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Abstract 

p-Azidobenzylphlorizin (p-AzBPhz) is a potential photoaffinity labeling agent for the anion and glucose transporters in 
human RBCs. In the absence of light and at the same low concentrations which block these transport processes (only 1-2 million 
molecules bound/cell), this impermeable membrane probe produces rapid morphological and volume alterations. This high-af- 
finity activity, called phase 1, can be rapidly and completely reversed by simply diluting the azide-treated cell suspension. Phase 2 
effects, including formation of cells with multiple, long spicules (stage 3/4 echinoeytes), followed by an influx of salt and water 
with eventual lysis, occur at two log units higher concentration by a different mechanism, probably by intercalating into and 
selectively expanding the outer lipid monolayer. Light scattering, electronic cell sizing, microhematocrit measurements and 
scanning electron microscopy have been employed to compare the effects of the azide and the anion transport inhibitor, DIDS 
(4,4'-diisothiocyano-2,2'-stilbene disulfonate), on red cells. DIDS produced only those changes analogous to the azide's low dose 
phase 1 action; cells swell, lose the ability to scatter 800 nm light and undergo a limited shape change (comparable to stage 1 
echinocytosis). The mechanism by which the two ligands perturb the membrane is additive, suggesting that a Band 3-mediated 
transmembrane signaling is involved which leads to altered cytoskeleton dynamics. 
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1. Introduction 

The  me m br a ne  impermeable  5'-p-azidobenzyl 
derivative of the phenolic glucoside, phlorizin, (p-  
AzBPhz), was one of several agents synthesized to 
photoaffinity label the Na+/glucose co-transporter [1]. 
Although its minimal affinity for the renal [2] and 
intestinal (unpublished) sugar transport mechanisms 
limited its use as a probe in these systems, it is unex- 
pectedly potent as a competitive inhibitor of the Na +- 
independent sugar transporter in human erythrocytes 
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[1]. Even more surprising is its high affinity for the 
anion transporter in this membrane. The ligand blocks 
chloride equilibrium exchange at nominal concentra- 
tions less than 2 /zM [1,3]. Results from these inhibi- 
tion studies and binding experiments with the tritiated 
azide indicated that half-maximal inhibition of the an- 
ion exchanger was attained when less than a million 
azide molecules were bound to each RBC membrane.  
When about 2.6 million molecules were bound, half of 
the glucose transport capacity was also blocked [3,4]. 

While attempting to determine the optimal condi- 
tions for photolabeling these two RBC transport sys- 
tems, we noticed that p-AzBPhz caused cell swelling in 
isosmotic media even before photoactivation [5]. In a 
follow-up study involving light scattering measure- 
ments, scanning electron microscopy and electronic 
cell sizing [4], we suggested that the ligand had two 
distinct, dose-dependent actions on the membrane. 
High concentrations (5-60 /xM) caused loss of mere- 
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brane integrity and hemolysis within 30 min - expected 
for an amphoteric ligand. However, at two orders of 
magnitude lower concentration, when about 1 million 
molecules were bound per cell, and when the anion 
(and sugar) transporters were inhibited, the ligand also 
induced cell morphology changes, a decreased 800 nm 
light scattering ability, and a small water (but not 
cation) influx. The cell's transition to a new, stable 
steady state was shown by these methods to be com- 
plete within 1-2  rain, although a video imagining tech- 
nique indicated that the change occurs within seconds 1. 
The ligand appeared to be bound superficially rather 
than being embedded in the lipid bilayer since addition 
of drug-free buffer reversed these low-dose effects just 
as rapidly. This suspicion was supported by the results 
of an electron spin resonance study [3] in which a 
lipid-specific spin label was inserted into the cell mem- 
brane. After the addition of low levels of p-AzBPhz to 
these cells, no change in the order and motion of the 
spin label monitoring the outer monolayer could be 
detected. 

These observations intensified our interest in deter- 
mining the mechanism of the azide's bipartite effects. 
The aim of the present work was to determine whether 
the morphology and volume changes induced by the 
lowest ligand doses could be a consequence of the 
inhibitory action on the anion transporter. In this case, 
we reasoned that other well-established Band 3 antag- 
onists should cause similar responses. DIDS was the 
agent chosen to test this idea because a structural 
similarity between phloretin (and by inference, p- 
AzBPhz) and the disulfonic acid stilbenes has already 
been described. The two ligands appear to share a 
common binding site on the anion exchanger [6,7] and 
both influence water flux [8]. However, other workers 
dispute this relationship [9] and cite earlier data indi- 
cating that phloretin, and even the more polar phlo- 
rizin, are localized in the membrane phospholipid layer 
where they modify the dipole potential at both inter- 
faces [10-14]. These divergent views can be unified if 
one takes into account that phloretin and phlorizin 
possess an unusually acidic 4'-phenolic group, p K  a = 7.2 
[1,14,15]. It can then be argued that the protonated, 
uncharged molecules could interact with lipid [8,13,15], 

whereas the anionic species are preferentially bound to 
Band 3 [6,8]. p-AzBPhz's bimodal action can be inter- 
preted in this context, which leads to the following 
working hypothesis: Loss of membrane integrity, for- 
mation of highly spiculated cell structures and eventual 
lysis occurs when a sufficient number of uncharged 
azide molecules have accumulated in the outer lipid 
monolayer. Its reversible, rapid action, that results in 
membrane blistering, water influx and increased flexi- 
bility (to be reported elsewhere) is due to its high 
affinity, ionic binding to the anion transporter. 

It would not be surprising if p-AzBPhz, as it en- 
gages its Band 3 receptor, would modify either the 
self-association of the tetrameric form of the protein or 
its tertiary structure [16], including its cytoplasmic do- 
main. Either of these transformations might be ex- 
pected to influence cytoskeletal organization [17,18]. 
There are at least two precedents for this kind of 
transmembrane signaling when DIDS interacts with 
Band 3: (i) hemoglobin's association with the trans- 
porter 's intracellular terminus becomes modified [19], 
and (ii) the cytoskeletal network is rearranged so that 
the alkaline extractability of spectrin and ankyrin is 
altered [20]. In the current work, the effects of DIDS 
and low dose p-AzBPhz on RBC morphology and 
volume have been compared. We conclude that these 
ligands influence the erythrocyte shape and volume by 
an identical mechanism as they interact with the Band 
3 protein. 

2. Experimental procedures 

2.1. Materials 

p-AzBPhz was synthesized from the corresponding 
amine [1]. Sigma specified that the DIDS we used was 
80-90% pure. Na+PBS and K+PBS buffers were, re- 
spectively, 154 mM sodium or potassium chloride plus 
15 mM of the corresponding phosphate, final pH 7.4; 
320 mosM, verified by osmometer. The solutions were 
usually passed through 0.2 tzm bacterial filters. A 154 
mM, low sodium (about 20 mM) buffer consisted of 
N-methylglucamine chloride plus 15 mM phosphate 
(pH 7.4). 

1 We have recently examined the kinetics of this phenomenon using 
a quantitative video image morphometry technique. Cell biconeavity 
was lost and cell flattening occurred within 2 s of low level drug 
addition. If the azide dose was slightly increased, membrane bulges 
were formed as the cell appeared to swell. Steady states were 
reached within 15 s. Complete restoration to normal sized discocytes 
within 1-2 s occurred by simply washing the cells free of drug 
(Hoefner, D.M., Davis, B.M. and Diedrich, D.F. (1992) Toxicologist 
12, 184 (Ahstr. No. 661)). In a subsequent study, both DIDS and 
p-AzBPhz increased the flexibility of normal and sickle RBCs, mea- 
sured as an increase in microfilterability. 

2.2. Erythrocyte preparation 

Blood was obtained from five hematologically nor- 
mal volunteers into Vacutainer (K + EDTA)  tubes. The 
red cells were isolated within an hour of collection by 
low speed centrifugation at room temperature.  After 
removing plasma and bully coat, the cells were washed 
at 20°C only twice (to avoid spontaneous echinocytosis) 
with 40 volumes of the buffer to be used in the experi- 
ment. When volume was to be altered, cells were 



M.E. Blank et al. / Biochimica et Biophysica Acta 1192 (1994) 223-233 225 

suspended in osmotically adjusted (with water or su- 
crose) Na ÷ PBS buffers. For the light scattering experi- 
ments, cell suspensions were normally adjusted to 7.5 
million cells/ml (about 0.07% hematocrit), verified 
with the Coulter Counter (model ZB~). 

2.3. p-AzBPhz and DIDS treatment of  cells 

Except when indicated, experiments with the azide 
and DIDS were conducted in subdued light within an 
hour of RBC isolation. During some occasional, lengthy 
procedures (6 h), the inherent change in MCV and 
light scattering capacity of untreated cells was under 
3%. Aliquots from stock, ethanolic p-AzBPhz solu- 
tions were added to buffers a few minutes before use; 
the same volume of each drug solution (or vehicle) was 
added to cell suspensions so that all contained ethanol 
at the same final concentration of 6 mM (0.03%). 
Alcohol must reach 0.05% before a detectable de- 
crease in light scattering signal occurs. Stock solutions 
of DIDS in Na÷PBS were prepared shortly before an 
experiment and were kept in the dark until used. 
Normally, the effect of DIDS was measured at room 
temperature 30 rain after addition to red ceils. 

2.4. Examination o f  cell morphology 

Aliquots of control or drug-treated cell suspensions 
were mixed at 20°C with 10 volumes of 1.5% glu- 
taraldehyde in 0.1 M phosphate buffer (pH 7.4). Cell 
fixation at this aldehyde concentration was rapid 
enough to prevent the reversal of p-AzBPhz effects 
due to dilution. No echinocytosis artifacts occurred 
under these conditions [4]. The fixed cells were then 
collected on Nuclepore polycarbonate filters, rinsed 
with buffer and processed in situ with a gradient 
ethanol dehydration and critical point drying in CO2. 
The A u / P d  sputter-coated sample was observed at 
10-15 kV with a JEOL 35 CF scanning electron micro- 
scope. 

2.5. Light scattering assay 

An Aminco DW 2a recording spectrophotometer 
fitted with the Total Fluorescence Accessory was used 
to measure the effects of erythrocyte shape and volume 
changes. In the split beam mode, the instrument regis- 
ters differences in 90 ° scattering of 800 nm incident 
light produced by irradiating suspensions of untreated 
control and ligand-modified cells at 20 + I°C (main- 
tained with a thermostated cuvette holder). After 
adding identical 3 ml volumes of a 0.07% cell suspen- 
sion to the reference and sample cuvettes, the light 
beams were balanced and recorded on chart paper as 
0% T difference. At zero time, 0.5 ml of vehicle or 
ligand was mixed with the cells using an automatic 

pipette; nothing was added to the reference suspen- 
sion. After closing the sample compartment shutter 
within 5 s, pen deflections (in cm) were recorded for as 
long as an hour. When buffer only was added to the 
sample, a 6-7 cm decrease in scatter was observed due 
to dilution. An increase in scattering units was recorded 
when light deflection was even less than attributable to 
dilution, representing the cell's decreased ability to 
scatter light. 

2. 6. Electronic cell counting and sizing 

The Coulter Counter with Channelyzer, model C- 
1000, was used to count the cell population and to 
estimate relative volume changes. These parameters 
were determined from current impedance across a 100 
/~m aperture through which the cells pass. The Chan- 
nelyzer produces a graphic and numeric size analysis of 
a RBC population distribution, registered as a Chan- 
nelyzer number that is proportional to MCV. The 
instrument was calibrated with latex microspheres and 
Coulter's 4C PLUS (normal, abnormal high and abnor- 
mal low) red ceils were used as controls under low 
count instrument settings. Coincident counting was 
minimized by examining only low density cell suspen- 
sions (~  15 000 cells/ml), p-AzBPhz-treated cells were 
surveyed at 4 min, after they had attained steady state 
[4]. It was important to add azide to the counting vessel 
buffer at a concentration equivalent to that in the RBC 
sample to prevent the rapid reversal of azide binding. 

2. 7. Photolysis 

The procedure used to measure light scattering was 
adapted to photolyze membrane-bound p-AzBPhz. Af- 
ter recording the ligand's effect at 800 nm, the incident 
light was adjusted to 255 nm and both the control and 
treated cells were irradiated at this azide-activating 
wavelength (1 cm light path). At varying intervals, 
20-~1 samples of the suspensions were added to the 
Coulter counting reservoir buffer containing either ve- 
hicle or azide at the concentration being examined. 
Cell count and volume profiles were then determined. 

2.8. Microhematocrit and extracellular space measure- 
ments 

In order to obtain sufficient cells for this analysis, 
1% suspensions were tested. Four min after azide 
addition or after 30 min with DIDS, cells were cen- 
trifuged at very low speed to about a 30% hematocrit; 
150000 dpm of an extracellular space marker ([3H]in- 
ulin) was added at this stage. Triplicate aliquots of cells 
were then centrifuged at 12000 × g  for 15 min in a 
micro-capillary centrifuge and the packed cell volume 
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Fig. 1. Correlation of cell volume with light scattering capacity and Coulter Channelyzer number. Cell volume was altered by adding water or 
sucrose to RBCs in 320 mosM PBS buffer; an osmometer was used for calibration. Swollen cells lost capacity to deflect 800 nm light, measured as 
arbitrary light scattering units (e); osmotically contracted cells scattered more light. Two dotted regression lines of these mean values above and 
below 310 mosM are shown. Electronic cell sizing measurements are given as Channelyzer channel number (o)  representing the mean size 
distribution of the cells. Channel numbers are convertible to approximate cell volume: [Channel No. + 20 (BCT)] x 1.482 (TF), where BCT is a 
base channel threshold, an operator defined setting that excludes low-end noise, and TF is the threshold factor generated from instrument 
calibration using latex microbeads. Thus, for control cells in 320 mosM PBS, the mean calculated MCV was 89 fl [(40.1 + 20)(1.482)], 
corresponding to a baseline light scattering of 6.5 units. Values are means + S.D. of duplicate observations from three different donors. The inset 
shows the degree of correlation between the two measured parameters. 

was measured with calipers using a magnifying glass 2. 
Capillary tubes were cut at the ce l l / supernate  inter- 
face, and after blotting traces of supernatant from the 
cell column, the packed RBCs were extruded with a 
close fitting glass rod, and lysed in a volume of water. 
Extracellular space was determined by measuring ra- 
dioactivity in the packed cells and supernatants. Proto- 
sol ( D u p o n t / N E N  Research Products) was used as 
tissue solubilizer and peroxide as decolorizer according 
to the manufacturer 's instructions. Hemoglobin was 
measured at 540 nm as cyanmethemoglobin. 

2. 9. Statistics 

Means + S.D. are reported for all independent ex- 
periments. The Student's t-test was used to judge the 
level of significance. 

2 Duplicate or triplicate measurements  were made with Yankee 
brand tubes (Becton, Dickenson) which were of superior uniformity 
compared to other  brands. They were calibrated to verify their 1.1 
mm i.d. by measuring the column length (+0.1  mm) of tritiated 
water in relation to the amount  of radioactivity. 

3. Results 

3.1. Correlation of  RBC volume, light scattering ability 
and electronic sizing measurements 

Fig. 1 shows the correlation of the Coulter chan- 
nelyzer signal with the light scattering capacity of cells 
whose volume was altered by modifying the medium 
osmolarity. An increase in cell volume in hypotonic 
media was detected as both an increase in Channelyzer 
number and, as expected for swollen cells, a decreased 
ability to scatter light. Opposite effects were observed 
when cells were made to shrink in sucrose-containing 
hypertonic buffer. When the values for both signals 
were plotted over the osmolarity range examined, very 
similar non-linear curves were obtained with inflections 
occurring at about 310 mosM. The decreased slope at 
higher osmolarities is attributable to the curvflinear 
increase in hemoglobin's osmotic (activity) coefficient 
as its concentration increases [21,22]. The inset in Fig. 
1 indicates the excellent comparison between the two 
assay methods with negligible random error. These 
data support the use of the Channelyzer and light 
scattering as a means to estimate the degree of ligand- 
induced changes in cell volume. 
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Fig. 2. DIDS alters light scattering and electronic sizing measure- 
ments. Panel A shows the dose-dependent decrease in 800 nm light 
scattering ability of 0.07% suspension of cells in Na + PBS treated 
with DIDS for 30 min at 22°C; scattering index values are means + 
S.D. of four or five experiments, two or three replicates each. At 0.1 
/zM, when only about 5 million DIDS molecules/cell had been 
added, light scattering ability was maximally decreased and the cells 
were converted to stage 1 echinocytes: A corresponding cell swelling 
of about 10% was measured (Panel B). No further changes were 
observable over a concentration increase of nearly three log units. 
DIDS binding was covalent; 5 min after drug exposure the increase 
in MCV signal was no longer reversible upon dilution. 

3.2. Light scattering and MCV measurements of DIDS- 
treated t ~ C s  

Results in Fig. 2 show that DIDS produces the same 
morphological and volume changes in red cells as those 
we observed in an early study [4] with the lowest doses 
of p-AzBPhz. The initial effect was a very rapid and 
pronounced cell flattening and loss of biconcavity which 
was detectable with our video imaging method when as 
few as 0.5 million DIDS molecules /RBC were added 
(data not shown). Over the range 0.005-0.06/~M, the 
stilbene converted these smooth-surfaced, flattened 
disks into cells with 25-30 blunt, blister-like extrusions. 
They resembled the stage 1 echinocytes as described by 

Brecher and Bessis [23] and appeared to be identical in 
form as those produced by about 5-10-times greater 
concentration of p-AzBPhz (see our previously pub- 
lished Fig. 4 II and III micrographs in Ref. [4]). With 
this morphology change, the cells' ability to scatter 
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Fig. 3. RBC light scattering ability and volume alteration with 
p-AzBPhz. (Panel A) Scattering index values are means (+ S.D.) of 
light deflection measurements taken at the new steady state, 4 rain 
after azide addition to cells in Na + PBS (o), duplicate or triplicate 
observations (n = 3-6 experiments); or in N-methylglucamine chlo- 
ride buffer (e), from two or three experiments. At 0.4 /zM ligand, 
when scattering ability was lowest and the initial volume increase was 
maximal, RBCs appeared identical to the stage 1 echinocytes created 
by DIDS. Increasing the azide to 3/~M generated highly spiculated, 
stage 3 /4  echinocytes which exhibited efficient light scattering abil- 
ity. Volume change was minor during this transition. Even higher 
azide doses caused progressive salt and water influx and cell swelling 
with eventual lysis and no steady 4 min signal could be obtained. 
Nearly identical effects were observed in K ÷ PBS buffer [4]. At 60 
p.M, cells in N-methylglucamine buffer abruptly shrunk and scatter- 
ing increased since K + efflux was no longer compensated by influx 
of the relatively impermeable cationic amine. Single values of 11.7 
( × )  and 13.1 (zx) are scatter signals from cells 15 min (in Na + PBS) 
and 4 min (in K + PBS) after ligand addition. (Panel B) Coulter sizing 
measurements, showing an initial 10% increase in volume when 
20-30 million azide molecules were added to each cell. The dose 
response tended to plateau at about 0.4-0.6/zM but was offset by a 
second volume increase occurring at slightly higher doses. 
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Fig. 4. Effect of photolysis on electronic sizing profiles of p- 
AzBPhz-treated cells. Channelyzer tracing (solid line; channel num- 
ber 40, 89 fl) of control cell volume distribution. The dashed line 
with mean channel value of 55 (111 fl) was obtained when RBCs 
were exposed to 21 ~M ligand and counted in Na+PBS buffer 
containing the identical concentration of azide. If these treated cells 
were counted in azide-free buffer, ligand binding would reverse and 
the control curve would be obtained. Azide treatment followed by 
photolysis prevented the swollen cells' conversion to normal size 
during their assay in ligand-free buffer. Depending upon irradiation 
time, intermediate channel numbers were obtained; for example, 50 
min photolysis produced cells that returned only partially to normal 
size (o o), mean channel value of 46 (98 fl). 

light decreased (Fig. 2A). The effect was maximal at 
0.06 /zM; thereafter,  no further changes in cell struc- 
ture or light scattering could be detected even when 
DIDS concentration was increased by three orders of 
magnitude. 

Why do these cells scatter less light as they become 
studded with surface irregularities that should make 
them bet ter  deflectors? The results of concurrent 
Coulter Counter  measurements  provide an answer to 
this question (Fig. 2B). DIDS produced an 8 -10% 
increase in MCV at the same dose that caused a 
maximal loss in light scattering ability. The agent forced 
the cells to attain a new steady state in which their 
hemoglobin is diluted and refractive index is de- 
creased. No further DIDS-induced volume changes 
were observed until extreme concentrations were added 
(about 100 /zM). This massive amount  converted the 
ceils to late stage echinocytes in which the blunt sur- 
face irregularities were transformed into elongated 
spikes (as in Fig. 4 IV, Ref. [4]). Cells in this form 
scattered more light. 

3.3. Light  scattering and cell volume alterations by p-  
A z B P h z  

The scattering index and volume changes produced 
when red cells, in either Na+PBS or N-methylgluca- 
mine buffer, were treated with p-AzBPhz over an 
extended concentration range are illustrated in Fig. 3. 
When 2-3  million molecules were added per cell, rapid 
cell flattening occurred (data not shown), the same as 
that produced by low dose DIDS. This was only occa- 
sionally detected as a small increase in light scatter. 
Addition of about 20 .10  6 molecules azide/cel l  or 
0.3-0.4 /zM (equivalent to about 1 million molecules 
bound/cel l ;  see Discussion) produced a maximal loss 
in light scatter as well as an 8 -10% volume increase as 
detected by Coulter measurements.  These DIDS-like, 
initial changes exerted by p-AzBPhz are hereafter  re- 
ferred to as the high-affinity, phase 1 effects. A plateau 
in the MCV dose-response curve was not quite at- 
tained because the addition of only slightly more azide 
produced a second membrane  alteration, one involving 
a loss of integrity - one that culminated in cell lysis 
(the phase 2 azide effect). The azide-induced volume 
changes were observed in either Na+PBS or K+PBS 
buffers and even when the relatively membrane  imper- 
meable N-methylglucamine was the predominant  cation 
(Fig. 3 A and B). No cation influx takes place during 
phase 1 and intracellular concentrations of Na ÷ and 
K ÷ actually decrease to the same extent as the RBC 
volume increase [4]. 

When the concentration of p-AzBPhz was increased 
by 2 log units greater  than that required to produce 
maximal high-affinity effects, the cells sustained a sec- 
ond, non-specific alteration. During this phase 2 event, 
the light scattering pattern reversed twice. Cells first 
became more efficient light deflectors (scattering in- 
creased) as the blunt membrane  projections progres- 
sively narrowed into more than 100 long spikes. Cell 
size remained nearly constant during this morphology 
change to stage 3 echinocytes. When the azide concen- 
tration reached about 2 . 1 0  8 molecu les /RBC,  the 
scattering signal abruptly reversed again. Cells swelled 
and became spherical. In sharp contrast to the phase 1 
effects, this scatter signal did not stabilize within 1-2  
min after ligand addition, reflecting the cell's inability 
to maintain a steady-state volume at these higher doses. 
The ligand apparently forms channels of a size large 
enough to permit the influx of salt and water, but not 
molecules the diameter  of sucrose; at 25 mM, the 
impermeable sugar blocked the rate and extent of  
hemolysis at these high azide levels [5]. As long as 
p-AzBPhz remained less than 40 /zM, the rate of salt 
and water influx was relatively slow and, as shown in 
Fig. 3A, swelling but very little lysis occurred within the 
4 min measurement.  Even after 15 min at 15/~M, only 
about 5% of the cells had lysed. However, at the 
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Table 1 
Microhematocrit measurements on p-AzBPhz- and DIDS-treated 
RBCs 

Nominal ~M Decrease in hemoglobin Trapped 
[ligand] absorbance/mm volume (%) 

of packet cells (%) 

0 (control) (41) 5.8 _+ 0.48 (28) 
0(270 mosM) 9.7+0.20 (7) 

0.002 1.6 + 0.11 (14) 4.7 5:0.37 (10) 
0.006 2.2+0.20 (15) 4.6+0.32 (12) 
0.01 3.3 + 0.23 (19) 4.4 ± 0.26 (11) 
0.033 6.1 + 0.47 (15) 4.3 ± 0.31 (12) 
0.10 8.0_+0.75 (13) 4.2+0.24 (12) 

0.1 1.9 ± 0.36 (13) 4.7 + 0.31 (12) 
0.2 3.2+0.39 (17) 4.2+0.41 (11) 
0.4 7.1 +0.45 (22) 4.1 +0.45 (14) 
1.0 7.4+0.51 (15) 4.4+0.54 (12) 
3.0 8.2+0.80 (12) 7.8 + 1.56 (12) 

DIDS 

p-AzBPhz 

A counted number of RBCs in Na + PBS were treated with varying 
concentrations of p-AzBPhz and DIDS. Suspensions were spiked 
with 14C-labeled inulin, loaded into calibrated microhematocrit capil- 
laries and then centrifuged. After measuring the lengths of super- 
natant and cell column, the packed RBCs (range 16.0-20.3 mm) 
were extruded, lysed and assayed for radioactivity and hemoglobin. 
Hemoglobin/packed cell length and trapped fluid space both de- 
creased depending on dose of either ligand, suggesting that cells 
packed tighter even though swollen. At 3 /~M azide, the trapped 
volume increased reflecting the increased cell rounding that occurs 
during phase 2. The extent of swelling when RBCs were suspended 
in 270 mosM buffer (in lieu of normal 320 mosM) is shown for 
comparison. Compiled values represent means + S.D. (n). 

critical concentration of 60 /zM,  nearly complete lysis 
was seen in 30 min in Na+PBS and within 4 min in 
K+PBS. Presumably, lysis was slower in Na+PBS be- 
cause K + effiux compensated somewhat for the rapid 
Na ÷ influx. However,  when the predominant  extracel- 
lular cation was N-methylglucamine, the opposite oc- 
curred - cell volume decreased and light scattering 
increased at 60 /~M azide. Apparently,  pores were 
created that were wide enough for the rapid escape of 
K ÷ (plus CI -  and water) but they still partially re- 
stricted the influx of the larger protonated amine. 

3.4. Phase 1 swelling measured by microhematocrits 

Table 1 displays the results of microhematocri t  ex- 
periments performed to verify the phase 1 volume 
effects seen with the Coulter instrument. When 
erythrocytes were treated with varying amounts of p-  
AzBPhz or DIDS, the packed cell volume increased, 
the amount  of h e m o g l o b i n / m m  of packed cells was 
reduced, but less extracellular fluid was t rapped in the 
packed cell column. These results indicate that the 
ligand-treated cells have a larger MCV and pack 
tighter, suggesting that they were more deformable,  a 

finding consistent with our unpublished observations 
(see footnote 1 on p. 224). 

3.5. Irreversibility of  p-AzBPhz action after photolysis 

As long as the ligand was tested below 1-2  /xM in 
subdued light, its effects were completely reversed by 
simple dilution of the cell suspension with azide-free 
buffer. Fig. 4 replicates the Channelyzer tracings ob- 
tained for normal RBCs in Na+PBS and cells treated 
with a large dose (21 /zM) of p-AzBPhz. The mean 
channel value of 40 for control cells (89 fl; solid line) 
was shifted to 55 (111 fl) within 4 min after azide 
addition. However, a stable increase in size distribution 
could not be recorded unless the azide was also pre- 
sent in the Coulter counting buffer. If  azide-treated 
cells were diluted 1 : 5 0 0  in ligand-free buffer, the 
binding rapidly reversed and the Coulter signal re- 
verted to the control profile during the 1-2  min mea- 
surement.  However, if the membrane-bound ligand was 
first photolyzed at 255 nm and then diluted in the 
reservoir buffer, the return to normal MCV and shape 
upon dilution was incomplete. Cells exposed to UV for 
20 or 70 min, and then diluted, generated profiles with 
channel values of 43 (nearly complete reversal) and 52 
(almost no reversal), respectively. Photolysis for 50 min 
gave an intermediate value of 46 after dilution (Fig. 4). 
Relatively long periods of photoactivation were re- 
quired because the cells were not stirred, the incident 
UV was of low intensity, and shielding by hemoglobin. 
RBCs irradiated for 70 min in the absence of azide 
produced a profile identical to that measured for non- 
irradiated controls. Which membrane  components  are 
photolabeled under  these conditions has not yet been 
clearly established. In preliminary experiments, using 
tritiated p-AzBPhz as well as its aglycone ([1], and 
unpublished data), the only protein targets were Bands 
3, 4.5 and particularly a 28 kDa protein [24]. 

3.6. Effects of  DIDS and p-AzBPhz are additive 

If  p-AzBPhz 's  phase 1 effects are the result of its 
interaction with Band 3, then a decrement  in this 
activity should be observed when the alleged common 
receptor site is occupied by DIDS. Ligands thatl act 
through the same mechanism will exhibit additive activ- 
ity up to a common ceiling, and this was found for the 
stilbene and azide in a series of experiments (Fig. 5). 
Cells were first t reated for 30 min with different con- 
centrations of DIDS which exerted effects as those 
shown in Fig. 2. Equal aliquots were then placed into 
sample and reference cuvettes, and after the ab- 
sorbance was re-balanced, varying concentrations of 
azide were added to only the experimental  sample. 
Since DIDS had already exerted partial effects, the 
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Fig. 5. Shape and volume changes of DIDS and p-AzBPhz are 
additive. RBCs were first treated with DIDS at 0 (solid line), 0.017 
(v) ,  0.2 (©), 1.7 (v) ,  and > 5/~M (11) for 30 min. Increasing DIDS 
progressively robs the azide of its capacity to elicit additional shape 
and volume changes normally produced at 0.06-0.6 /zM (Panel A). 
However, cells exposed to even the highest dose of DIDS were still 
susceptible to p-AzBPhz's non-specific, phase 2 action but only after 
it attained the same concentration (0.6/zM) that would have caused 
these changes in non-DIDS treated cells. See text for further details. 
(Panel B) The solid line replicates the data in Fig. 3B. The volume of 
DIDS pre-swollen cells was relatively unaffected over the concentra- 
tion range of azide normally producing phase 1 effects (up to 3/~M). 
DIDS treatment had no influence on the p-AzBPhz's ability to alter 
membrane integrity and increase cell volume at greater than 3 IzM. 

azide's ability to produce phase 1 action was limited to 
that residual from the maximal effect caused by either 
agent alone, viz. 4 scattering units and about 10 fl 
MCV increase. For example, p-AzBPhz could produce 
only about two additional scattering units in RBCs 
previously treated with 0.2 /xM DIDS which had al- 
ready influenced light scatter by 2 units (see Fig, 2). 
When phase 1 concentrations (0.06-0.6 /zM) of the 
azide were added to cells that had already been maxi- 
mally altered by DIDS, no further decrease in light 
scatter and only minimal MCV changes (from 97 to 99 
fl) was detectable. On the other hand, DIDS-treated 

ceils were fully responsive to the azide's phase 2 action. 
It is noteworthy that increased scatter due to the highly 
spiculated cell forms did not occur until the azide 
reached 0.6 /zM, the same concentration required to 
alter untreated cells. The abrupt pre-lytic MCV in- 
crease and sphero-echinocyte formation was also initi- 
ated at 3 IzM, in both untreated or DIDS-exposed 
cells. 

4. Discuss ion  

Two critical points need to be considered in assess- 
ing our results. The first pertains to our view that the 
Coulter Channelyzer signal is a reliable indicator of 
cell volume. Although the data in Fig. 1 support this 
idea, impedance measurements made with the Coulter 
instrument are known to be influenced not only by 
volume but also by the orientation and shape as well as 
the flexibility of the particle being measured. Skewed 
distribution curves and erroneously large RBC size 
estimations have been reported when MCHC values 
were high, cell deformability was reduced, or the ori- 
fice of the aperture tube was too small [25-27]. These 
factors are not applicable in our work; an optimal 100 
/zm dia orifice was used, the MCHC of ligand-treated 
ceils was low, not high, and RBCs actually became 
more deformable when treated with low levels of azide 
(see footnote 1 on p. 224). Furthermore, there is at 
least one report that RBC shape changes introduced 
no significant error in volume determinations [28]. Fi- 
nally, to rule out any ambiguity involving the Coulter 
signal, the phase 1 cell swelling was documented with 
microhematocrit measurements in calibrated capillary 
tubes ([4], and Table 1). Since < 1% hemolysis oc- 
curred, these data confirmed our earlier finding [4] 
indicating that treated cells packed tighter, despite 
being slightly swollen. This apparent increase in de- 
formability was also found in unpublished experiments 
in which azide-treated RBCs (and especially sickle 
cells) passed through 3-/xm pore filters more readily 
than controls. 

The second point is that the phase 1 morphology 
and volume changes occurred when RBCs were ex- 
posed to only a few million ligand molecules/cell. At 
this low concentration, tritiated azide binding to 0.2% 
cell suspensions was found to be about 6-8% of that 
added (data not shown). Although binding was not 
determined at the 0.07% hematocrit used in the pre- 
sent study, we have extrapolated that about 2-3% of 
the added azide binds to the smaller number of cells. 
With this assumption, maximal phase 1 alterations 
occur when a cell binds about 1-2 million molecules, a 
value equivalent to the number of copies of Band 3. 
While this agreement may be fortuitous, the observa- 
tion [1,3] that the anion transporter, operating in the 
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exchange mode, was about half-maximally inhibited at 
this azide concentration makes a strong argument for 
this relationship. Consequently, we propose that the 
first molecules of p-AzBPhz added to erythrocytes do 
not interact with the bulk lipid but are preferentially 
recruited by an external binding site on the transport 
proteins. Support for this idea comes from the cell 
sizing, microhematocrit and light scattering measure- 
ments showing that as long as the ligand was tested 
below 1-2 /xM in subdued light, highly deformed and 
swollen cells rapidly reverted to normal sized disco- 
cytes after dilution in azide-free buffer. Our video 
imaging study indicated that this reversal takes place in 
seconds. Insertion into the bilayer occurs at higher 
dosages and this is when the non-specific phase 2 
effects are observed. A similar bimodal interaction 
with the RBC membrane was reported for phloretin, 
from which p-AzBPhz is derived: Two sites were iden- 
tified, one protein and the other lipid [29]. 

To our knowledge, the small increase in RBC vol- 
ume caused by DIDS has been reported with minimal 
comment only twice before [8,30]. On the other hand, 
our findings do not agree with the work of Mosior and 
co-workers [31] who reported that DIDS did not alter 
cell volume of bovine RBCs washed in Mg2+/Hepes 
buffer after DIDS treatment. The immense amount of 
DIDS required to initiate phase 2-like cell forms was 
also a surprising result. Much evidence [32-36] sup- 
ports the view that the degree of echinocytosis induced 
by anionic amphiphiles is proportional to the amount 
inserted preferentially into the bilayer's outer leaflet. 
Anions more lipophilic than the stilbene would have 
produced DIDS-like membrane bulges as a first step in 
a continuum towards stage 3 /4  echinocyte formation. 
In contrast, after DIDS produced its low dose mor- 
phology changes, stage 2 spicule formation did not take 
place over the next 1000-fold concentration increase. 
Consequently, it appears that identical initial shape 
changes can be produced by two different mechanisms; 
one the result of a Band 3 modification and the other 
consistent with the bilayer couple hypothesis [34]. 

Deuticke's early work [37] and the bilayer couple 
hypothesis [34] motivated several authors to suggest 
that normal discocytes convert to echinocytic forms 
when the outer leaflet selectively expands (or the inner 
contracts) by 0.4-1.2% [36,38,39]. In our work, the 
maximal increase in light scattering due to long spicule 
and stage 3 /4  echinocyte formation required 3 /~M 
azide. The expansion of the membrane surface area 
elicited by this high ligand level can be estimated by 
assuming that only the lipophilic benzylazide moiety 
inserts into the outer bilayer. This cylindrical moiety of 
about 0.5 nm dia could then occupy 0.2.10 -6 ~m 2 and 
the 6.106 molecules bound to each cell (3% of that 
added) would occupy 1.2 ~m 2. With the RBC surface 
area taken as 140 tzm 2, the outer monolayer could 

have expanded about 0.8%. This calculation re-empha- 
sizes the idea that the initial, phase 1 membrane defor- 
mations which require only 0.1-0.2 /zM are not the 
result of this lipid insertion mechanism. Furthermore, 
it is generally accepted that anionic lipids act by an 
isovolumetric mechanism [36,40], but there are at least 
two contradictory reports [41,42]. Our results indicate 
that the initial morphology change produced by the 
Band 3 antagonists is accompanied by about a 10% 
water influx. This is not a dilemma; it indicates that 
water movement occurs only when the membrane dis- 
tortion is Band 3 mediated and involves the weakening 
or remodeling of the dynamic interactions among the 
skeletal components [43]. 

How the interaction of our ligands with Band 3 
could affect the cytoskeleton to cause the observed 
shape, volume and rheology changes remains unan- 
swered. Considerable evidence supports the view that 
the functional integrity of the membrane skeleton and 
its linkage to the bilayer are essential for the mainte- 
nance of the red cell shape and mechanical soundness 
[17,18,44-46]. In one popular proposal, a translocase 
('flipase') accounts for the asymmetrical assembly of 
phospholipids; acidic phospholipid asymmetry is main- 
tained by their interaction with cytoskeletal compo- 
nents, primarily spectrin [17,47-52]. Cytoskeletal alter- 
ations causing withdrawal of the meshwork from the 
membrane's inner surface might then allow the 
inward-facing aminophospholipids to flop and expand 
the outer leaflet. This step-wise, spectrin withdrawal 
mechanism seems much too slow to account for the 
rapid initiation of stage 1 echinocytosis by our ligands. 

Any proposal offered to explain the azide's phase 1 
shape and volume effects must account for the follow- 
ing findings: (i) very rapid action and complete reversal 
within 1-2 s by simple dilution of the ligand/cell 
suspension (see footnote 1 on p. 224); (ii) stable cell 
alterations at each dose increment representing new 
steady state formation [5]; (iii) irreversibility of the 
effects after ligand photolysis (Fig. 3); (iv) activity in 
either Na ÷, K ÷ or N-methylglucamine C1 buffers and 
cell swelling independent of cation fluxes (Fig. 2 and 
Ref. [4]); (v) effects occurred when ligand binding was 
10-fold less than the amount required to form 
echinocytes by outer membrane monolayer expansion; 
(vi) other agents possessing the benzylazide moiety 
(4-azidophlorizin, and the aglycone of p-AzBPhz) do 
not produce these effects at comparable doses (data 
not shown); (vii) the environment of a lipid specific 
spin label (5-doxylsteric acid) pre-inserted in the mem- 
brane was unaltered upon azide binding, whereas mo- 
tion of a reporter group monitoring the lipid/water 
interface (Cat-16) became restricted [3]; (viii) a cell 
(membrane?) that becomes more deformable, not 
stiffer (see footnote 1 on p. 224); (ix) inhibition of the 
anion transporter over the same concentration range 
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[1]; (x) DIDS acted additively and produced the same 
phase 1 alterations as p-AzBPhz. 

An explanation that satisfies each of these criteria 
and accounts for the morphological, rheological and 
volume alterations induced by either DIDS or the 
lowest levels of p-AzBPhz is that the ligands have a 
common mechanism, i.e., interaction with Band 3. 
Spicule formation, stage 3 /4  echinocyte formation, loss 
in membrane integrity with eventual lysis results from 
the azide's interaction with membrane lipids. 

It is still puzzling why water uptake should occur. 
What is the driving force for this influx? Vertessy and 
Steck [53] presented ideas which prompt us to consider 
a possible auxiliary role of the cytoskeleton, namely it 
provides the red cell membrane a means to resist 
stretching. Any relaxation of cytoskeletal infra-struc- 
ture might allow, for a given osmotic force, a greater 
resting cell volume. Perhaps the Band 3 antagonists 
behave like Ca 2+ which has been reported to induce 
localized detachment of skeletal proteins from the in- 
ner membrane face and produce the same cone-shaped 
membrane projections as seen with our ligands [54-56]. 
Could the drive for water influx be created by an 
alteration in the pre-existent intracellular osmotic so- 
lute concentration? A plausible mechanism might in- 
volve a ligand-induced exposure of new amine residues 
(perhaps from hemoglobin?) which could be proto- 
nated and provide the impetus for chloride entry [28]. 
However, a considerable number of moieties would 
have to be generated to foster a chloride influx satisfy- 
ing the osmotic force requirements. In a preliminary 
experiment to monitor pH changes, a medium alkaliza- 
tion that should have resulted from proton influx was 
not detectable. 
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