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Abstract
Human erythrocytes produce cGMP that can be eliminated by phosphodiesterases or active efflux transporters. The efflux can be

studied under controlled conditions as ATP-dependent uptake into inside-out membrane vesicles. However, widely differing values for the

transport rates have been reported. We have here examined factors that influence the uptake rates measured and thus may explain these

discrepancies. Both the ionic composition of the buffer used during uptake and the mode of vesicle preparation were found to affect the

observed transport rates. Furthermore it was apparent that different blood donors expressed on their erythrocytes different amounts of both

MRP4 and MRP5, transporters that have been putatively linked to cGMP efflux across erythrocyte membranes. These differences in

expression were reflected in differences in rates of cGMP uptake into inside-out erythrocyte membrane vesicles. Calculations based on the

transport rates observed using vesicles suggest that efflux may be the principal means for eliminating cGMP from human erythrocytes.

# 2005 Elsevier Inc. All rights reserved.
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1. Introduction

It is well recognized that human red blood cells can

produce cGMP (see e.g. [1]). Intracellular levels of this

cyclic nucleotide may be important for regulation of red

cell membrane viscosity [2], cell deformability [3] and

under some circumstances may directly affect ion transport

[1,4–6]. cGMP may also affect the breakdown of cAMP

that in turn has been shown to affect red cell ion transport

activities [7–10]. Intracellular cGMP can be broken down

by phosphodiesterases [1,4,11] or it can be actively

effluxed (see [12], for a review). The relative importance

of these two disposal mechanisms in red cells has not been

established and it is possible that active efflux plays a major

role.

Studies with intact erythrocytes have demonstrated the

existence of both an active efflux process and an uptake

process that appears to be passive, driven by the concen-

tration gradient of cGMP [13]. The kinetics of the active

transport have been analysed using inside-out membrane
Abbreviations: OSV, one-step inside-out membrane vesicles prepared
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vesicles prepared using several different methods [14–18].

In a previous study [18], we reported that the active uptake

of cGMP consists of one or possibly two components: a

low affinity component (dissociation constant 50–85 mM),

and a much smaller high affinity component (dissociation

constant 0.5–2.5 mM). Components with similar affinities

have been reported by Sager et al. [12,14,19]. However in

their studies the high-affinity component was relatively

more prominent, the transport rates at all cGMP concen-

trations being much smaller. The discrepancy is of con-

siderable importance because the lower rates reported by

Sager et al. would, when scaled to the size of the ery-

throcyte, be too low to regulate the intracellular concen-

tration of cGMP (see Section 4). The experimental

methods used by the two laboratories differ in a number

of respects. We report here the effects these differences

have on the extent of uptake and show that both the mode of

vesicle preparation and the composition of uptake buffer

used influence the ATP-dependent transport of cGMP

measured in human erythrocyte membrane vesicles.

We have also examined the level of expression of some

transporters known to be capable of transferring cGMP.

These are the multidrug-resistance associated proteins,

MRP4 and MRP5, both of which have been detected on

red blood cell membranes. Our results suggest that, in
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addition to methodological differences, variations in

expression of these transporters in red cells derived from

different individuals can produce variations in transfer

rates of cGMP across red cell membranes.
2. Materials and methods

2.1. Chemicals

[8-3H]cGMP (specific activity 13.9 Ci mmol�1) was

obtained from Amersham Biosciences. Adenosine tripho-

sphate (ATP), ATP-g-S, creatine phosphokinase, creatine

kinase and cGMP were all obtained from Sigma Chemi-

cals. M5I-1 mAb was a kind gift of R.J. Scheper (Free

University, Amsterdam, The Netherlands); anti-MRP4

mAb was a kind gift of G.D. Kruh (Fox Chase Cancer

Centre, Philadelphia, USA). M5I-1 and anti-MRP4 mAbs

have been previously described [20,21].

2.2. Preparation of one-step vesicles, OSV

Fresh venous blood was drawn from normal healthy

individuals into heparinized syringes and processed imme-

diately. Membrane vesicles were prepared according to a

procedure previously described [18,22,23]. Red blood cells

were washed four times by centrifugation with 5 volumes

of isotonic medium (70 mM NaCl; 80 mM KCl; 0.2 mM

MgCl2; 10 mM HEPES and 0.1 mM EGTA, pH 7.5) and

removal of the supernatant and buffy coat. The packed red

cells were then lysed in 90 volumes of ice-cold lysis

solution (2 mM HEPES and 0.1 mM EGTA, pH 7.5)

followed by 20 min of centrifugation at 40,000 � g at

4 8C. The supernatant was removed and the pelleted ghosts

were resuspended in ice-cold lysis solution. The same step

was repeated three times. Finally, the pelleted ghosts were

resuspended in ice-cold lysis solution (half volume of the

original blood sample) and incubated at 37 8C for 30 min

to allow spontaneous vesiculation [23]. The ghosts were

vortexed several times during this incubation. Approxi-

mately 30–37% of the vesicles are inside-out [18]. The

resulting suspension was washed several times with the

lysis solution to remove the supernatant including spectrin

and actin. The pellet was then resuspended in 10 mM Tris–

HCl solution, pH 7.4 and stored in aliquots at �80 8C until

use. The protein concentrations of the vesicle samples were

determined using the BCA (bicinchoninic acid) protein

assay (Pierce).

2.3. Preparation of Steck and Kant, Nycodenz vesicles:

SKNV

Inside-out membrane vesicles were prepared according

to the procedure detailed previously [24] with the addition

of a final Nycodenz purification step [14,16]. Briefly,

venous blood (10 ml) was sampled in EDTA/heparin tubes
and washed three times with five volumes of buffer A

(110 mM NaCl, 3 mM KCl and 5 mM Tris–HCl; pH 8.0)

by centrifugation (1000 � g for 15 min) with removal of

the buffy coat at each wash. All subsequent procedures

were carried out either on ice or at 4 8C. Cells (4 ml packed

cells in 20 ml buffer A) were lysed with buffer B (3 mM

KCl and 5 mM Tris–HCl; pH 8.0). The ghosts were

sedimented (20,000 � g for 10 min) and resuspended

(1 ml in 20 ml buffer B) three times resulting in milky

white membranes and a clear final supernatant. Loosely

packed ghosts were removed without the small hard button

(rich in contaminating proteases). One milliliter of ghost

pellet was resuspended in 39 ml of 0.5 mM Tris–HCl (pH

8.0), and left for 2 h at 0–4 8C. The membranes were

sedimented (100,000 � g for 30 mins), then mixed with

1 ml of 0.5 mM Tris–HCl (pH 8.0) and vesiculated by

passing them five times through a 20 mm-long 27-gauge

needle. The mixture was diluted with 1 ml of 0.5 mM Tris–

HCl (pH 8.0), layered onto a linear gradient (1.05–

1.15 g ml�1) of Nycodenz (Nycomed Pharma) and cen-

trifuged at 100,000 � g, 4 8C for 16 h. The layer contain-

ing vesicles was washed, diluted with uptake buffer and

frozen until use.

2.4. Vesicle uptake studies

ATP-dependent transport of radiolabelled substrates into

membrane vesicles was measured by a rapid filtration

technique [25,26]. For the [3H]cGMP uptake studies,

thawed membrane vesicles from human erythrocytes were

added to a buffer system (55 ml final volume) containing

1 mM ATP, 10 mM MgCl2, 10 mM creatine phosphate,

100 mg ml�1 creatine kinase, 10 mM Tris–HCl (pH 7.4)

and 3.3 mM [3H]cGMP. After 15 min (or other times to

measure the time course) at 37 8C incubation, aliquots of

20 ml were taken from the mixture (typically 15 min for

[3H]cGMP uptake studies), added into 1 ml of ice-cold stop

solution (10 mM Tris–HCl, pH 7.4) and subsequently fil-

tered through nitrocellulose filters (Whatman 0.2 mm pore

size). All filters were pre-soaked overnight in 3% (w/v)

bovine serum albumin to reduce non-specific binding of

radiolabelled substrate. The filters were rinsed with at least

3 ml of ice-cold stop solution and the tracer retained on the

filter determined by liquid scintillation counting. The back-

ground for each uptake study was measured using the non-

hydrolysable ATP analogue, ATP-g-S in the presence of the

ATP regenerating system (10 mM creatine phosphate,

100 mg ml�1 creatine kinase). This background value was

subtracted from the values obtained in the presence of ATP

to provide values of ATP-dependent uptake.

2.5. SDS-PAGE and Western blotting

Membrane vesicle or crude lysate proteins were sepa-

rated through 7.5% (w/v) polyacrylamide and subse-

quently transferred onto Hybond ECL nitrocellulose
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membranes (Amersham Bioscience). Each membrane was

then incubated in blocking buffer [5% (w/v) milk powder

in 0.1% TBS-Tween (25 mM Tris–HCl, pH 7.4, 150 mM

NaCl, 0.1% Tween-20)] overnight at 4 8C prior to the

addition of the primary Ig (M5I-1, 1:40 dilution; anti-

MRP4, 1:300 dilution). The positions of the MRP proteins

on the membranes were visualized using the enhanced

chemiluminescence horseradish peroxidase (HRP) detec-

tion system (Amersham Biosciences). The secondary anti-

bodies used were the HRP-conjugated rabbit anti-(rat IgG)

Ig (1:2000 dilution for M5I-1) or HRP-conjugated rabbit

anti-(mouse IgG) Ig (1:2000 dilution for anti-MRP4).

Fig. 1. ATP-dependent uptake of cGMP into inside-out membrane vesicles

prepared from human erythrocytes. The graph shows the relation between

uptake rate and cGMP concentration in the presence of 1 mM ATP (after

subtraction of the much smaller uptake observed when ATP is replaced by

ATP-g-S). Data are reported for four separate experimental series using

vesicles prepared by the one step vesiculation method (OSV). All values

within a series are multiplied by a scale factor, SF, for that series to allow for

differences between donors and yield of the vesicle preparation. Filled

squares are the original series (replotted from [18]) for concentrations up to

50 mM (SF1 = 1). Filled circles are from a later series (replotted from [18])

to provide values for concentrations of 100 mM and higher (SF2 = 1.49).

Open squares (SF3 = 1.07) and open circles (SF4 = 2.13) are new data. The

fitted curve is drawn assuming a single component with Kd = 230 mM and

Umax/Kd � 3.5 pmol mg�1 min�1 mM�1. Each point represents the mean of

at least three determinations in at least two independent experiments

(including independent vesicle preparation). Error bars represent S.E.M.;

where not visible, they are within the size of the symbol. For comparison,

the uptake rates predicted from the parameters reported by Sager et al. [19]

using vesicles prepared by the Steck and Kant method (SKNV) are shown

scaled upwards 40 fold (SFS = 40) as the lower line.

Fig. 2. Effect of buffer ionic composition on the rate of ATP-dependent

cGMP transport into one-step inside-out erythrocyte membrane vesicles

(OSV). The cGMP uptake rate was measured using either (triangles) an

isotonic Na/phosphate buffer solution (140 mM NaCl; 3 mM KCl; 10 mM

Na2HPO4, 1.8 mM KH2PO4, 10 mM MgCl2 and 2 mM ATP; pH 7.4) or

(squares) a lower osmolality Mg/Tris uptake buffer (10 mM MgCl2, 10 mM

Tris–HCl, 1 mM ATP, 10 mM creatine phosphate, 100 mg ml�1 creatine

kinase; pH7.4). The uptake rate was 2–3-fold lower using the Na/phosphate

solution. All data points represent at least three independent experiments

from a single vesicle preparation.
3. Results

3.1. ATP-dependent uptake of cGMP into one-step human

erythrocyte membrane vesicles, OSV

In agreement with previous work [18] the 15 min uptake

of 3.3 mM [3H]cGMP at 37 8C into OSV (inside-out

vesicles prepared from human erythrocytes using the

one-step procedure) in the presence of ATP was more than

20 times greater than when the ATP was replaced by the

non-hydrolysable ATP analogue, ATP-g-S. The ATP-

dependent uptake rate, calculated from the difference in

uptakes, remained essentially constant over the course of

30 min. The variation of uptake rate with cGMP concen-

tration is shown in Fig. 1. The results obtained using OSV

differ markedly from that found previously using SKNV

(inside-out vesicles prepared from human erythrocytes

using the Steck and Kant, Nycodenz procedure)

[14,16,19] (see Fig. 1) in that the measured uptake rates

per milligram of membrane protein for OSV are �40-fold

higher than for SKNVeven at low concentrations. The data

for OSV have been fitted using the equations for a single

low affinity component of uptake. The improvement in fit

obtained by allowing for a second high affinity component

did not reach statistical significance. The smaller, high

affinity transport reported by Sager et al. [12,14,19] would

not have been resolved from the low affinity component by

these fits and thus may be present in these vesicles.

3.2. Effect of incubation buffer on ATP-dependent uptake

of cGMP into OSV

Previous experiments with SKNV used an isotonic

NaCl/phosphate buffer which differs from the lower

osmolality Mg–Tris Cl buffer (10 mM MgCl2, 10 mM

Tris–HCl, 1 mM ATP, 10 mM creatine phosphate,

100 mg ml�1 creatine kinase; pH 7.4) employed in experi-

ments with OSV. A direct comparison of uptake rates

obtained with the NaCl/phosphate buffer and the Mg–Tris

buffer is shown in Fig. 2 for OSV (see Fig. 2). In the

presence of PBS, the [3H]cGMP uptake rate was reduced

by approximately 50% at all cGMP concentrations used.
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Fig. 4. Inter-individual variations in MRP4 and MRP5 expression in human

erythrocytes: implications for cGMP uptake into inside-out erythrocyte

membrane vesicles. (A) Immunodetection of MRP4 and MRP5 in human

erythrocyte membranes from 10 donors. Freshly drawn human blood from

10 individuals was taken and the expression of each MRP was detected with

specific antibodies as detailed in Section 2. Forty micrograms of equivalent

of protein sample was loaded in each lane (equal loading was confirmed by

Ponceau red staining). Expression levels are seen to vary several fold. Donor

A (lane 1) was chosen as the ‘‘higher than average’’ individual whilst donor

B (lane 4) was chosen as ‘‘lower than average’’. Representative blots are

shown (n = 3). (B) Direct comparison of MRP-mediated cGMP uptake into

inside-out membrane vesicles (OSV) prepared from human erythrocytes of

donors A and B. Membrane vesicles containing 50 mg protein were used for

each of the uptake studies. The cGMP uptake rate achieved with vesicles
3.3. Comparison of cGMP uptake into OSV and SKNV

To determine whether the one-step method and the Steck

and Kant, Nycodenz method produced vesicles that display

different uptake rates, a direct comparison of rates mea-

sured using the same assay conditions, i.e. Mg–Tris Cl

uptake buffer, was undertaken using vesicles prepared by

the two separate methods from fresh blood taken from a

single individual. ATP-dependent uptake of 3.3 mM cGMP

into SKNV was found to be markedly less than into OSV

(see Fig. 3). At 330 mM cGMP the ATP-dependent uptakes

at 15 min were 85 � 13 pmol mg�1 for SKNV and

3300 � 100 pmol mg�1 for OSV.

3.4. MRP4 and MRP5 expression in erythrocytes from

different donors: implications for cGMP uptake into OSV

Immunodetection was used to determine the inter-indi-

vidual variation in expression in human erythrocytes of the

MRPs putatively linked to cyclic nucleotide transport.

Erythrocyte membranes from 10 volunteers were prepared

and immunoblot analysis was performed using the mono-

clonal antibodies anti-MRP4 and M5I-1 for the detection of

MRP4 and MRP5 proteins respectively (Fig. 4A). M5I-1

specifically detected N-glycosylated MRP5 as an intact

band at �190 kDa in erythrocytes. The anti-MRP4 anti-

body detected a moderate intact band at �180 kDa as N-

glycosylated MRP4 in human erythrocytes as reported

previously [18]. Some variation in expression between

the individual blood donors was seen. To ascertain whether

the different levels of expression were reflected in differ-

ences in cGMP transport, blood from the two individuals

with the most contrasting levels of expression (A and B in

Fig. 4A) were chosen for further functionality studies. As is

evident in Fig. 4A, expression of both MRP proteins was

noticeably lower in the erythrocyte membranes taken from

donor B (lane 4) than in those taken from donor A (lane 1).
Fig. 3. Comparison of ATP-dependent uptake of cGMP into SKNV and

OSV. Time dependent uptake of 3.3 mM cGMP into (A) SKNVand (B) OSV

in the presence of 1 mM ATP (filled squares) or the non-hydrolysable

analogue ATP-g-S (open squares—not shown with OSV). Both types of

vesicles were prepared from the same sample of blood and uptake was

measured using the same Mg/Tris uptake buffer.

from donor A (squares) was �2-fold higher than donor B (triangles). Data

for each donor were determined in at least three independent experiments at

least one from each of the two separate vesicle preparations.
Blood from these donors was used to prepare inside-out

membrane vesicles via the one-step spontaneous vesicula-

tion method and then both high affinity (3.3 mM) and low

affinity (330 mM) ATP-dependent uptake of [3H]cGMP

were measured. The apparent cGMP uptake rates achieved

in vesicles derived from donor A blood were approxi-

mately 2-fold higher than those seen in vesicles derived

from donor B blood (Fig. 4B).
4. Discussion

Uptake studies using membrane vesicles have important

advantages for investigations of active efflux transporters

in red blood cells. The passive components of transport and
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binding to unsealed vesicles can be excluded from the

analysis by subtraction of uptake observed in the absence

of ATP or when it is replaced by a non-hydrolyzable

analogue. Only active uptake into inside-out vesicles is

measured. Active transporters in right-side out vesicles do

not contribute since their ATP binding domains are inside

the vesicles and thus not accessible to externally applied

ATP. It has been shown previously that inside-out mem-

brane vesicles prepared from human erythrocytes by either

the Steck and Kant, Nycodenz method [14,19,24] (SKNV)

or by a one-step spontaneous vesiculation method

[18,22,23] (OSV) are able to take up cGMP in a tempera-

ture and ATP dependent manner [14,16,18]. However, the

maximum uptake rates reported in the previous study using

OSV [18] were more than 100-fold greater than those

reported in the studies using SKNV (see Fig. 1).

While a number of factors may contribute [18], we find

here that the different choice of buffer solutions for mea-

suring the uptakes, the different methods of vesicle pre-

paration and use of blood from different donors can

together account for most of the discrepancies in the rates.

The different assay buffers account for a 2-fold difference

(see Fig. 2). Much larger differences are observed between

uptakes measured with membrane vesicles prepared in the

different ways i.e. between SKNV and OSV, ATP-depen-

dent uptake rates at 3.3 mM were found to be more than 40-

fold higher into OSV (see Fig. 3). In our hands most of the

loss in transport activity in the SKNVappeared to happen at

the last stage on passage through the Nycodenz column.

The Steck and Kant procedure has been used successfully

with red blood cells for measurement of both high and low

affinity components for DNP-SG transport [27,28]. By

contrast the Gardos channel (a Ca2+ activated K+ channel)

could not be demonstrated in Steck and Kant vesicles but

was active in OSV [22].

The method of vesicle preparation and the choice of

uptake buffer together can account for most of the differ-

ences in uptake rates between previous reports. An addi-

tional factor that might contribute is variation in expression

of transporters in the erythrocytes i.e. differences between

individual blood donors. This would account for the �2-

fold differences in uptake rates we have observed in

different series of experiments (Fig. 1) using the same

methods of preparation and assay. To investigate this

further we looked at blood samples drawn from a panel

of 10 donors and red blood cells from the two donors

displaying the largest differences in expression were

selected for a head-to-head study (see Fig. 4). The differ-

ence in expression of both MRP4 and MRP5 was mirrored

by a difference in the uptake rates into OSV prepared from

the cells consistent with an important role for either MRP4

or MRP5 in cGMP transport in erythrocytes.

There is now extensive, though still not conclusive, evi-

dence that MRP4 is the principal mediator of the low-

affinity, ATP-dependent export of cGMP from red blood

cells. MRP8 can also transport cGMP [29]. However two
independent unpublished studies using three different anti-

bodies have failed to find MRP8 in red blood cell membranes

(N. Ono, P. Borst, personal communication, pMal-81-3 and

M8II-16; C.-P. Wu, S.V. Ambudkar, personal communica-

tion, affinity purified rabbit polyclonal anti-human MRP8).

Red blood cells also express MRP5 [18,30], which trans-

ports cGMP, and there is evidence [31] that immunopreci-

pitation of MRP5 decreases the transport activity of

reconstituted protein extracts from red blood cell mem-

branes. The presence of a second transporter with somewhat

higher affinity would provide a ready explanation for the

variations observed with different donors in the apparent

dissociation constant of cGMP uptake (see Fig. 1). This idea

is reinforced by the finding that mefloquine, PGA1 and

PGE1 inhibit most but not all of the cGMP uptake into

membrane vesicles formed by the one-step spontaneous

procedure (Wu, Hladky and Barrand, unpublished observa-

tions) as if there were present two similar components of

transport, but only one inhibitable by these agents.

For efflux to play a major role in the regulation of cGMP

levels in red cells, it should satisfy two conditions: it must be

fast enough that the concentrations will approach a new

steady-state within a reasonable amount of time after a

change in the rate of synthesis; and it should be fast enough

at the cGMP concentrations found in the cells to balance the

basal rate of secretion. The transport measured here and in

our preceding work [18] is of low affinity with apparent

dissociation constant (>100 mM) far greater than typical

intracellular cGMP concentrations (e.g. 3.7 nM [1]). How-

ever high capacity, low affinity transport as a means of

elimination has the advantage that it does not saturate and

thus increases in the rate of cGMP production would

produce only proportional increases in the steady-state intra-

cellular concentration rather than the much larger, uncon-

trolled changes associated with saturable elimination. The

efflux rate at low concentrations predicted from the vesicle

results can be significant (Umax/Kd is �3.5 pmol

mg�1 min�1 mM�1 in the inside-out vesicles which should

be multiplied by�3 to account for the proportion of vesicles

that are inside-out [18]). Thus the rate of efflux from a single

cell (10�9 mg of membrane protein, 80 mm3 volume) will

exceed �10�20 mol min�1 mM�1 � intracellular concen-

tration of cGMP. Even if there were no other routes of

removal of cGMP, the half-time for changes in concentration

following a change in rate of synthesis would thus be less

than about 5 min. Thus the first condition is satisfied.

A direct test of the second condition is not yet possible as

there are no direct determinations of the basal rate of

production that can be compared with the rate of efflux.

Indirect evidence for the importance of efflux comes from

studies investigating the inhibition of the phosphodies-

terases. Petrov and Lijnen [1,4] found that inhibition of

phosphodiesterases could at most double the basal levels,

the expected result if both efflux and hydrolysis were

involved roughly equally in the basal elimination of cGMP.

Evidence for the relative lack of importance of hydrolysis
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is the lack of significant formation of hydrolysis products

in experiments involving prolonged loading of cells with

[3H]cGMP [13].

Both NO acting on soluble guanylate cyclase and atrial

natriuretic peptide acting via membrane bound guanylate

cyclase can increase cGMP levels in human red blood cells

[1]. As noted in the introduction these, increases are likely

to be of physiological significance. The concentrations of

cGMP achieved in red blood cells obviously result from a

balance between synthesis and removal and so the rate of

removal is equally as important as the rate of production.

We report here that in red blood cells a major part of this

removal can be by efflux from the cells and that the ability

to efflux cGMP in erythrocytes varies between donors.
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