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Dithiothreitol stimulates the activity of the plasma membrane
aminophospholipid translocator
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Metabolic depletion induces human erythrocytes to crenate, a shape change that is reversed when ATP is regenerated by
nutrient supplementation. In the presence of the sulfhydryl reducing agent dithiothreitol (DTT), this shape reversal is
exaggerated, proceeding beyond normal discoid morphology to stomatocytic forms. DTT-induced stomatocytosis does not
correlate consistently with alterations in cell ATP, spectrin phosphorylation, or phosphoinositide metabolism (Truong, H.-T.N.,
Ferrell, J.E., Jr. and Huestis, W.H. (1986) Blood 67, 214-221). The effect of DTT on outer-to-inner-monolayer transport of
aminophospholipids was examined by monitoring shape changes induced by dilauroylphosphatidylserine (DLPS). Stomatocytosis
induced by transport of this exogenous lipid to the membrane inner monolayer is accelerated and exaggerated by DTT. The
effect of DTT on DLPS translocation is reversible and temperature dependent, consistent with the intervention of reducing
agents in the activity of the aminophospholipid translocator. These findings bear on the relationship between cell redox status

and shape regulation.

Introduction

Normal human erythrocytes are biconcave discs, a
morphology critical to circulatory competence. Their
discoid shape can be manipulated in vitro in a variety
of ways. Amphipathic molecules such as lysophosphati-
dylcholine or dinitrophenol convert the cells to spiked
spheres (echinocytes), a process called crenation [1,2].
Crenation also ensues when cells are loaded with Ca?*
[3,4], depleted of Mg?™ [5,6], or incubated in the ab-
sence of nutrients [7]. When these conditions are re-
versed, as by nutrient or Mg?* supplementation or
removal of Ca?* or amphipaths, erythrocytes recover
stable discoid morphology [4,7].

Reducing agents such as dithiothreitol (DTT) com-
promise erythrocyte shape regulation in a complex
manner. Cells recovering from metabolic crenation in
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the presence of DTT regain discoid shape, but then
become cupped and develop the invaginations and
endocytic inclusions of stomatocytes {8]. DTT-induced
stomatocytosis is observed in echinocytes recovering
from crenation processes involving cell metabolic ma-
chinery (ATP depletion, Ca®* loading, Mg?* deple-
tion), but not in echinocytes recovering from am-
phipath crenation (see accompanying manuscript [35]).
The extent of such ‘metabolic’ stomatocytosis is pro-
portional to the original degree of echinocytosis: more
severely crenated cells become more severely stomato-
cytic, while DTT has no evident effect on the morphol-
ogy of discocytes. DTT must be present continuously to
effect and maintain stomatocytosis; reduction of disco-
cytes prior to crenation does not lead to stomatocyto-
sis, and DTT-induced stomatocytes revert to discs on
removal of the reducing agent.

These observations suggest that DTT affects the
metabolic mechanism of erythrocyte shape regulation.
However, several reasonable candidates for such inter-
vention can be ruled out: DTT has no effect on ATP
resynthesis or glutathione reduction, nor does it alter
the phosphorylation of phosphatidylinositides or cyto-
skeletal proteins [8].

Another metabolically regulated cell property is the
phospholipid distribution in the plasma membrane.
The nonrandom distribution of the major classes of
phospholipids is well established; in healthy erythro-
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cytes, choline phospholipids are located primarily in
the outer monolayer of the membrane, while 80% of
phosphatidylethanolamine (PE) and 100% of phospha-
tidylserine (PS) is found in the cytoplasmic monolayer
[4,10]. Aminophospholipid asymmetry is maintained by
headgroup specific binding to inner monolayer sites
[11-15] and /or by the transport activity of an ATP-de-
pendent aminophospholipid translocator [16-20]. In
addition to the requirement for ATP, such transloca-
tion is inhibited by Mg?* depletion [17] and Ca?™*
loading [21]; thus cells subjected to these conditions
eventually develop more nearly random phospholipid
distributions. The studies reported here explore the
connection between DTT-dependent stomatocytosis
and the activity of the aminophospholipid translocator.

The technique employed to examine aminophospho-
lipid transport is observation of cell shape changes.
Prior work showed that the morphology of erythrocytes
is a sensitive function of the relative lipid occupancy of
the inner and outer monolayers of the plasma mem-
brane [22]. Incorporation and translocation of exoge-
nous phospholipids is conveniently monitored from mi-
croscopic examination of cell shape changes: outer
monolayer intercalators such as phosphatidylcholine
(PC) induce stable spiculation, while agents that accu-
mulate in the membrane inner monolayer produce
cupping and invagination. The activity of the
aminophospholipid translocator is reflected in cell re-
sponses to exogenous PS; cells spiculate transiently,
then revert to discoid and eventually stomatocytic forms
[17]. Radiolabel extraction studies using both PC [22]
and PS [23] have shown that these shape changes
report reliably on the transbilayer location of exoge-
nous lipids.

Materials and Methods

Materials. Penicillin G was obtained from Pfizer
(New York). All other biochemicals were products of
Sigma (St. Louis, MO). Other chemicals, obtained from
J.T. Baker (Phillipsburg, NJ) or Fischer Scientific
(Pittsburgh, PA), were at least reagent grade. Dilau-
roylphosphatidylserine (DLPS) was prepared enzymati-
cally from dilauroylphosphatidylcholine (DLPC) as de-
scribed [22].

Cells. Human erythrocytes were obtained from
healthy donors and isolated as described [8]. Cells were
used within 3 h of being drawn.

All incubations were carried out at 37°C in capped
plastic tubes. In lengthy incubations, suspending buffers
contained 100 pg/ml streptomycin and 100 pg/ml
penicillin (added as a 1000 X concentrate) to retard
bacterial growth.

Metabolic depletion and recovery. To induce ATP
depletion and crenation, cells were incubated at 37°C
in 4 vol of NaCl/P; buffer (150 mM NaCl, 7.5 mM

Na,HPO, (pH 7.4)). Shape recovery was effected by
pelleting echinocytes and resuspending them at 37°C in
4 vol. of buffer, either NaCl /P, or phosphate-buffered
saline (138 mM NaCl, 5 mM KCl, 1.4 mM NaH,PO,, 1
mM MgSO,, 5 mM glucose, pH 7.4) supplemented
with 10 mM glucose, 10 mM inosine, and 1 mM adeno-
sine (final concentrations; added as 10 X concentrates),
as indicated in figure legends. Stomatocyte formation
was induced by adding DTT to replenishing buffers, to
yield a concentration of 10 mM.

DLPS vesicle incubations. DLPS vesicles were pre-
pared by drying a chloroform solution of the lipid with
a nitrogen stream, resuspending the lipid in aqueous
buffer (138 mM NaCl, 5 mM KCl, 7.5 mM Na,HPO,,
5 mM glucose (pH 7.4)) at the concentrations indicated
in figure legends, and sonicating to clarity in a bath
sonicator warmed to 10°C above the phase transition
temperature of the lipid. Cells were incubated at 0°C
in an equal volume of prechilled vesicle suspension for
45-60 min, conditions which result in incorporation of
95-100% of vesicle lipid into cells [6]. Suspensions
were then diluted to 10% hematocrit in phosphate-
buffered saline at 37°C to initiate DLPS translocation.
As indicated in figure legends, some of these resuspen-
sion media contained 10 mM DTT.

Morphology assay. After the intervals indicated in
figure legends, aliquots of erythrocyte suspensions were
fixed at 5% hematocrit in 150 mM NaCl containing
0.5% glutaraldehyde. Cells were examined by bright
field microscopy at 500 X magnification. Stomatocytes
were assigned a morphology score of —4 to — 1, disco-
cytes a score of 0, and echinocytes a score of +1 to +5
[4,17,23]. The average score for a field of 100 cells was
designated its morphological index (MI; [2]). The abso-
lute magnitude of shape responses to amphipaths var-
ied with the donor, so averaging data from multiple
experiments was impractical. The data shown in figures
represent the averages of replicate samples in a typical
experiment. Repeated blind counting of replicate sam-
ples yielded errors on the order of 0.1 MI unit, an
uncertainty reflected in the size of the figure symbols.

Results

DTT effects on recovery from metabolic crenation

Erythrocytes were incubated in nutrient-free
NaCl /P, to deplete ATP stores. The resulting spiculate
cells (echinocytes) were pelleted and resuspended in
sugar-supplemented NaC'l/Pi in the presence or ab-
sence of 10 mM DTT. Cells in control samples recov-
ered and retained discoid shape, while cells incubated
with DTT recovered discoid shape more rapidly, then
became cupped and invaginated (Fig. 1). When the
reducing agent was removed by pelleting and resus-
pending cells, stomatocytes reverted slowly to discoid
morphology (arrows, Fig. 1).
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Fig. 1. Reversible DTT-induced stomatocytosis in erythrocytes recov-
ering from metabolic starvation. Cells depleted by incubation at 37°C
for 23 h were resuspended in supplemented NaCl/P; in the absence
{0) or presence (®) of 10 mM DTT. At t=1 h (®) and 4.25 h (e)
after resuspension (arrows), aliquots were removed, washed free of
DTT, and incubated further in DTT-free supplemented NaCl/P;.
The discontinuity in MI seen after the fourth washing step reflects
the echinogenic effect of chilling.

Temperature dependence of DTT-induced metabolic
stomatocytosis

Metabolically depleted cells were incubated in nutri-
ent supplemented buffer at 37°C or 15°C, in the pres-
ence and absence of 10 mM DTT. DTT accelerated
shape recovery at both temperatures (Fig. 2, closed
symbols). Final morphology attained by control cells
was similar at 37°C and 15°C (MI approx. +0.2; Fig. 2,
open symbols). DTT induced reversion to severely
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Fig. 2. Temperature dependence of DTT-induced stomatocytosis.
Metabolically crenated cells were incubated in supplemented phos-
phate buffered saline in the absence (open symbols) or presence
(closed symbols) of 10 mM DTT at 15°C (O, ®) or 37°C (O, m).
Error bars (representing reproducibility of replicate cell counting)
are shown by the size of symbols.
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Fig. 3. DTT increases the rate of DLPS-induced stomatocytosis.

Erythrocytes were pretreated with an equal volume of 250 uM DLPS

for 1 h at 0°C in the absence () or presence (B) of 10 mM DTT.

Samples were then (¢ = 0) diluted to 10% hematocrit with warmed
buffer and incubated further at 37°C.

stomatocytic shapes at 37°C (MI —1.5), but not a 15°C
(MI -0.1)

DTT effects on DLPS translocation

Erythrocytes were incubated with DLPS vesicles (250
uM DLPS) at 0°C, treatment that introduces the ex-
ogenous lipid into the outer membrane monolayer and
crenates the cells. On subsequent incubation at 37°C,
such cells become first discoid and then stomatocytic
[17,23]. In the presence of DTT, this shape reversion
was accelerated slightly (MI /min = —0.38 in the pres-
ence of DTT, vs. —0.30 in controls (Fig. 3)). After
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Fig. 4. For cells treated with lower concentrations of DLPS, DTT
increases rate and extent of stomatocytosis. Erythrocytes were pre-
treated at 0°C first with an equal volume of 25 (a, a) or 100 uM
(O, m) DLPS for 1 h, then with 0 mM (open symbols) or 10 mM
(closed symbols) DTT for 45 min. Cells were then (¢ = 0) diluted to

10% hematocrit with warmed buffer and incubated further at 37°C.
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Fig. 5. Removal of DTT reverses its effect on DLPS-induced stoma-
tocytosis. Erythrocytes were pretreated as in Fig. 4 first with 100 uM
DLPS, then 0 (O) or 10 (@) mM DTT. Samples were diluted to 10%
hematocrit in warmed buffer and incubated for 3.5 h at 37°C. Cells
were then pelleted (arrow), washed four times in 10 vols. phosphate-
buffered saline, and reincubated at 37°C in supplemented phos-
phate-buffered saline.

treatment with 250 uM DLPS, the eventual extent of
stomatocytosis was similar (MI —3) in control and
DTT-treated samples.

For cells exposed to lower concentrations of DLPS,
DTT increased the extent of stomatocytosis (Fig. 4). At
concentrations < 25 uM, DLPS had minimal effect on
cell morphology, but subsequent addition of DTT in-
duced slight cell cupping (Fig. 4, triangular symbols).
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Fig. 6. DTT activates DLPS translocation at 37°C, but not at 15°C.
Erythrocytes were pretreated with DLPS as in Fig. 3, then diluted to
10% hematocrit and incubated at 15°C (A, a) or 37°C (T, ®) in
the absence (open symbols) or presence (closed symbols) of 10 mM
DTT.

Cells pretreated with 100 uM DLPS reverted to mod-
erately advanced stomatocytes (MI — 1; open squares),
a shape change accelerated and enhanced (MI —1.6;
closed squares) by DTT.

Recovery from DTT-induced stomatocytosis

Cells were treated with DLPS (100 wM), then incu-
bated at 37°C in the presence or absence of 10 mM
DTT (Fig. 5). DTT-treated cells reverted to an MI of
— 1.4, while controls reverted to MI —0.9. After 3 h,
control and DTT-treated cells were pelleted and
washed to remove DTT, then resuspended in supple-
mented phosphate-buffered saline and incubated fur-
ther. Both control and DTT-treated cells reverted to
discoid shape, attaining the same morphology after 7 h.

Temperature effects on reversion from DLPS-induced
stomatocytosis

Cells were treated with DLPS (250 pM), then incu-
bated with or without DTT at 15°C and 37°C (Fig. 6).
At 37°C, the resulting stomatocyte formation was ac-
celerated by DTT. At 15°C, reversion was not signifi-
cantly different for control and DTT-treated cells.

Discussion

This study was prompted by the apparent correla-
tion between conditions that compromise transbilayer
phospholipid asymmetry and conditions that make ery-
throcytes susceptible to DTT stomatocytosis [8]. Of an
array of metabolically regulated processes examined
(protein and lipid phosphorylation, cell glutathione and
ATP levels), only phospholipid asymmetry and/or
transbilayer aminophospholipid transport are affected
consistently by the echinogenic conditions that lead to
DTT stomatocytosis. Diminished aminophospholipid
asymmetry is reported in calcium-loaded red cells [28],
resealed ghosts [24], and ATP-depleted cells [29]; (how-
ever, PS scrambling is not found in ATP-depleted cells
tested by some assays [30,31]). ATP depletion, magne-
sium depletion, and calcium loading all inhibit the
outer-to-inner-monolayer transport of exogenous
aminophospholipids [16-18,25]. Each of these treat-
ments generates echinocytes that cannot regain stable
discoid morphology in the presence of DTT.

Several reports implicate protein sulfhydryl func-
tions in the activity of the aminophospholipid transio-
cator: transport of exogenous PS and spin- or fluores-
cent-labeled PS analogs is inhibited by sulfhydryl oxi-
dizing agents and alkylating agents [17,20,26,32], and
oxidant inhibition is reversed by DTT in erythrocytes
[17,6] and platelets [27). If DTT were to stimulate the
activity of the aminophospholipid transporter in recov-
ering cells, more rapid and extensive transport of PE
and /or PS would be expected to generate stomatocyto-
sis by inner-monolayer expansion.



Effect of DTT on exogenous aminophospholipid translo-
cation

On exposure to short acyl chain PS homologs at 0°C,
where the aminophospholipid translocator is inhibited,
metabolically replete erythrocytes crenate as the for-
eign lipid accumulates in the outer membrane mono-
layer. On warming to 37°C, such echinocytes become
discocytic and then stomatocytic as the excess PS is
translocated to the inner membrane leaflet [17]. In the
presence of DTT, this shape change is accelerated and
(at low PS concentration) enhanced. Since DTT has no
independent effect on the shape of metabolically re-
plete cells, this enhanced stomatocytosis is consistent
with DTT stimulation of PS transport.

In support of this correlation, DTT affects both cell
shape and exogenous PS transport in a reversible and
temperature dependent manner. On removal of the
reducing agent, ‘metabolic’ stomatocytes and PS-
treated cells revert to discoid shape (Ref. 8; see also
Fig. 1) with similar time-courses (¢, ,, =2-3 h). This
shape reversion occurs on a time scale similar to the
reversion seen when DLPS-treated cells are mixed with
exogenous receptor vesicles [25]. Both may reflect pas-
sive flip of the short acyl chain exogenous PS to the
outer monolayer. DTT-induced ‘metabolic’ stomatocy-
tosis and stimulated PS transport are also affected
similarly by temperature; at 15°C, DTT has minimal
effect on DLPS translocation in metabolically replete
cells (Fig. 6), and DTT has less stomatogenic effect in
crenation recovery (Fig. 2).

(In contrast, Connor and Schroit [26] report no
difference in net transport of fluorescently labeled PS
in the presence and absence of DTT. The conditions
used in that study correspond to a phospholipid-to-cell
ratio similar to our experiments using 25 uM DLPS.
The effect of DTT was found be small under those
conditions (Fig. 4)).

The stomatocytic response of recovering metabolic
echinocytes and DLPS-treated cells differ in time-
course. At 37°C, the DLPS-induced shape change pro-
ceeds with a half-time of 15 min (10 min in the pres-
ence of DTT; Fig. 3), while recovery from ATP deple-
tion at that temperature exhibits a typical half-time of
60 min. This difference likely reflects that, while the
DLPS-treated cells are metabolically replete, recovery
from metabolic depletion must be supported by ATP
resynthesis. The aminophospholipid translocator ex-
hibits an apparent K, for ATP of 1.25 mM [16]. ATP
levels in cells recovering from metabolic depletion rise
from 0 to 0.5 mM [8] but do not return to control level
(1.4 mM; [33]). The rate of aminophospholipid translo-
cation is decreased at ATP concentrations below 0.5
mM [17,18,34]. Cells containing only 13% of control
level ATP remain essentially discoid [4]. If such cells
are supplemented with nutrients and treated with
DLPS, they become stomatocytic with a half-time of
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1.2 h [17]. Under these conditions, aminophospholipid
translocation and DTT-induced metabolic stomatocy-
tosis occur on similar time scales.

Models for DTT-induced stomatocytosis

The above observations indicate that DTT stimu-
lates exogenous PS transport in red cells, and the
effects of DTT on metabolic shape regulation are
consistent with activation of the aminophospholipid
translocator, or increase in inner monolayer
aminophospholipid binding sites, or both. However,
simple models do not readily account for some aspects
of these findings. If both amino and choline phospho-
lipids randomize across the bilayer in proportion to
crenation, active transport of PS and PE in recovering
cells (which is much faster than the passive flip-flop of
PC and sphingomyelin) would produce stomatocytosis
even in the absence of DTT. This effect, if present at
all, is barely detectable. If aminophospholipids alone
were to scramble, DTT activation of the selective
transporter (e.g., by decreasing the K, for PS or PE)
would result in stomatocytosis that would reverse on
DTT removal. However, since a substantive fraction of
PE resides in the outer monolayer of control disco-
cytes, such a mechanism would also induce their stom-
atocytosis. This is not found. A selective DTT effect on
the K, for PS could not alone produce stomatocytosis,
since removal of all PS from the outer monolayer
merely restores the status quo ante (hence discoid
shape).

A DTT-induced increase in the number of inner
monolayer PS/PE binding sites also would produce
stomatocytosis, but again several details of the cell
response do not support any simple mechanism. Such
sites would have to be cryptic in healthy discocytes but
susceptible to exposure in crenated cells, and only in
proportion to the degree of metabolic depletion/ cal-
cium loading /magnesium depletion [8]. In that event,
DTT would not be expected to increase stomatocytosis
in otherwise healthy PS-treated cells, unless the activity
of the transporter were also enhanced. A model invok-
ing increased inner monolayer binding sites does ac-
count for the concentration dependence of exogenous
PS-induced stomatocytosis: at low [PS].,, DTT in-
creases both the rate and extent of stomatocytosis,
while at higher [PS],,, DTT-treated cells change shape
more rapidly but achieve the same final state as con-
trols. This suggests a saturable DTT-sensttive mecha-
nism, but it is difficult to reconcile with the reversibility
of the effect and its proportionality to extent of crena-
tion.

In sum, these findings reveal a redox-sensitive as-
pect of red cell shape regulation that becomes evident
only in cells under metabolic stress, and that appar-
ently invokes aminophospholipid transport and seques-
tration mechanisms. The difficulty in reconciling the
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details of this response with individual biochemical
mechanisms suggests that the shape of these cells is not
controlled by any single metabolic process. Rather, it is
at least a second-order function of superimposed phe-
nomena, including (but not limited to) reticular protein
interactions, phosphoinositide metabolism, and transbi-
layer aminophospholipid distribution.
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