren) » an

where V is the intracellular solvent volume and A the cell membrane area of the
erythrocyte, respectively. V represents'!?3 some 70% to 80% of the total erythrocyte
volume V,, while the remaining fraction of V, is inaccessible to water because of the
presence of intracellular proteins (mostly hemoglobin). The experimentally determined
transverse NMR relaxation curve yields three independent quantities (T'y,’, T'y,’ and P,’
or P,’), but these, in turn, contain four parameters to fit theoretically the curve (T,
Ty, P, or P,, and 7, or 7,) . Thus, one of these four parameters has to be measured
independently. In practice, this is Ty, and is measured on a sample of densely packed
red blood cells (without extracellularly added paramagnetic Mn?*).

EXPERIMENTAL

The water proton NMR transverse relaxation curves have been measured on isolated normal
and p- hydroxymercuribenzoate (p-MB) treated bovine erythrocytes suspended in isotonic buf-
fered solutions (0.13 M NaCl, 0.02 M Tris. HC], pH 7.4), containing 19.2 mM MnClz. The mer-
curial treated samples contained 3 mM p-MB; treatment with p-MB at room temperature in-
duced maximum inhibition of the erythrocyte membrane diffusional water permeability 15 to 30
minutes after addition of the mercurial.?’ The red blood cells were prepared from fresh titrated
blood by standard methods. The volume fraction of the red cells in the samples was 30%. Relaxa-
tion measurements were performed on a Bruker B-KR 322 s pulsed NMR spectrometer at the
proton resonance frequency of 56.7 MHz for two values of the 180°-pulse separation in the
CPMG sequence (0.6 ms and 1 ms, respectively). Measurements were performed at the tempera-
ture interval between 5 and 40 °C. The temperature was varied by streaming thermostated
nitrogen over a 7 mm O.D. glass tube containing ~0.3 ml of the sample. In order to prevent
natural aggregation of red cells into rouleaux, which is shown?® to cause most of the variation
among results from NMR experiments, the sample was carefully stirred immediately ( <10
seconds) before each recording of the NMR relaxation curve. The intracellular water proton
transverse relaxatlon time T2, was measured separately between 5 and 40 °C on a sample of
packed cells?®2” (with no added MnClz), in which case the 180°- pulse separation in CPMG se-
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quence was 6 ms. The experimental NMR transverse relaxation curves M(t) were analyzed in
terms of the theoretical expression (1) on a VAX-11/750 computer by the method of minimiza-
tion of a sum of squares.

RESULTS AND DISCUSSION

A typical example of the computer fit to the measured M(¢) data in terms of Eq.
(1) is shown in Figure 1. The temperature dependence of the diffusional water ex-
change time 7., obtained by this analysis for normal and p-MB treated bovine
erythrocytes are presented as the Arrhenius plots in Figure 2. In the limits of ex-
perimental error these plots are straight lines and, hence, in both cases characterized
by one activation energy E, that determines the rate of transmembrane diffusional
water permeation in the whole temperature range studied. For normal erythrocytes,
the value E, = 20.4+1.3 kJ mol-! is of comparable magnitude as the activation energy
of self-diffusion of water” (E, = 19.3-20.1 kJ mol-!), meaning that water molecules on
their way through the membrane channels either interact only little with the channel
components or the activation energy of the corresponding interaction has a value com-
parable to that of self-diffusion of water.%!! On the other hand, the data of Figure 2
for p-MB treated erythrocytes display an overall lengthening of 7., with respect to the
corresponding values for untreated cells, and, in particular, an increased activation
energy E, of 29.0+1.9 kJ mol-!. Yet, this E, value indicates that only partial inhibition
of the membrane diffusional water permeability was obtained. Namely, maximal in-
hibition of transmembrane water transport would be obtained if the activation energy
E, (as derived from the temperature dependence of 7..;) were similar to the theoreti-
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Figure 1. An example of the computer fit (line) to the measured M(l) curve as determined by
the echo amplitudes (crosses) in the Carr-Purcell-Meiboom-Gill pulse sequence applied to a pa-
ramagnetic suspension (19.2 mM MnClz) of normal bovine erythrocytes (30% hematocrit, at 39 °C).
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Figure 2. Temperature dependence of the diffusional water exchange time constant zexch for nor-
mal and mercurial (p-hydroxymercuribenzoate, p-MB) treated bovine erythrocytes.

cally?® and experimentally?® verified value of 50-58 kJ mol-! for water diffusion
through the hydrocarbon phase of a lipid bilayer. In this latter case, the organic mer-
curial p-MB would appear to completely block water channels by its binding to SH-
groups in integral membrane proteins associated with water channels, leaving a
residual permeability due to the lipid bilayer portion of the membrane.* Permeability
inhibition experiments with the mercurial p-CMBS on erythrocyte ghosts have shown
that the maximal inhibition is obtained if p-CMBS is added before resealing the
erythrocytes.!! In this way, both sides of the membrane were exposed to p-CMBS.
Thus, addition of the mercurial to the inside of the membrane appears to facilitate in-
hibition as a result of better access of p-CMBS to the functionally important popula-
tion of SH-groups, probably located deeper in the membrane.

The exchange time 7., is connected to the diffusional water permeability coeffi-
cient P, of the erythrocyte membrane by relation (11) as P; = (V/A)(1/Texcn) Where
(V/A) is the ratio between the intracellular solvent volume (V) and the cell membrane
area (A). For bovine erythrocytes, the average values of the cell volume V. and of the
cell membrane area A at room temperature are V, = 0.48x10-1° cm® and A = 0.76x10-8
cm?, respectively.3® Taking!! that about 30% of the isotonic cell volume is occupied by
intracellular protein components (mostly hemoglobin), the cell water fraction is V =
0.7 V., = 0.34x10"!° cm? so that the ratio V/A for bovine erythrocytes is estimated as:
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V/A = 4.5x10 5cm. (12)

In view of the recent critical analysis?® of the room temperature water per-
meability data obtained by NMR for fresh normal human erythrocytes, it will be in-
structive to compare these data with the present respective results for bovine
erythrocytes. For human erythrocytes, the mean value of 7.4 at room temperature is
placed between the extremes of 9.8 and 14 ms, corresponding to a range of diffusional
water permeability between 3.3 and 4.7x10-* cm s71.2% For normal bovine erythrocytes
at 20 °C, Figure 2 displays the value 7., = 12.5 ms which, by expressions (11) and
(12), gives the permeability coefficient Py of 3.6x10-* cm s-!. Diffusional water per-
meabilities of normal human and bovine erythrocytes thus appear to be very similar.
However, treatment of bovine erythrocytes with the organic mercurial p-MB results
in a lengthening of the mean life time .., of water inside bovine erythrocytes to 17.3
ms at 20 °C (see Figure 2), implying a decrease of the membrane diffusional water per-
meability coefficient Py to 2.6x10-® cm s!. This P4 value and the relatively low ac-
tivation energy E, of 29.0 kJ mol-! further suggest only partial inhibition of the mer-
curial sensitive part of the membrane diffusional water permeability. Namely, as
already stressed, maximal inhibition would be characterized by a residual or ground
room temperature permeability of ~2.0x10~% cm s~!, and by an activation energy of
50-58 kJ mol!, as observed for artificial lipid bilayer membranes.>?° A possible reason
for incomplete inhibition might be that p-MB could not readily penetrate to the func-
tionally important SH-groups in the protein sites deeper in the membrane or that, in
addition to complete inhibition, new leaks are created in the membrane.

CONCLUSION

Based on the observed temperature dependence of the diffusional water exchange
time 7, for normal and p-MB treated bovine erythrocytes, the following statements
can be made:

() The semi-log plots of zexch versus inverse absolute temperature for both normal and
p-MB treated erythrocytes are straight lines, implying that one activation energy Eq
determines the rate of transmembrane diffusional water transport in the whole tem-
perature range studied (5-40 °C);

(ii) For normal erythrocytes the value Eq = 20.4 kJ mol! is similar to that for self-dif-
fusion of water (E; = 19.3-20.1 kJ mol_l);

(iii) The value Texch = 12.5 ms, obtained for normal bovine erythrocytes at 20°C, corre-
sponds to the cell membrane diffusional water permeability coefficient Py of 8.6x 107
cm s"l, which conforms to the range of room temperature P; between 3.3 and 4.7x 10~
cm 571, deduced recently23 for fresh normal human erythrocytes;

(iv) The data for p-MB treated erythrocytes display a lengthening of zexch and increased
Eq of 29.0 kJ mol'l;

(v) The value Eq = 29.0 kJ mol! and the permeability coefficient Pq = 2.6x 10 cm s
at 20 °C (obtained from zexer = 17.3 ms at this temperature) for p-MB treated ery-
throcytes, if compared to the corresponding permeability data for artificial lipid bi-
layer membranes, indicate only partial inhibition of the mercurial sensitive part of
the membrane diffusional water permeability, possibly as a consequence of poor ac-
cessibility of the functionally important transmembrane protein SH-groups to p-MB,
or due to »complete« inhibition plus new leaks.
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SAZETAK

Difuzijska permeabilnost vode u govedim eritrocitima.
Studij pulsnom nuklearnom magnetskom rezonancijom

Gojmir Lahajnar

Pulsna tehnika nuklearne magnetske rezonancije (NMR) primijenjena je na studij tempera-
turne ovisnosti vremena difuzijske izmjene vode 7exch za normalne govede eritrocite, kao i one
obradene p-hidroksimerkuribenzoatom (p-MB). Metoda se temelji na mjerenju NMR transverzal-
ne releksacijske funkcije protona za izmjenu vode izmedu dijamagnetskog unutarstani¢nog pro-
stora i paramagnetski cijepljene vanstanié¢ne otopine suspenzije eritrocita. Semilogaritamski gra-
fovi Texch prema inverznoj apsolutnoj temperaturi i za normalne i za merkurirane eritrocite jesu
pravci, ¢ime se podrazumijeva da jedna aktivacijska energija (Ea) odreduje brzinu transporta



200 G. LAHAINAR

transmembranske difuzije vode u ¢itavom temperaturnom podrudju 5-40 °C. Za normalne eri-
trocite vrijednost Eq od 20,4 kJ mol~! sli¢na je onoj za samodifuziju vode (Ea = 19,3-20.1 kJ
mol!). Vrijednost zexch = 12,5 ms, dobivena za normalne govede eritrocite pri 20 °C, odgovara
koeficijentu permeabilnosti difuzije vode na stani¢noj membrani (Pq) od 3,6x10~% cm s~!. To je
sliéno rasponu Pg za sobnu temperaturu od 3,3 i 4,7x 10~ cm s~!, koji je nedavno izveden za
svjeze normalne ljudske eritrocite. Podaci za eritrocite obradene s p-MB pokazuju produljenje
Texch 1 povidenu Eq od 29,0 kJ mol=!. Ta vrijednost Eq, kao i koeficijent permeabilnosti Py od
2,6%107% cm s~! pri 20 °C, ako se usporede s odgovarajuéim podacima za permeabilnost dvosloj-
nih membrana s umjetnim lipidima, ukazuju na djelomi¢nu inhibiciju onog dijela permeabilnosti
koji je osjetljiv na merkuriranje. To moZe biti rezultat slabe dostupnosti skupina SH u transmem-
branskom proteinu prema p-Mb, ili pak zbog »potpune« inhibicije pojatane novim pukotinama.
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