J. Membrane Biol. 108, 105-113 (1989)

Tha Joumnal of

Membrane Biology

© Springer-Verlag New York Inc. 1989

Water Exchange Through Erythrocyte Membranes: Biochemical and Nuclear Magnetic
Resonance Studies Re-evaluating the Effects of Sulfhydryl Reagents and of Proteolytic

Enzymes on Human Membranes

Gheorghe Benga, Octavian Popescu, Victoria Borza,* Victor loan Pop, and Adriana Hodarnau*
Department of Cell Biology, Faculty of Medicine, Medical and Pharmaceutical Institute Cluj-Napoca, 3400 Cluj-Napoca, Roumania

Summary. The water permeability of human red blood cell (RBC)
membrane has been monitored by a doping nuclear magnetic
resonance (NMR) technique on intact cells and resealed ghosts
following exposure to various sulfydryl-reacting (SH) reagents
and proteolytic enzymes. The main conclusions are the follow-
ing: (1) When appropriate conditions for exposure of erythro-
cytes or ghosts to mercury-containing SH reagents (concentra-
tion, temperature and duration of incubation) were found, the
maximal inhibition of water diffusion could be obtained with all
mercurials (including HgCl, and mersalyl that failed to show
their inhibitory action on RBC water permeability in some inves-
tigations). While previous studies claimed that long incubation
times are required for the development of maximal inhibition of
water diffusion by mercurials, the present results show that it
can be induced in a much shorter time (5—15 min at 37°C) if
relatively high concentrations of PCMBS (2—-4 mM) are used and
no washings of the inhibitor are performed after incubation.
Higher than optimal concentrations of mercurials and/or longer
incubation times result in lower values of inhibition, sometimes a
loss of inhibition, or can even lead to higher values of permeabil-
ity compared to control RBCs. (i1) The conditions for inhibition
by mercurials are drastically changed by preincubation of eryth-
rocytes with noninhibitory SH reagents (such as NEM or 1AM)
or by exposure to proteolytic enzymes. If the cells are digested
with papain, the duration of incubation with PCMBS should be
decreased in order for inhibition to occur. This explains the lack
of inhibition reported previously, when a relatively long duration
of incubation with PCMBS was used subsequent to papain diges-
tion. (iii) The degree of inhibition of water diffusion induced by
mercurials appeared to be dependent upon the temperature of
which the water permeability was measured. The values of maxi-
mal inhibition ranged from 45-50% at 37°C, increased 10-15% at
20°C and further increased at lower temperatures, reaching val-
ues above 75% below 10°C; these results clarify the conflicting
reports of various authors. (iv) The inhibition of water diffusion,
either reversible, or irreversible, was not accompanied by signifi-
cant changes in the pattern of RBC membrane polypeptides frac-
tionated by polyacrylamide gel electrophoresis. (v) The mean
value of the activation energy of water diffusion (E, ;) obtained
on 42 donors was 25.6 kJ/mol. The values of E, 4 increased in
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parallel with the values of the inhibition of water diffusion in-
duced by PCMBS until the maximal inhibition was reached
(when E, ; = 41 kJ/mol) and then both sets of values decreased in
parallel.
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Introduction

Because of its availability and simple structure
(lacking internal membranes), the red blood cell
(RBC) is ideally suited for investigating water per-
meability. In fact, it has been for many years one of
the most favored cells for such investigations (see
recent reviews by Macey, 1984; Morariu & Benga,
1984; Solomon, 1986; Macey & Brahm, 1988;
Benga, 1988). Studies of the effects of various re-
agents and of chemical modification of membranes
can contribute to a better understanding of molecu-
lar mechanisms of water transport in red blood
cells. The usefulness of this approach has already
been documented by previous studies. It has been
shown for example that mercury-containing sulfhy-
dryl-reacting reagents (SH reagents) substantially
inhibited the water exchange through erythrocyte
membranes (Macey & Farmer, 1970; Naccache &
Sha’afi, 1974; Benga et al., 19834; Dix & Solomon,
1984). This had lead to the suggestion that aqueous
channels accommodated in the membrane proteins
play a major role in the water exchange and that the
mercury-containing SH reagents act by closing the
channels (Moura et al., 1984). Moreover, recent
studies by using 2*Hg-labeled p-chloromercuriben-
zene sulfonate (PCMBS) has allowed us to identify
the membrane proteins that are involved in the wa-
ter exchange through the human red blood cells
(Benga et al., 1986b,¢).
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There are two basic strategies for measuring
water exchange through the erythrocyte membrane:
(i) nonstationary methods, by which the osmotic
permeability of RBC is measured, and (ii) stationary
methods, which can be classified into radio-tracer
methods (Paganelli & Solomon, 1957; Vieira,
Sha'afi & Solomon, 1970) and nuclear magnetic res-
onance (NMR) methods (Conlon & Outhred, 1972;
Fabry & Eisenstadt, 1978; Morariu & Benga, 1977,
Pirkle, Ashley & Goldstein, 1979). Studies on the
effects of various reagents, performed by various
methods have sometimes given conflicting results.
One aim of this work was to find the real effects of
various reagents by carefully studying all possible
sources of divergent results. Consequently, we re-
port here results of extensive studies with all mer-
cury-containing SH reagents that have been previ-
ously found, at least in some studies, to be
inhibitors of the RBC water permeability. In addi-
tion, the effects on this transport process of expo-
sure of erythrocytes to proteolytic enzymes, fol-
lowed by SH reagents, have been reevaluated. The
sources of conflicting results have been found.

On the other hand, very few data have been pub-
lished (regardless of the method used for measuring
the water permeability) on the effects of tempera-
ture on water exchange of erythrocytes previously
exposed to inhibitors, either alone, or subsequent to
a previous treatment with proteolytic enzymes. An-
other aim of our paper was to present NMR studies
on the activation energy of water diffusion (E, ) in
erythrocytes following such chemical manipula-
tions of membranes. A new kind of experiment re-
ported here was that in which E, 4 of erythrocytes
exposed to two or more agents was determined.
The findings are discussed in relation to the molecu-
lar mechanisms proposed for water transport in the
red blood cell.

Materials and Methods

Human blood was obtained by venipuncture in heparinized
tubes. The donors were healthy male or female subjects, 10-51
years old. The erythrocytes were isolated by centrifugation, and
washed three times in medium S [150 mMm NacCl, 5.5 mm glucose,
5 mMm HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid), pH 7.4]. For the preparation of resealed (pink) ghosts the
procedure of Schwoch and Passow (1973) has been used.

The incubations of erythrocytes or ghosts with SH reagents
and/or proteolytic enzymes were performed as indicated in the
legend to the figures and tables. In some experiments, after incu-
bation, three washings of the erythrocytes in medium S, each
followed by a centrifugation, were performed to remove the re-
agent. In other experiments, after incubation, no washing was
performed. Finally, the erythrocytes or the ghosts were sus-
pended in medium S, supplemented with 0.5% bovine serum
albumin at a cytocrit of 50%.

NMR MEASUREMENTS

Samples for NMR measurements were prepared by carefully
mixing 0.2-ml erythrocyte or ghost suspension and 0.1-ml doping
solution (40 mM MnCl,, 100 mM NaCl). The water proton relaxa-
tion time of the cells (75,) was evaluated by the spin-echo method
(Conlon & Quthred, 1972} as previously described (Morariu &
Benga, 1977; Benga et al., 1986a). T3, is dominated by the ex-
change process through erythrocyte membrane and is related to
the water diffusion exchange time (7,) by the equation (Conlon
& Outhred, 1972):
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where T, is the transverse relaxation time of the cell interior. T5;
was measured by the 90—180° method using the Carr-Purcell-
Meiboom-Gill sequence (Farrar & Becker, 1971) on packed cells
or ghosts from which the supernatant, with no added Mn, had
been removed by centrifugation at 15,000 X g for 60 min.

The membrane permeability for water diffusion, P, is related
to 1/T,, the cell water volume, V (= 0.72 times the cell volume)
and the cell surface area, A, by:
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Since different authors have used different values of V and
A, we have used in the calculation of P three sets of values. On
one hand, we have taken a value of 65 um? for the intracellular
solvent volume of erythrocytes and 86 um? for that of resealed
ghosts and a value of 1.42 X 107¢ cm? for the membrane area
after Brahm (1982). These give V/A ratios of 4.58 x 10~ and 6.06
X 107 cm for erythrocytes and ghosts, respectively. On the
other hand, we have used a slightly higher V/A ratio, after Dix
and Solomon (1984), e.g., 5.33 X 10-% cm for erythrocytes and
the corresponding value for ghosts. Finally, we have performed
our own estimations of the cell volume based on cell counts and
measurement of the cytocrit, with correction for extracellular
medium trapped between the packed cells. The values of cell
volume obtained in this way were within ranges reported in the
literature (Canham & Burton, 1968; Weinstein, 1974). The value
of A should be chosen from the values in the literature and the
most accepted present value is 1.35 X 108 cm? (for discussion see
Solomon, 1986). When calculated with this value of A and with
values of V measured as described above, the values of P were
not significantly different from the values calculated by using the
V/A ratios after Dix and Solomon (1984). Consequently, in order
to better compare our results with previous ones, we have given
in the Tables the permeability values calculated using the V/A
ratios given by Brahm (1982) and by Dix and Solomon (1984).

The inhibition of water diffusion across human red blood
cell membranes was calculated in two ways. On one hand, as-
suming that the permeability coefficient is inversely related to
T3, we used the formula (Benga et al., 1983b,c, 1986b,c, 1987h):

1 1 )
<T§a (control) T3, (sample)
% Inhibition = x 100. 3)

T onirah)
<Tﬁa (control)

On the other hand, in order to better compare our results
with those of other authors (Macey & Farmer, 1970; Naccache &
Sha’afi, 1974; Dix & Solomon, 1984; Toon & Solomon, 1986)
another formula was also used:
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The NMR measurements were performed with an AREMI-
78 spectrometer (manufactured by the Institute of Physics and
Nuclear Engineering Bucharest-Magurele) at a frequency of 25
MHz. The temperature was controlled to =0.2°C by air flow over
an electrical resistance using the variabie temperature unit at-
tached to the spectrometer. The actual temperature in the sample
was measured with a thermocouple connected to a microproces-
sor thermometer (Comark Electronics Limited, Rustington, Lit-
tlehampton, U.K.). The values of T3, were calculated with a
computer unit coupled on-line with the NMR spectrometer.

POLYACRYLAMIDE GEL ELECTROPHORESIS OF
ERYTHROCYTE MEMBRANE PROTEINS

The RBCs were lysed by mixing rapidly 1-ml portions into 20 ml
of cold 5-mM sodium phosphate buffer, pH 8.0 (5P8), and the
ghosts were prepared as described previously (Benga et al.,
19834a). After three or four washes in SP8, followed each time by
centrifugation at 20,000 x g for 20 min, the homogenous and
white ghost pellets were suspended in 5P8 to about 4 mg protein/
ml and frozen at —20°C until analyzed (usually after 2448 hr).
Protein was determined by the procedure of Lowry et al. (1951).

One vol (usually 25 ul of ghosts) was added to 3 vol of a
solution containing 1.3% sodium dodecylsulfate (SDS), 10% su-
crose, 53.3 mm dithioerythritol, 1.3 mm sodium EDTA, 20 mM
Tris-HCI (pH 6.8) and 0.007 mg/ml bromphenol blue. The mix-
ture was heated for 3 min in a 100°C bath. Membrane peptides
were separated using the SDS polyacrylamide system described
by Laemmli (1970). The slab gel consisted of a running gel of 10%
acrylamide and a 5% stacking gel. The acrylamide-to-bisacryl-
amide ratio was maintained at 36.5: 1 in both gels. Samples of 25
ul/25 ug protein were applied and the electrophoresis was car-
ried out at 15 mA (40 V) for | hr and at 20 mm (100 V) until the
dye reached the bottom of the running gel (about 5 hr) in the
running buffer (25 mm Tris, 190 mm glycine, 0.1% SDS). The gels
were fixed for 1 hr in 45% (vol/vol) methanol/10% (vol/vol) ace-
tic acid and then stained overnight in the same solution contain-
ing 0.07% (wt/vol) Coomassie brilliant blue R-250. Destaining
was performed with 10% (vol/vol) acetic acid. The gels were
dried according to a procedure previously described by Popescu
(1983).

OTHER PROCEDURES

The hemoglobin content of resealed ghosts (reduced to 4-7% of
that of erythrocytes) was estimated spectrophotometrically (An-
tonini & Brunori, 1971). The calculations of the correlation coef-
ficients of the lines obtained with the sets of data points in the
Arrhenius plots were performed with an HP-41 CV computer
(Hewlett-Packard).

Results

FACTORS INFLUENCING THE INHIBITION BY
MERCURIALS OF WATER DIFFUSION THROUGH
ERYTHROCYTE MEMBRANES

New features of the development of mercurial-in-
duced inhibition of water diffusion have been un-

Inhibition (%)

[Mercurial] mM

Fig. 1. Dependence of the inhibition of water diffusion in eryth-
rocytes by various concentrations of mercurials. The inhibition
was measured at 37°C and calculated according to Eq. (3) as
described in Materials and Methods. Washed erythrocytes were
suspended in medium S at a hematocrit of 10% and incubated at
37°C with mercurials (to give the final concentrations indicated)
as follows: HgCl, (O) for 60 min; FMA (V) for 60 min; mersalyl
alone (A) for 15 min or subsequent (4) to a preincubation of 45
min at 37°C with 1-mmM IAM and |-mmMm NEM; PCMBS alone ([,
W) for 30 min, or PCMBS for 15 min, subsequent (¢ ) to a prein-
cubation of 60 min at 25°C with 2-mM NEM. After preincuba-
tions or after incubations, three washes of erythrocytes in the
medium S were performed, except for samples marked W that
were not washed.

covered by our studies. Although it was generally
agreed (Macey & Farmer, 1970; Sha’afi, 1981;
Benga et al., 19835h; Dix & Solomon, 1984) that out
of all SH reagents only mercury-containing com-
pounds are powerful inhibitors of water permeabil-
ity in human erythrocytes, studies by Sha’afi and
Feinstein (1977) and Brahm (1982) failed to detect
such effects for mersalyl and HgCl,, respectively.
As shown in Fig. 1, all mercurials markedly inhib-
ited the water diffusion if appropriate conditions for
exposure of erythrocytes to the reagent (concentra-
tion, temperature and duration of incubation) were
found. The concentrations at which the inhibition
was half maximum, ranged from 20 um for HgCl,,
60 M for fluoresceinmercuric acetate (FMA), to 90
uM for PCMBS after a preincubation with N-ethy-
Imaleimide (NEM) and 150 um for PCMBS treat-
ment alone, are in reasonable agreement with val-
ues reported elsewhere (Benga et al., 1982, 19835,
19854, Dix & Solomon, 1984; Toon & Solomon,
1986).
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Fig. 2. The time course of inhibition of water diffusion in eryth-
rocytes induced by PCMBS. Washed erythrocytes were sus-
pended in medium S at a hematocrit of 10% and incubated at
37°C with PCMBS to give the final concentrations of 0.5 mM
(O--0), 1.0 mm (O--[), 2 mM (A—A), 4 mM (V---V), and 10
mM (O —O). After incubation, the erythrocytes were sedi-
mented by centrifugation and aliquots from the sediment used for
NMR measurements. The inhibition was measured at 20°C and

calculated according to Eq. (3), as described in Materials and
Methods

The concentration of PCMBS required to in-
duce the inhibition of water diffusion in resealed
ghosts was found to be 10 times lower compared to
that required for intact cells.

The relationships between various conditions of
incubation, some treatments of erythrocytes before
and after incubation and the degree of inhibition of
water diffusion have been carefully studied taking
PCMBS as a typical inhibitor. As documented by
Figs. 1 and 2, the maximal inhibition at 37°C could
be obtained in a much shorter time (5-15 min) by
using relatively high concentrations of PCMBS
(e.g., 2-4 mmM) compared to lower concentrations of
inhibitor (0.2-0.5 mm) that required incubation
times of 30—-60 min at 37°C. Moreover, the incuba-
tion time and the concentration of PCMBS required
for maximal inhibition could be decreased if no
washings of the inhibitor were performed after incu-
bation. These findings represent a reevaluation of
previous studies (Macey & Farmer, 1970; Naccache
& Sha’'afi, 1974; Ashley & Goldstein, 1981; Dix &
Solomon, 1984) claiming that long incubation times
are required for the development of maximal inhibi-
tion induced by mercurials.

It should be emphasized that higher than opti-
mal concentrations of inhibitor and/or longer incu-
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Fig. 3. The temperature dependence of inhibition of water diffu-
sion in red blood cells induced by PCMBS. Washed erythrocytes
were suspended in medium S at a hematocrit of 10% and incu-
bated at 37°C with PCMBS as follows: 0.2 mM for 30 min
(V—V), 0.5 mM for 15 min (O—0), 0.5 mm for 60 min (@—@),
1.0 mM for 30 min ((J---[7), 2.0 mm for 15 min (A-~----A). After
incubation, the red blood cells were sedimented by centrifuga-
tion and aliquots from sediment were used for NMR measure-
ments. The inhibition was measured at the temperatures indi-
cated, and calculated according to Eq. (4), as described in
Materials and Methods

bation times result in lower values of inhibition,
sometimes a loss of inhibition, or can even lead to
higher values of permeability compared to control
red blood cells.

The degree of inhibition appeared to be depen-
dent upon the temperature at which the water per-
meability is measured, regardless of PCMBS con-
centration and incubation time (Fig. 3). The values
of maximal inhibition ranged from 45-50% at 37°C,
increased 10-15% at 20°C and further increased at

lower temperatures, reaching values above 75% be-
low 10°C.

THE ACTIVATION ENERGY OF WATER DIFFUSION

Systematic studies were performed to determine in
a large number of subjects the values of the activa-
tion energy of water diffusion in erythrocytes and
ghosts, in the absence and in the presence of SH
reagents. The values are given in Table 1. It should
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Table 1. The activation energy of water diffusion in human erythrocytes®

Sample Conditions of incubation No. of E. 4 Statistical
donors (kJ/mol) significance compared
conc, (M) time (min) temp. (°C) to control samples
Control 42 25.6 = 3.2
Stored for
24 hr at 4°C 20 26.8 = 3.5 P> 0.1°
Preincubated 60 37 18 27.5 £ 3.6 P>0.1"
PCMBS 0.5 15 37 I 32.7
0.5 30 37 ! 32.9
0.5 60 37 3 41.2 P < 0.001°
1.0 30 37 17 36.8 £ 3.8 P << 0.001¢
Preincubated, 60 37
followed by
PCMBS 1.0 30 37 17 38.9 = 5.0 P < 0.001¢
1.0 60 37 3 40.1 = 5.2 P < 0.001¢
2.0 5 37 1 41.5
2.0 15 37 1 40.3
2.0 60 37 3 29.4
5.0 5 37 I 28.6
Papain | mg/ml 60 37 4 24.7 P>0.1"
Papain | mg/ml,
followed by
PCMBS 0.5 60 37 2 39.5 P < 0.001°

¢ The measurements were performed as described in the text. Results represent mean * sp.
b Statistical significance calculated using the paired Student’s z-test.
¢ Statistical significance calculated using the unpaired Student’s r-test.

be noted that the values of E, , increase in parallel
with the values of the inhibition of water diffusion
induced by PCMBS until the maximal inhibition is
reached and then both sets of values decrease in
parallel.

EFFECTS OF PROTEOLYTIC ENZYMES AND
SULFHYDRYL GROUP REAGENTS ON PROTEIN AND
WATER PERMEABILITY IN HUMAN ERYTHROCYTE
MEMBRANES

We have previously studied for the first time the
effects of exposure of the human erythrocyte mem-
branes to proteolytic enzymes on water diffusion
(Benga et al., 1983b,¢). It was found that none of the
proteolytic enzymes (chymotrypsin, trypsin or pa-
pain) significantly inhibited water permeability. In
contrast with trypsin or chymotrypsin treatment
that did not prevent the inhibition induced by mer-
curials, after exposure of erythrocytes to papain no
inhibitory effect of subsequent incubation with
PCMRBS could be noticed (Benga et al., 1983¢).
However, having in mind that both chymotryp-
sin and papain digest band 3 protein in intact red
blood cells (Fig. 4), we thought that these effects
need to be further studied. We considered the possi-
bility that after papain treatment the concentration

of PCMBS and/or the incubation time necessary for
inhibition should be decreased. Indeed, after expo-
sure to papain, a subsequent incubation of erythro-
cytes with 1 mm PCMBS for 30 min at 37°C (instead
of 60 min as used in our previous studies) induced
maximal inhibition of water diffusion in human
erythrocytes (Table 2). In parallel, the value of E, ,
increased from 24.7 to 39.5 kJ/mol (Table 1).
When the proteins of erythrocyte membranes
were fractionated by polyacrylamide gel electro-
phoresis, no significant changes could be detected
under conditions of maximal inhibition of water dif-
fusion (Fig. 4). It is known that cysteine reverses
the inhibition induced by PCMBS (Naccache &
Sha'afi, 1974), while it has no effect on the inhibi-
tion induced by FMA (Benga et al., 1982). In all
conditions we have used, exposure of erythrocytes
to mercurials did not induce significant changes in
the RBC membrane polypeptide pattern, we may
conclude that the inhibition of water diffusion, ei-
ther reversible, or irreversible, is not accompanied
by major alterations of proteins in the membrane.
This is in agreement with our previous observations
that SH reagents do not induce major morphologi-
cal changes in the erythrocyte membrane under
conditions of inhibition of water diffusion (Benga et
al., 1986¢, 19874). In contrast, in open ghosts incu-
bated with 1-2 mm PCMBS under conditions of low
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Table 2. Parameters characterizing the effects of proteolytic enzymes and of sulfhydryl reagents on water diffusion in

human red blood cells?

Compound T, T, % Inhibition® P

(msec) [ (cm - sec™! X 10

A B _ )
I I

Trypsin 8.1 8.6 12.0 12.6 5.34 6.21
Trypsin followed by 1 mm
PCMBS 15.9 17.7 55.0 57.7 2.58 3.01
Chymotrypsin 7.9 8.4 10.0 10.5 5.47 6.37
Chymotrypsin followed by
I mm PCMBS 15.5 17.3 54.0 56.6 2.65 3.08
Papain 7.8 8.3 9.0 9.3 5.54 6.78
Papain followed by 1 mm
PCMBS 14.3 15.8 50.0 524 2.90 3.38

2 Washed red blood cells were incubated for 60 min at 37°C with proteolytic enzymes (1 mg/ml), then washed three times in
medium S. The incubation with I-mM PCMBS was performed at a hematocrit of 10% for 60 min at 37°C in the case of
chymotrypsin and trypsin, and for 30 min at 37°C in the case of papain. After incubation, three washings in medium S were
performed and aliquots from the sediment were used for NMR measurements at 37°C as described in Materials and

Methods. Results are the mean of 3-5 experiments.

5 A, B: % inhibitions calculated according to Egs. (3) and (4), respectively.
¢ I, II: The permeabilities calculated from 7, using V/A ratios of 4.58 x 10~° ¢m and 5.33 x 107° cm, respectively.
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ionic strength, a solubilization of membrane pro-
teins (especially of those from the cytoskeleton) has
been noticed (Carter, 1973; Holdstock & Ralston,
1983).

Discussion

Our findings prompted us to reexamine images in
the literature on the effects of SH reagents that have
been applied in measurements of diffusional or os-
motic water permeability of red blood cells. There is
general agreement that SH reagents can be divided

Fig. 4. Electrophoregrams of erythrocyte
ghosts prepared from control red blood cells
(lanes 2, 5 and 7); cells incubated with [-mm
PCMBS for 30 min at 37° (lane 3); cells
incubated with 125-um FMA for 60 min at
37°C (lane 4); cells treated with chymotrypsin
(1 mg/ml) for 60 min at 37°C (lane 6); cells
treated with papain 1 mg/ml for 60 min at
37°C (lane 8). After incubation, three washes
of erythrocytes in medium S were performed
and the cells were sedimented by
centrifugation. The membrane samples were
prepared as described in Materials and
Methods

in two groups as far as their effects on water perme-
ability are concerned: some reagents, such as NEM
or iodoacetamide (IAM) have no effect, while other
SH reagents are powerful inhibitors. While some
mercurials (p-chloromercuribenzoate, PCMBS,
FMA) have proved to have inhibitory effects in all
studies (Macey & Farmer, 1970; Naccache &
Sha’afi, 1974; Ashley & Goldstein, 1981; Benga et
al., 1982, 1983b,c, 1986a,b, 1987h; Brahm, 1982;
Dix & Solomon, 1984; Moura et al., 1984; Toon &
Solomon, 1986) other mercurials (HgCl,, mersalyl)
failed to show their inhibitory action on RBC water
permeability in some investigations (Sha’afi & Fein-
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stein, 1977; Brahm, 1982). It is obvious from the
experiments described in this paper that the condi-
tions for exposure of erythrocytes to various com-
pounds have to be carefully studied in order to
prove or disprove their inhibitory effects on water
permeability. If the duration of incubation and the
concentration of inhibition are not chosen properly
for each compound (see Fig. 1), one can get a whole
range of effects, from lower than maximal inhibition
values to permeabilities of the same magnitude with
those of coutrol cells. This explains the lack of inhi-
bition of water permeability by mersalyl or HgCl, in
studies of Sha’afi and Feinstein (1977) or Brahm
(1982), respectively.

The conditions for inhibition by mercurials are
drastically changed by preincubation of erythro-
cytes with noninhibitory SH reagents (such as
NEM or IAM) or by exposure to proteolytic en-
zymes. The increased permeability of erythrocytes
induced by mercurials on long incubation times has
been noticed (Naccache & Sha'afi, 1974; Dix & So-
lomon, 1984) and it may ultimately lead to increased
fragility (Toon & Solomon, 1986) and hemolysis. If
the cells are digested with papain the duration of
incubation with PCMBS should be decreased in or-
der for inhibition to occur. This explains the lack of
inhibition reported by us previously (Benga et al.,
1983¢), when a relatively long duration of incuba-
tion with PCMBS was used subsequent to papain
digestion.

It is thus clear from our studies that all mercuri-
als are powerful inhibitors of this transport process
and the degree of inhibition that can be induced is
quite similar. It appears that maximal inhibition de-
pends upon mercurial binding to SH groups in-
volved in water permeability. We have previously
shown that such groups are located in bands 3 and
4.5 and that the binding of mercurial is facilitated by
preincubation with NEM (Benga et al., 1986b,c¢).
The binding also appears to be facilitated by a prein-
cubation of erythrocytes for 60 min at 37°C or by the
exposure of erythrocytes to proteolytic enzymes.
The latter feature is in agreement with our previous
observations (Benga et al., 1983b), when inhibitions
around 55% (at 37°C) could be induced by PCMBS-
treatment following a preincubation with chymo-
trypsin or trypsin, compared to inhibitions around
45% induced by PCMBS alone.

While previous studies (Macey & Farmer, 1970;
Naccache & Sha’afi, 1974; Ashley & Goldstein,
1981; Dix & Solomon, 1984), claimed that long incu-
bation times are required for the development of
maximal inhibition induced by mercurials, the
present results show that with higher concentra-
tions than previously used, the inhibition can occur
in several minutes. This shows that the SH groups
located in bands 3 and 4.5 involved in water perme-

ability can be reached in a relatively short time if
concentrations above 2 mm PCMBS are used and
no washing of the inhibitor after incubation is per-
formed.

There were conflicting reports regarding the
temperature dependence of the mercurial-induced
inhibition of water permeability of human blood
cells. While Naccache and Sha’afi (1974) reported
an increase in the degree of inhibition when the tem-
perature was increased (from 23% at 9°C to 40% at
20°C and 80% at 37°C), quite the contrary was pre-
dicted by Brahm (1982) on the basis of measure-
ments of the inhibition at 25°C and calculations of
the degree of inhibition at lower temperatures from
the energy of water diffusion in PCMBS-treated
RBCs. Based on our own observations on the de-
velopment of the PCMBS-induced inhibition of wa-
ter diffusion, the results of Naccache and Sha'afi
(1974) can be explained by an incomplete inhibition
at lower temperatures. In their experiments,
PCMBS was added to erythrocytes (to give 1-mm
final concentration) just prior to measurement of
water permeability at various temperatures. Conse-
quently, different rates of reaction of PCMBS with
SH groups were obtained, with lower rates at lower
temperatures. Therefore, for equal durations of in-
cubation, lower degrees of inhibition are expected
to occur at lower temperatures. On the contrary,
when the measurements of water permeability at
various temperatures were performed on red blood
cells previously incubated with PCMBS, a higher
degree of inhibition could be noticed at lower tem-
peratures (Brahm, 1982; this paper).

The interpretation of our findings should take
into account the mechanisms of water diffusion
across erythrocyte membranes and of the action of
mercurials. Two parallel pathways have been con-
sidered for water transport. One pathway, nonspe-
cific, is the diffusion across the lipid region; the
water molecules riding along with free-volume
pockets created in the membrane interior by ther-
mally generated mobile structural defects in the hy-
drocarbon chains, the so-called ‘‘kinks’’ (Tratble,
1971). The second pathway is represented by hy-
drophylic channels for water movement, the so-
called “‘pores’” localized in membrane proteins. An
important issue is connected with the proportion of
water permeating across the lipid and protein coun-
terparts in RBC membranes. Macey (1984) is claim-
ing that specific water channels in membrane pro-
teins are responsible for 90% of water permeability,
while only 10% of water is crossing through the lipid
bilayer. These proportions are deduced from the
90% inhibition of osmotic permeability produced by
PCMBS. There is general agreement that PCMBS
inhibition reflects the closure of water channels in
proteins. Macey, Karan and Farmer (1972) consid-
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ered that water is entering the PCMBS-treated cells
primarily by diffusion across the lipid areas of the
membrane, i.e., that such cells are indistinguishable
from lipid bilayers. This view was, however, ques-
tioned by Dix and Solomon (1984), who concludes
that the primary route for water diffusion in
PCMBS-inhibited cells is not through the membrane
lipids, but rather through a membrane protein chan-
nel; the effect of PCMBS is to occlude the channel
so that bulk flow is no longer possibie, while not
sealing it completely. Therefore, we agree with the
designation (Moura et-al., 1984) of the lipid pathway
as ‘‘the PCMBS-insensitive pathway.”’

As shown above, a lower degree of inhibition
can be induced in measurements of water diffu-
sional permeability compared to measurements of
osmotic permeability. This is in agreement with
other studies (Conlon & Outhred, 1978; Brahm,
1982; Benga et al., 19835, 1985b, 19875; Dix & So-
lomon, 1984; Moura et al., 1984). While in previous
studies the degree of inhibition was measured at one
temperature and the values for other temperatures
were calculated based on the E,,, in the present
work we have measured the inhibition at various
temperatures, which ranged from 5-42°. It is obvi-
ous that higher values of inhibition occur at lower
temperatures. We suggest, therefore, that the pro-
portion of water diffusing across the lipid pathway
relative to the protein pathway decreases by de-
creasing the temperature. This can be explained by
taking into account the effect of temperature upon
the lipid counterpart of membrane. It is probable
that by decreasing the temperature, the fluidity of
the lipid bilayer decreases. Then, as only the pro-
tein pathway is inhibited by mercurials, a higher
degree of inhibition of water diffusional permeabil-
ity is expected to occur at lower temperatures.
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